
International Journal of Cardiology 173 (2014) 472–480

Contents lists available at ScienceDirect

International Journal of Cardiology

j ourna l homepage: www.e lsev ie r .com/ locate / i j ca rd

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
15-deoxy-Δ12,14-PGJ2 promotes inflammation and apoptosis in
cardiomyocytes via the DP2/MAPK/TNFα axis
Chintan N. Koyani a, Werner Windischhofer b, Christine Rossmann a, Ge Jin c,d, Sandra Kickmaier a,
Frank R. Heinzel c, Klaus Groschner e, Ali Alavian-Ghavanini a, Wolfgang Sattler a, Ernst Malle a,⁎
a Institute of Molecular Biology and Biochemistry, Medical University of Graz, Austria
b Department of Pediatrics and Adolescence Medicine, Research Unit of Osteological Research and Analytical Mass Spectrometry, Medical University of Graz, Austria
c Department of Internal Medicine, Division of Cardiology, Medical University of Graz, Austria
d Cardiology Department, Medical University of Wenzhou, Wenzhou, China
e Institute of Biophysics, Medical University of Graz, Austria
⁎ Corresponding author at: Medical University of Graz
and Biochemistry, Harrachgasse 21, A-8010 Graz, Aus
fax: +43 316 380 9615.

E-mail address: ernst.malle@medunigraz.at (E. Malle)

http://dx.doi.org/10.1016/j.ijcard.2014.03.086
0167-5273/© 2014 The Authors. Published by Elsevier Irela
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 11 December 2013
Received in revised form 14 February 2014
Accepted 12 March 2014
Available online 20 March 2014

Keywords:
Cardiomyocytes
TNFα
15d-PGJ2
Apoptosis
PGD2 receptor

Background: Prostaglandins (PGs), lipid autacoids derived from arachidonic acid, play a pivotal role during in-
flammation. PGD2 synthase is abundantly expressed in heart tissue and PGD2 has recently been found to induce
cardiomyocyte apoptosis. PGD2 is an unstable prostanoidmetabolite; therefore the objective of the present study
was to elucidate whether its final dehydration product, 15-deoxy-Δ12,14-PGJ2 (15d-PGJ2, present at high levels in
ischemic myocardium) might cause cardiomyocyte damage.
Methods and results:Using specific (ant)agonists we show that 15d-PGJ2 induced formation of intracellular reac-
tive oxygen species (ROS) and phosphorylation of p38 and p42/44 MAPKs via the PGD2 receptor DP2 (but not
DP1 or PPARγ) in the murine atrial cardiomyocyte HL-1 cell line. Activation of the DP2-ROS-MAPK axis by
15d-PGJ2 enhanced transcription and translation of TNFα and induced apoptosis in HL-1 cardiomyocytes. Silenc-
ing of TNFα significantly attenuated the extrinsic (caspase-8) and intrinsic apoptotic pathways (bax and caspase-
9), caspase-3 activation and downstream PARP cleavage and γH2AX activation. The apoptotic machinery was

unaffected by intracellular calcium, transcription factor NF-κB and its downstream target p53. Of note, 9,10-
dihydro-15d-PGJ2 (lacking the electrophilic carbon atom in the cyclopentenone ring) did not activate cellular re-
sponses. Selected experiments performed in primary murine cardiomyocytes confirmed data obtained in HL-1
cells namely that the intrinsic and extrinsic apoptotic cascades are activated via DP2/MAPK/TNFα signaling.
Conclusions: We conclude that the reactive α,β-unsaturated carbonyl group of 15d-PGJ2 is responsible for the
pronounced upregulation of TNFα promoting cardiomyocyte apoptosis.Wepropose that inhibition of DP2 recep-
tors could provide a possibility to modulate 15d-PGJ2-induced myocardial injury.

© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Cardiovascular diseases are more prevalent worldwide compared to
other diseases, amongst whichmyocardial ischemia caused by coronary
blockage is by far themost frequent cause ofmortality [1,2]. Imbalanced
oxygen demand and supply to cardiomyocytes during coronary artery
disease (CAD) activates cell death cascades and promotes myocardial
infarction (MI) [3]. Advances in treatment based on currently available
targets have failed to change the status of CAD/MI and therefore we
await novel strides in fundamental understanding through which we
might be able to manipulate progression of CAD and MI.
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Changes in fatty acid compositions of myocardial lipids were found
to be associated with CAD and MI [2]. Elevated phospholipase A2

(PLA2) mass and activity, as reported in patients with myocardial ische-
mia [4], lead to accumulation of unesterified arachidonic acid (AA) from
phospholipids in the heart [5]. As a consequence, increased tissue levels
of prostaglandins (PGs) e.g., PGI2, PGE2, and its isomer PGD2, generated
via cyclooxygenase (COX)-mediated conversion of AA have been
observed in the ischemic myocardium [6]. However, PGD2 is degrad-
ed in vitro and in vivo to a variety of metabolites, the majority of
which were thought, until recently, to be physiologically inactive [7].
PGD2 is either metabolized enzymatically to 13,14-dihydro-15-keto
PGD2 [7] (for chemical structures, see Supplement Fig. I) or readily
dehydrated into J series prostanoids characterized by the presence of
an α,β-unsaturated ketone in the cyclopentenone ring. Particularly
15-deoxy-Δ12,14-PGJ2 (15d-PGJ2, Supplement Fig. I), the final dehydra-
tion product of PGD2 has been shown to have broad effects on various
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/)
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cellular systems [8,9]. 15d-PGJ2 is a potent endogenous ligand for the
peroxisome proliferator-activated-receptor γ (PPARγ), a member of
the nuclear receptor superfamily of ligand-dependent transcription fac-
tors (for review see [10,11]). However, recent findings confirm that
15d-PGJ2 exerts a variety of cellular responses via PPARγ-independent
mechanisms, e.g. activation of mitogen-activated protein kinases
(MAPKs) [12,13], modulation of Akt and nuclear factor-κB (NF-κB)
[14,15], induction of oxidative stress [16], expression of cytokines [17],
promotion of apoptosis [18,19], up-regulation of antioxidant response
genes [20,21] and modulation of COX-2 [22].

Depending on disease etiology, PGD2 may exert pro- as well as anti-
inflammatory effects in different biological systems [23] via two distinct
G-protein coupled receptors, (i) the D-type prostanoid receptor (DP1)
and (ii) the chemoattractant receptor-homologous molecule expressed
on Th2 cells (CRTH2, also named DP2). Although DP1-mediated activi-
ties have also been suggested [24], PGD2-derived metabolites seem to
preferentially interact with DP2 [7].

Abundant DP2 mRNA expression has been found in human heart
[25] and pronounced staining for DP1 and DP2 protein has been found
in murine cardiomyocytes [6]. Qiu and colleagues [6] have recently
reported that PGD2 (but not PGE2 or PGI2) favors cardiomyocyte death
during MI. As high 15d-PGJ2 levels were detected in myocardial tis-
sues subsequent to ischemia–reperfusion injury [26], this bona fide
PGD2 metabolite is likely to act as the leading cause for cardiomyocyte
death during CAD.

Therefore, the aim of this study was to explore whether 15d-PGJ2,
formed in vivo during resolving inflammation [24], may interact with
candidate receptors (DP1, DP2 and/or PPARγ) present on cardiomyo-
cytes. Next we were interested in receptor-dependent or -independent
activation of signaling pathways in cardiomyocytes. As 15d-PGJ2 may
modulate cytokine production [17], expression and involvement of can-
didate cytokines that promote inflammation and/or apoptosis were
studied. Finally, we sought to clarify structure–activity relationships of
15d-PGJ2 analogs-mediated effects in cardiomyocytes.
2. Materials and methods

A detailedMaterials andmethods section on cell culture [27], isolation of primarymu-
rine cardiomyocytes [28], incubation protocols, Western blot analysis [22,29], RNA isola-
tion and real time RT-PCR (qPCR) [30], TNFα RNA interference and silencing [22],
reactive oxygen species (ROS)measurements [31], cell viability assay [31], TNFα ELISA ex-
periments and statistics is available in the online Supplement.
3. Results

3.1. 15d-PGJ2 promotes MAPK activation in cardiomyocytes via
intracellular redox imbalance

Treatment of HL-1 cells with increasing 15d-PGJ2 concentrations in-
duced phosphorylation of p38 and p42/44 MAPK (Fig. 1A). As pro-
nounced MAPK activation was observed at 15 μM 15d-PGJ2 (Fig. 1A),
this concentration was chosen for further experiments. Fig. 1B/C show
time-dependent activation of both MAPKs by 15d-PGJ2. Phosphoryla-
tion was detectable after 5 (pp38 MAPK) and 7.5 min (pp42/44
MAPK). MAPK phosphorylation reached maximal levels after 30 min
that persisted up to 8 h. Densitometric and statistical evaluations of im-
munoreactive (non)phosphorylated MAPK signals (Fig. 1A–C) and nor-
malization to β-actin is shown in the Supplement (Fig. II and Fig. IIIA/B).
Total MAPKs and β-actin levels were unaffected by 15d-PGJ2.

Cellular activation by 15d-PGJ2 may induce ROS generation [22,32].
To clarify whether the formation of intracellular ROS in cardiomyocytes
is affected by 15d-PGJ2 the peroxidase-sensitive probeDCFDAwas used.
Upon stimulation significantly increased DCF fluorescence was ob-
served acutely after 2.5 min (Fig. 1D). In response to 15d-PGJ2 ROS
levels reached a maximum at 15 min and were 1.4-fold above baseline
levels after 60 min (Fig. 1D).
Next, we assessed the effects of antioxidants on 15d-PGJ2-treated
cardiomyocytes. Fig. 1E (upper panel) shows that the antioxidant
PDTC and Tempol (a cell-permeable nitroxide and superoxide anion
scavenger) blunted 15d-PGJ2-induced ROS formation efficiently while
NAC (also preferentially reacting with superoxide anions) was less ef-
fective. To test whether the time-dependent increase in ROS formation
(Fig. 1D) precedes MAPK activation, cardiomyocytes were incubated
with ROS scavengers prior to 15d-PGJ2 treatments. Tempol and PDTC
completely blunted p38 and p42/44 MAPK phosphorylation (Fig. 1E,
lower panel) while NAC was again less effective; phosphorylation of
MAPKs was impaired by 40% (p38 MAPK) and 70% (p42/44 MAPK)
(for densitometric evaluations of Western blots see Supplement
Fig. IIIC/D). These findings suggest that 15d-PGJ2-mediated ROS activa-
tion is upstream of p38 and p42/44 MAPK phosphorylation.

3.2. DP2 mediates ROS production and MAPK activation in cardiomyocytes
in response to 15d-PGJ2

15d-PGJ2-mediated cellular activation may involve receptor-
independent and -dependent pathways [11]. To test involvement of
candidate receptors for ROS production and MAPK activation, HL-1
cells were incubated with three different receptor antagonists/
inhibitors. Fig. 2 shows that CAY10471 (DP2 antagonist) but not
MK0524 (DP1 antagonist) or T0070907 (PPARγ inhibitor) reversed
15d-PGJ2-induced ROS production (upper panel) and MAPK activation
(lower panel) in cardiomyocytes almost to baseline levels (densitomet-
ric evaluations and statistical analyses of Western blots are shown in
Supplement Fig. IVA/B). To reveal whether 15d-PGJ2 impacts on DP2
transcription, cells were stimulated with 15d-PGJ2 up to 8 h prior to
RNA isolation. These experiments revealed that 15d-PGJ2 does not affect
DP2 transcription (Fig. 3A; DP1 receptor expression was analyzed in
parallel) and that ROS formation and MAPK activation are downstream
events of 15d-PGJ2-mediated DP2 engagement. Furthermore, expres-
sion of PPARγ as well as its downstream target transcription factor
NF-κB were not altered by 15d-PGJ2 treatment (Fig. 3B).

3.3. The DP2-ROS-MAPK axis increases TNFα transcription and translation
in 15d-PGJ2-stimulated cardiomyocytes

DP2 plays a central role in pathogenic inflammation [33] and 15d-
PGJ2 may promote induction of pro-inflammatory proteins under
certain conditions [11]. We observed that mRNA levels of cytokines
(interleukin [IL]-1α, IL-2, IL-6, IL-8, and IL-10) were not altered by
15d-PGJ2 treatments of HL-1 cells (data not shown), while TNFα levels
were highly upregulated on mRNA and protein levels by 3- and 6-fold
(Fig. 4A and B), respectively.

Next, we aimed to elucidate intracellular signaling cascades that
mediate this response. Both, SB203580 and PD98059 (inhibitors of
pp38 MAPK and p42/44MAPK kinase) significantly blocked TNFα tran-
scription in response to 15d-PGJ2 (Fig. 4C). Of note, only CAY10471
(DP2 antagonist) but not MK0524 (DP1 antagonist) or T0070907
(PPARγ antagonist) reduced TNFαmRNA and protein expression levels
in response to 15d-PGJ2 (Fig. 4C and D). Supplement Fig. V supports
specificity and efficacy of the respective inhibitors to block respective
MAPK pathways.

3.4. 15d-PGJ2-mediated TNFα induces the apoptotic machinery in
cardiomyocytes

TNFα has recently been shown to induce cardiomyocyte apoptosis
in vivo [34,35]. This was now investigated in HL-1 cells. 15d-PGJ2 treat-
ment (15 μM) reduced cell viability in a time-dependent manner up to
35% after 8 h (Fig. 5A). Fig. 5B shows activation of the extrinsic (caspase-
8) and intrinsic apoptotic pathways (bax and caspase-9) as well as
induction of caspase-3, the convergence point of both pathways.
Furthermore, downstream events of caspase-3 activation, namely



Fig. 1. 15d-PGJ2 promotesMAPK activation in cardiomyocytes via intracellular redox balance. (A) HL-1 cells were treatedwith indicated concentrations of 15d-PGJ2 for 1 h to follow pp38
and pp42/44MAPK expression byWestern blot. Cells were incubated with 15d-PGJ2 (15 μM) for indicated time periods to follow (B/C) pp38 and pp42/44MAPK expression and (D) ROS
generation byDCFfluorescence. Cellswere incubatedwith ROS scavengers (Tempol [1mM],NAC [5mM] or PDTC [1mM]) for 30minprior to 15d-PGJ2 treatments (15 μM) for 1 h to follow
(E, upper panel) ROS generation and (E, lower panel) pp38 and pp42/44 MAPK expression. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were trans-
ferred to nitrocellulosemembranes and immunoreactive bandswere visualized using specific primary and secondary antibodies. For normalization,membraneswere stripped andprobed
with primary antibodies against β-actin aswell as total p38 and p42/44MAPK. One representative blot (A–C and E) out of three is shown. (D) For detection of intracellular ROS levels cells
were incubated with carboxy-H2DCFDA (10 μM) for 30 min after treatment with 15d-PGJ2. DCF fluorescence levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are
expressed as mean ± SEM (n = 6). * p ≤ 0.05 vs. untreated.
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PARP cleavage (a hallmark of apoptosis) and activation of γH2AX (an
indicator of DNA damage) became apparent (Fig. 5B; densitometric
evaluations and statistical analyses of immunoreactive bands are
shown in Supplement Fig. VIA/B).

As a 4 h treatment of cardiomyocytes with 15d-PGJ2 led to pro-
nounced activation of the apoptotic machinery (Fig. 5B, Supplement
Fig. VIA/B), this time point was chosen for further experiments. To
confirm TNFα as an inducer of cell death, HL-1 cells were transfected
with TNFα-siRNA prior to 15d-PGJ2 treatments (silencing efficacy is
shown in Supplement Fig. VII). Silencing of TNFα restored cell viability
(Fig. 5C) and reduced expression of apoptoticmarkers (Fig. 5D; densito-
metric and statistical evaluations ofWestern blots are shown in Supple-
ment Fig. VIC/D).

To confirm that DP2 is the candidate receptor for 15d-PGJ2-
dependent TNFα synthesis and apoptosis, cardiomyocytes were pre-
treated with specific antagonists. Only the DP2 inhibitor CAY10471
(but not MK0524 or T0070907) effectively restored cell viability of
15d-PGJ2-treated cardiomyocytes (Fig. 5E). Summarizing these obser-
vations (Figs. 4 and 5), we conclude that 15d-PGJ2 induces cardiomyo-
cyte death pathways through the involvement of the DP2/TNFα axis.

Next, we studied TNF receptor involvement in 15d-PGJ2-mediated
apoptosis. Pharmacological antagonism of TNF receptor 1 and 2 (R-
7050, [35]) inhibited the extrinsic and intrinsic apoptotic pathways
(Fig. 5F; densitometric and statistical evaluations of Western blots are
shown in Supplement Fig. VIII).

3.5. 15d-PGJ2-induced signaling is calcium-independent but mediated via
its cyclopentenone ring

The interaction of 15d-PGJ2 with DP2 could promote the pro-
inflammatory cascade via alterations in intracellular calcium concen-
trations [11]. To reveal whether this route might be operative in HL-1
cells, the cell permeable Ca2+ chelating agent EGTA-AM was used.
Preincubation of cardiomyocytes with EGTA-AM did not affect 15d-
PGJ2-stimulated TNFα synthesis onmRNA and protein levels suggesting
that the observed pro-inflammatory effect is independent of intracellu-
lar calcium homeostasis (Fig. 6A and B).

To get insight into the structural requirements that mediate in-
creased ROS production in cardiomyocytes, two chemical analogs of
15d-PGJ2 were tested. 9,10-Dihydro-15d-PGJ2 lacks the reactive α,β-
unsaturated carbonyl group and an electrophilic carbon atom in the
cyclopentenone system (Supplement Fig. I). 13,14-Dihydro-15-keto
PGD2 further lacks the electrophilic carbon atom and the aliphatic
double bond adjacent to the cyclopentenone system (Supplement
Fig. I). Compared to 15d-PGJ2, treatment with 9,10-dihydro-15d-PGJ2
did alter neither DCF fluorescence (Fig. 6C, upper panel) nor



Fig. 2. DP2 mediates ROS production and MAPK activation in cardiomyocytes in response
to 15d-PGJ2. HL-1 cells were incubated with MK0524 (100 nM), CAY10471 (1 μM) or
T0070907 (20 μM) for 30 min prior to 15d-PGJ2 (15 μM) treatments for 15 min to follow
ROS levels by DCF fluorescence (upper panel) and 1 h to follow pp38 and pp42/44 MAPK
expression (lower panel). For detection of intracellular ROS levels cells were incubated
with carboxy-H2DCFDA (10 μM) for 30 min after treatment with 15d-PGJ2. DCF fluores-
cence levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are expressed
as mean ± SEM (n= 6). * p≤ 0.05 vs. untreated and # p ≤ 0.05 vs. 15d-PGJ2 treated. For
Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were trans-
ferred to nitrocellulosemembranes and immunoreactive bandswere visualized using spe-
cific primary and secondary antibodies. For normalization, membranes were stripped and
probedwith primary antibodies againstβ-actin aswell as total p38 andp42/44MAPK.One
representative blot out of three is shown.

Fig. 3. Expression of PG receptors DP1, DP2 and PPARγ. HL-1 cells were incubated with
15d-PGJ2 (15 μM) for indicated time periods to follow (A) DP1 and DP2mRNA expression
using qPCR as well as (B) PPARγ and NF-κB protein expression using Western blot. For
mRNA expression cells were lysed, RNAwas isolated and qPCRwas performed using spe-
cific primers. Values are expressed asmean± SEM (n=6). ForWestern blot analysis pro-
tein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose
membranes and immunoreactive bands were visualized using specific primary and sec-
ondary antibodies. For normalization,membraneswere stripped and probedwith primary
antibodies against β-actin. One representative blot (B) out of three is shown.
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phosphorylation of MAPKs (Fig. 6C, lower panel). In a parallel approach,
cardiomyocytes were treated with the DP2 agonist 13,14-dihydro-15-
keto PGD2. These data (Fig. 6C) demonstrate that DP2-mediated ROS
formation and activation of MAPK is due either to the cyclopentenone
ring present in 15d-PGJ2 or to a hydroxycyclopentanone system present
in 13,14-dihydro-15-keto PGD2. Densitometric evaluations and statisti-
cal analyses of Western blots are shown in Supplement Fig. IX.

3.6. 15d-PGJ2 induces apoptosis in primary murine cardiomyocytes via
DP2/MAPK/TNFα signaling

To confirm our findings obtained in HL-1 cells in a more physiologi-
cal setting, primary murine cardiomyocytes were isolated and selected
experiments were performed. Treatment of primary cardiomyocytes
with increasing 15d-PGJ2 concentrations induced phosphorylation of
p38 and p42/44 MAPK (Fig. 7A) at much lower agonist concentrations
(10–100 nM) when compared to HL-1 cells (15 μM, Fig. 1A). As pro-
nounced MAPK activation was observed at 50 nM 15d-PGJ2 (Fig. 7A),
this concentration was chosen for further experiments. Fig. 7B shows
that 15d-PGJ2 does not affect DP2 transcription (DP1 receptor expres-
sion was analyzed in parallel) while an increase of TNFα mRNA was
observed already at 2 h post treatment. After 8 h, TNFα transcription
was increased by approx. 5-fold. Under these conditions (8 h) TNFα
protein concentrations released by primary cardiomyocytes increased
to approx. 300 pg/ml (vs. 35 pg/ml under basal levels). Preincubation
of cardiomyocytes with the DP2 inhibitor CAY10471 reduced TNFα
levels by 62% (to approx. 105 pg/ml) (Fig. 7C, upper panel). As TNFα
has been shown to induce apoptosis in HL-1 cells (Fig. 5) this was
now tested in primary cardiomyocytes. Fig. 7C (lower panel) shows
15d-PGJ2-mediated activation of the extrinsic (caspase-8) and intrinsic
apoptotic pathways (caspase-9), induction of caspase-3 (the conver-
gence point of both pathways), and PARP cleavage. Pretreatment of
primary cardiomyocytes with CAY10471 partially inhibited caspase-8
and -9 (by approx. 50%) and caspase-3 and PARP cleavage completely
(Fig. 7C, lower panel).

4. Discussion

The development of sarcolemmal membrane injury and the associ-
ated loss of cell viability observed duringmyocardial injury are causally
related to progressive phospholipid degradation [36]. The net loss of
phosphatidylcholine during MI correlates with PLA2-mediated genera-
tion of free AA that can directly induce apoptosis in cardiomyocytes
[37–39] or is fuelled into PG biosynthesis. Clearly, themajority of biolog-
ical effects mediated by AA can be attributed to COX-mediated for-
mation of PGH2 and subsequent isomerization to primary active PG
metabolites by distinct PG synthases. In vivo studies demonstrated
that in cardiomyocytes the PLA2/COX/PGD2 synthase cascade is respon-
sible for PGD2 formation [40] from its precursor PGH2. Expression anal-
ysis revealed that PGD2 synthase is abundant in heart tissue where
immunoreactivity is localized to atrial and ventricular myocytes [41].

Lipid mediators can be either anti- or pro-inflammatory depending
on disease etiology, cell type and eicosanoid receptor expression [24].
Not surprisingly, there is also some controversy concerning the out-
come of PGD2 signaling in the heart: While Qiu and coworkers [6]
have reported that PGD2 induces cardiomyocyte apoptosis during MI,
another group [40] suggested that glucocorticoid induction of PGD2 syn-
thase is cardioprotective. This could be due to different signaling cas-
cades or altered downstream metabolism of PGD2.

image of Fig.�2
image of Fig.�3


Fig. 4.DP2-ROS-MAPK signaling increases TNFα transcription and translation in 15d-PGJ2-stimulated cardiomyocytes. HL-1 cells were incubatedwith 15d-PGJ2 (15 μM) for indicated time
periods to follow (A) TNFαmRNA expression by qPCR and (B) TNFα protein concentrations in the cell culture medium by ELISA. Cells were incubated with SB203580 (10 μM), PD98059
(25 μM), MK0524 (100 nM), CAY10471 (1 μM) or T0070907 (20 μM) for 30min prior to 15d-PGJ2 (15 μM) treatment for 4 h to follow (C) TNFαmRNA expression and (D) TNFα protein
concentrations in the cell culturemedium. After treatmentwith 15d-PGJ2 the cell culturemediumwas removed and cellswere lysed to isolate RNA for qPCR analysis using specific primers
(A/C) (n=6). The cell culturemediumwasused to quantitate TNFα concentrations using ELISA (B/D) (n=3). Values are expressed asmean±SEM. * p≤ 0.05 vs. untreated and # p≤ 0.05
vs. 15d-PGJ2.
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Like other prostanoids, PGD2 is rapidly converted into various
metabolites in vivo [24,42]; someof the species transported in the circu-
lation produce effects at cells/organs distant from the site of PGD2 syn-
thesis [43]. Hirai and colleagues [43] suggested that PGD2 metabolites
such as 13,14-dihydro-15-keto PGD2 and 15d-PGJ2 might play impor-
tant physiological roles that are mediated via DP2. To clarify effects of
15d-PGJ2 on HL-1 cell and primary cardiomyocyte function in vitro we
have used pharmacological and genetic tools. Results from the present
study suggest that 15d-PGJ2, via engagement of DP2, induces ROS pro-
duction and MAPK activation. These events augment TNFα synthesis
that, via autocrine and/or paracrine signaling induces apoptosis in HL-
1 cells and primary cardiomyocytes through activation of extrinsic and
intrinsic apoptosis pathways.

In principle, 15d-PGJ2 can exert its activity via receptor-dependent
and/or -independent pathways [11]. Here we could demonstrate that
15d-PGJ2 signaling is mediated by DP2 (but not DP1 or PPARγ) in a
calcium-independent manner (Fig. 6A/B). DP1 has been primarily re-
ported to regulate dendritic cell function [44] while DP2 was suggested
to promote inflammatory pathways [45]. 13,14-Dihydro-15-keto PGD2

is a selective DP2 agonist [46], while little information is available
about the ability of 15d-PGJ2 to stimulate DP1 [24] and/or DP2 receptors
[47].

Results obtained here clearly indicate that 15d-PGJ2-dependent sig-
naling events are mediated via DP2 in HL-1 cells and primary murine
cardiomyocytes. In line, we have observed potent activation of ROS pro-
duction and stimulation of the p38 and p42/44MAPK pathways by 15d-
PGJ2 (Fig. 2).
During thepresent studyMAPK activation started at lowmicromolar
concentrations (Fig. 1A). From previous studies it was concluded that
only aminor fraction (approx. 4%) of exogenously added 15d-PGJ2 is bi-
ologically active while the remainder is either trapped or metabolized
[24]. Taking this into account, concentrations of 15 μM 15d-PGJ2 used
for HL-1 cells in the present study result in approx. 20 ng/ml active
compound, a concentration that would parallel levels of at least
5 ng/ml detected under in vivo inflammatory conditions [24]. Most
importantly, 15d-PGJ2 concentrations used in primary cardiomyocytes
for activation of MAPK, TNFα induction and subsequent cell death
are in the low nanomolar range (Fig. 7). Thus our in vitro findings sug-
gest that low agonist concentrations may be operative under in vivo
conditions.

To the best of our knowledge we are the first to show that ROS for-
mation aswell as p38 and p42/44MAPK activation (preceding TNFα in-
duction) by 15d-PGJ2 in cardiomyocytes is dependent on its reactive
α,β-unsaturated carbonyl group, as 9,10-dihydro-15d-PGJ2 failed to in-
duce these signaling cascades. Thus, the electrophilic carbon center in
the ring structure makes PGs susceptible to undergo reactions with nu-
cleophiles such as the free sulfhydryl group of cysteine residues located
in reduced glutathione or cellular proteins [10] that so far have not been
characterized in detail during myocardial apoptosis.

In terms of nuclear receptor activation, it was demonstrated that
15d-PGJ2 modulates inflammatory markers in neonatal cardiac cells
via PPARγ-dependent and -independent pathways. The observed 15d-
PGJ2-induced effects are independent of DP1- and PPARγ-mediated
pathways in cardiomyocytes. In contrast to previous findings [32]

image of Fig.�4


Fig. 5. 15d-PGJ2-induced TNFα activates the apoptotic machinery in cardiomyocytes. HL-1 cells were incubated with 15d-PGJ2 (15 μM) for indicated time periods to measure (A) cell
viability usingMTT assay and to follow (B) apoptoticmarkers byWestern blot. Alternatively, cells were transfectedwith scrambled negative control siRNA (si-scr, 40 nM) or siRNA against
TNFα (si-TNFα, 40 nM) for 6 h and grown for 24 h followed by 15d-PGJ2 (15 μM) treatment for 4 h to follow (C) cell viability and (D) apoptotic markers. Cells were incubated with
(E) MK0524 (100 nM), CAY10471 (1 μM), T0070907 (20 μM) or (F) R-7050 (30 μM) for 30 min prior to 15d-PGJ2 (15 μM) treatments for 4 h to follow (E) cell viability and (F) markers
of apoptosis. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized
using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibody against β-actin. One representative blot out of three
(B, D, and F) is shown. Only cleaved (but not pro-forms) of PARP (cPARP), caspase-3, -8 and -9 are shown. Cell viability was measured following incubating cells with MTT (0.5 mg/ml)
for 30 min after treatment with 15d-PGJ2. Optical density levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are expressed as mean ± SEM (A, C and E) (n = 6).
* p ≤ 0.05 vs. untreated, # p ≤ 0.05 vs. 15d-PGJ2, ** p ≤ 0.05 vs. si-scr and ## p ≤ 0.05 vs. si-scr + 15d-PGJ2.
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where 15d-PGJ2 was reported to promote endothelial cell apoptosis via
the ROS/p53 or ROS/MAPK/p53 axis, phosphorylation of p53 was not
observed in the present study (Supplement Fig. X).

Our findings suggest that 15d-PGJ2 promotes ROS-dependent p38
and p42/44 MAPK activation (Fig. 1E). The p42/44 MAPK signaling is
thought to promote cell survival under conditions of mild oxidative
stress whereas the stress activated protein kinase p38 seems to induce
cell death as a response to oxidative injury [48]. In line with results of
the present study p38 MAPK activation can induce the extrinsic and
intrinsic pathways of apoptosis although the ultimate outcome of
SAPK signaling cascades appears to be cell context specific [49]. Oxida-
tive stress-mediated activation of p42/44 MAPK appears to proceed
via Raf activation, thiol modification of tyrosine kinase receptors, or
oxidative inactivation of protein phosphatases. The activation of p38
(or more generally the SAPK pathway) by ROS results in apoptosis
where apoptosis-signaling kinase 1 appears to play an important role
as redox sensor for initiation of the SAPK response [49]. Which one of
these pathways is activated in response to ROS generation in 15d-
PGJ2-treated HL-1 cardiomyocytes or primary cardiomyocytes is cur-
rently unclear andwas not addressed experimentally during the present
study.

15d-PGJ2 suppresses the immune system by PPARγ-mediated acti-
vation of apoptosis in immune cells [50]. Previous studies have shown
that PPARγ ligands including 15d-PGJ2 may inhibit cardiac hypertrophy
in cultured neonatal rat cardiomyocytes [51]. Cardioprotective effects of
15d-PGJ2 include upregulation of PPARγ, expression of heme oxygenase
1, and inhibition of activation of NF-κB during ischemia–reperfusion in-
jury [52]. Furthermore, administration of 15d-PGJ2 suppressed (i) ex-
pression of IL-1 (mRNA and protein level) in experimental
autoimmune myocarditis [53] as well as (ii) LPS-induced expression
of CXC chemokines and ROS-mediated expression of IL-8 (mRNA and
protein level) in rat cardiomyocytes [54]. The collective results suggest
that 15d-PGJ2 acts sequentially through PPARγ activation, IκB induction,
blockage of NF-κB activation, and inhibition of inflammatory cytokine

image of Fig.�5


Fig. 6. 15d-PGJ2-induced signaling is calcium-independent and mediated via its cyclopentenone ring. HL-1 cells were incubated with EGTA-AM (50 μM) for 30 min prior to 15d-PGJ2
(15 μM) treatment for 4 h to follow (A) intracellular TNFαmRNA expression and (B) TNFα protein concentrations in the cell supernatant. After treatment with 15d-PGJ2 the cell culture
mediumwas removed and cellswere lysed to isolate RNA for qPCRanalysis (A, n=6)using specific primers. The cell culturemediumwas used for TNFαquantification by ELISA (B, n=3).
Alternatively, cellswere incubatedwith 15d-PGJ2 (15 μM), 9,10-dihydro-15d-PGJ2 (dh-15d-PGJ2, 15 μM)or 13,14-dihydro-15-keto PGD2 (dk-PGD2, 1 μM) for 1 h to follow (C, upper panel)
ROS levels by DCFfluorescence and (C, lower panel) pp38 and pp42/44MAPK expression. ForWestern blot analysis protein lysateswere subjected to SDS-PAGE, proteinswere transferred
to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with
primary antibodies against total p38 and p42/44 MAPK. One representative blot (C, lower panel) out of three is shown. * p ≤ 0.05 vs. untreated.

Fig. 7. 15d-PGJ2 induces apoptotic pathways in primary murine cardiomyocytes. (A) Cardiomyocytes were treated with indicated concentrations of 15d-PGJ2 for 1 h to follow pp38 and
pp42/44 MAPK expression by Western blot. (B/C) Primary cardiomyocytes were incubated with 15d-PGJ2 (50 nM) (B) for indicated time periods to follow TNFα mRNA expression by
qPCR, or (C) for 8 h to follow TNFα protein concentrations in the cell culture medium (upper panel) and markers of apoptosis (lower panel). For Western blot analysis protein lysates
were subjected to SDS-PAGE, proteinswere transferred to nitrocellulosemembranes and immunoreactive bandswere visualized using specific primary and secondary antibodies. For nor-
malization,membranes were stripped and probedwith a primary antibody against β-actin. One representative blot out of two (A and C, lower panel) is shown. Only cleaved (but not pro-
forms) of PARP (cPARP), caspase-3, -8 and -9 are shown. After treatment with 15d-PGJ2 the cell culture mediumwas removed and cells were lysed to isolate RNA for qPCR analysis using
specific primers (B) (n= 3). The cell culturemediumwas used for quantitation of TNFα by ELISA (C, upper panel) (n= 3). Values are expressed asmean± SEM. * p≤ 0.05 vs. untreated
and # p ≤ 0.05 vs. 15d-PGJ2.
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Fig. 8. Summary of 15d-PGJ2-induced signaling events in cardiomyocytes observed during
the present study.
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expression [55]. However, such an anti-inflammatory mechanism in-
volving modulation of PPARγ (Figs. 2 and 3) and NF-κB (Fig. 3) was
not observed in the present study.

A series of studies confirmed thatMI is accompanied bymyocyte ap-
optosis (for review see [56]). 15d-PGJ2 attenuated anti-apoptotic effects
of endothelin-1 in primary rat cardiomyocytes [57]. Importantly, in-
flammatory cytokines derived from circulating blood cells [58] or local
synthesis are inducers of the apoptotic machinery in cardiomyocytes.
Among these, IL-1 [59,60], IL-6 [61,62], IL-17 [63] and TNFα [64–66]
are the most potent mediators of cardiomyocyte apoptosis and cardiac
remodeling. Our observations that TNFα is highly upregulated in 15d-
PGJ2-stimulated HL-1 cells as well as primary cardiomyocytes and that
pharmacological aswell as genetic interferencewith this pathway effec-
tively impairs extrinsic/intrinsic apoptotic routes (Figs. 5D/F; 7C) are in
line with these observations. In vivo, heart specific overexpression of
secretable TNFα in mice augmented cardiomyocyte apoptosis through
activation of multiple death pathways [34]. Thus, the contribution of in-
flammatory cells on 15d-PGJ2-induced pro-inflammatory cascades in
cardiomyocytes under in vivo conditions remains to be elucidated.

Cardiac myocyte apoptosis has been identified as a mechanism of
cell death during CAD and MI. The incidence of apoptosis varies signifi-
cantly and the exact pathophysiological events and underlying signaling
(mostly overlapping) pathways induced by inflammatory cytokines still
remain to be clarified in detail for effective therapeutic treatment. Acti-
vation of TNFα is undoubtedly one of the major causes for myocardial
apoptosis leading to cardiac remodeling through multiple routes. We
here show engagement of 15d-PGJ2, a dehydration product of PGD2, in
this process. Experimental work performed during the present study
suggests that the DP2-ROS-MAPK axis plays a central role in this signal-
ing circuit that ultimately leads to cardiomyocyte death via TNFα
(Fig. 8). Both, p38 and p42/44MAPK inhibitorswere found to be equally
effective to attenuate TNFα synthesis in cardiomyocytes in response to
15d-PGJ2 (Fig. 4C).

Previous studies clearly revealed that inhibition/antagonism of TNF
represents one option to reduce cell death in the myocardium. How-
ever, TNF blockage would not prevent upstream engagement of
DP2, generation of ROS and activation of the MAPK pathways that in
turn might adversely affect other signaling cascades. From the present
study (Fig. 8) it seems conclusive that blockage of DP2 receptors
might serve as a novel and potential target to alleviatemyocardial injury
in response to COX-derived eicosanoids e.g. PGD2 and its dehydration
product 15d-PGJ2 during CAD andMI. Data of the present study, togeth-
er with the reported high expression of DP2mRNA in human heart [25]
suggest that DP2 antagonism could provide a potential pharmacological
approach to interfere with PGD2-/15d-PGJ2-mediated cardiomyocyte
injury.
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