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15-Deoxy-A'>"*-prostaglandin J, (15d-PGJ,) has been known to display multifaceted cellular
functions, including anti-inflammatory and cytoprotective effects. However, depending on
the concentrations and intracellular microenvironment, this cyclopentenone prostaglandin
can exert opposite effects. Because of the a,3-unsaturated carbonyl moiety present in its
cyclopentenone ring structure, 15d-PGJ, can act as a Michael reaction acceptor and readily
interacts with critical cellular nucleophiles, such as cysteine thiol groups in proteins. Many
of the biological effects induced by 15d-PGJ, involve redox-transcription factors as the
potential targets. Thus, 15d-PGJ, can modulate the transcriptional activities of nuclear
factor-xB (NF-«B), activator protein-1 (AP-1), nuclear factor-erythroid 2p45 (NF-E2)-related
factors (Nrf2), hypoxia inducible factor (HIF), etc. 15d-PGJ, is also well known as an
endogenous ligand of peroxisome proliferator-activated receptor y (PPARy). However, the
regulation of the aforementioned redox-sensitive transcription factors by 15d-PGJ, is not
necessarily mediated via PPARy activation, but rather involves covalent modification or
oxidation of their critical cysteine residues acting as a redox-sensor. This commentary
describes the biological and physiological functions of 15d-PGJ, and underlying biochemical
and molecular mechanisms with emphasis on the modulation of redox-sensitive transcrip-
tion factors and their regulators.
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MAPKs, mitogen-activated
protein kinases

NF-kB, nuclear factor-«B

NQO1, NAD(P)H: quinone
oxidoreductase 1

Nrf2, nuclear factor-erythroid
2p45 (NF-E2)-related factors
PPARY, peroxisome proliferator-
activated receptor y

PPRE, PPAR response elements
RXR, receptor for 9 cis-retinoid
STAT, signal transducer and
activator of transcription

TPA, 12-O-tetradecanoylphorbol-
13-acetate

1. Introduction

Prostaglandins (PGs) are a family of biologically active
autacoids synthesized from 20 carbon-containing polyunsa-
turated fatty acids, principally arachidonic acid generated
from membrane phospholipids [1], and exert a vast variety of
physiological functions [2]. Members of the ], series cyclo-
pentenone PGs (cyPGs), characterized by the presence of an
electrophilic carbonyl moiety in their cyclopentenone ring,
have a unique spectrum of biological effects. 15-Deoxy-A*>"4-
prostaglandin J, (15d-PGJ,), one of the most-well defined
cyPGs, functions as an endogenous ligand of peroxisome
proliferator-activated receptor y (PPARy) and has not only anti-
inflammatory and cytoprotective activities, but also pro-
apoptotic and anti-proliferative properties depending on cell
types and concentrations [2]. 15d-PGJ, is a dehydration
derivative of PGD,, and its synthesis initially depends upon
the enzymatic machinery for PGD, generation [3]. Due to its
electrophilic a,B-unsaturated carbonyl group in the cyclopen-
tenonering, 15d-PGJ, can form covalent adducts with cysteine
thiols via Michael addition [4]. This may resultin the alteration
of cellular redox status and/or functions of target proteins,
many of which play pivotal roles in fine-tuning of cellular
signaling network.

A wide array of intracellular signal transduction cascades
converge with distinct sets of transcription factors. Abnormal
activation or improper silencing of transcription factors is
implicated in many disorders, such as cancer [5]. Pro-oxidants
and electrophiles can modulate redox-sensitive transcription
factors, such as peroxisome proliferator-activated receptor
(PPAR), nuclear factor-«B (NF-«B), activator protein-1 (AP-1),
P53 and nuclear factor-erythroid 2p45 (NF-E2)-related factors
(N1f2). It is conceivable that 15d-PGJ, with both electrophilic
and pro-oxidant properties can directly or indirectly interact
with the aforementioned redox-sensitive transcription fac-
tors, thereby modulating their transcriptional activities. The
purpose of this review is to summarize recent findings on the
cellular functions of 15d-PGJ,, particularly those exerted by
targeting redox-sensitive transcription factors or their mod-
ulators.

2. Formation and chemical properties of 15d-
PGJ,

The first step in PG synthesis is the release of arachidonic acid
from membrane phospholipids by phospholipase A,. Arachi-
donic acid is then converted by cyclooxygenase (COX; also
known as PGH synthase) to PGH,. This unstable intermediate
is converted enzymatically to a series of biologically active
prostanoids, including PGD,, PGE,, PGF,,, PGl,, and thrombox-
ane A,, each of which has its own specific receptor. Among
these, PGD, spontaneously undergoes chemical dehydration
to form PGJ,. PGJ, can undergo further dehydration by loss of
the 15-hydroxyl group, which, coupled with migration of the
13,14-double bond, results in the formation of 15d-PGJ;, (Fig. 1).
These reactions are promoted by albumin but proceed at a
relatively slow rate compared to the very rapid formation of
PGs from PGH, by prostanoid synthases [4]. Recently,
Brummond et al. [6] reported the total synthesis of 15d-PGJ,
by utilizing an allenic Pauson-Khand-type reaction.

15d-PGJ, has multifaceted biological properties that are
uniquely different from other components of the PG family.
These include anti-neoplastic, anti-inflammatory, and anti-
viral activities that are likely to be mediated by interaction
with cellular signaling molecules, such as transcription factors
[2]. Due to its characteristic a,3-unsaturated carbonyl moiety,
15d-PGJ, can readily react with cellular nucleophiles, such as
cysteinyl thiol groups of proteins. Such reactions are termed
Michael addition reactions and may occur in one or both of
two electrophilic centers of 15d-PGJ, (Fig. 1; box). Several
studies have shown that 15d-PGJ, has the most potent
biological activity among cyPGs [7-9]. Kondo et al. [7] reported
that the intracellular production of reactive oxygen species
(ROS) was strongly induced by 15d-PGJ, in neuroblastoma
cells. In addition, the reduced glutathione (GSH) levels and
GSH peroxidase activity were significantly lowered by treat-
ment with 15d-PGJ,. Likewise, 15d-PGJ, has been reported to be
the most potent inducer of endothelial apoptosis, which is
attributed to its electrophilic cyclopentenone moiety [8].
Moreover, 15d-PGJ, induced the expression of heme oxyge-
nase-1 (HO-1) to a greater extent than did PGA, and a simple
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Fig. 1 - Formation of 15d-PGJ,. Phospholipase A, catalyzes hydrolytic release of arachodonic acid (AA) from membrane
phospholipids. Cyclooxygenases catalyze oxidative conversion of AA to prostaglandin H, (PGH,). PGD,, a precursor of 15d-
PGJ,, is formed by the action of PGD, synthase. Alternatively, other prostaglandins (PGE,, PGF,,, PGI,), and thromboxanes are
formed. PGD, undergoes chemical dehydration to form the PGJ,. PGJ, then undergoes further dehydration by loss of the
15-hydroxyl group, which, coupled with migration of the 13,14-double bond of PGJ,, results in the formation of 15d-PGJ,. Some
of the effects of 15d-PGJ, on intracellular proteins are mediated by Michael addition reaction attributed to the reactive o,3-
unsaturated carbonyl groups (box). Asterisks (*) indicate the positions of the chemically reactive or electrophilic carbon center.

cyclopentenone in human breast cancer cells [9], which was
again largely due to its a,B-unsaturated ketone moiety. Such
unique chemical structure of 15d-PGJ, enables this cyPG to
bind to a broad spectrum of cellular proteins involved in
intracellular signaling network. Multiple lines of evidence
indicate that 15d-PGJ, modifies some critical cellular mole-
cules including NF-«B [10,11] and AP-1 [12], IkB kinase (IKK)
[13,14], thioredoxin [15], thioredoxin reductase [16], Kelch-like
ECH-associated protein 1 (Keapl) [17,18], H-Ras [19], PPARy
[20,21], and cytoskeleton [22]. In particular, Stamatakis et al.
[22] identified several proteins as potential targets of 15d-PGJ,
in mesangial cells, such as heat-shock protein 90, nucleoside

diphosphate kinase, cytoskeleton including actin, tubulin,
vimentin, and tropomyosin. It is noteworthy that the majority
of proteins identified as targets of 15d-PGJ, possess cysteine
thiol residues that are susceptible to oxidative or covalent
modification.

3. Biological/physiological functions of
15d-PGJ,

15d-PGJ, has therapeutic/preventive potential against arthritis
[23-29], ischemia-reperfusion injury [30-33], inflammatory
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bowel disease [34,35], and Alzheimer’s disease [36,37] in which
inflammation plays an important pathophysiologic role. 15d-
PGJ, exerts anti-inflammatory activities by several different
mechanisms in aforementioned disorders. 15d-PGJ, inacti-
vates transcription factors associated with inflammation,
such as NF-«B, AP-1, and signal transducer and activator of
transcription (STAT) [38], thereby down-regulating inducible
pro-inflammatory genes (vide infra). Ricote et al. [38] demon-
strated that 15d-PGJ, inhibited the expression of inducible
nitric oxide synthase (iNOS), gelatinase B, and scavenger
receptor A genes by blocking the activation of transcription
factors AP-1, NF-«kB, and STAT in a PPARy-dependent
manner in 12-O-tetradecanoylphorbol-13-acetate (TPA)-trea-
ted macropharges. The suppression of aforementioned
inflammation-associated transcription factors by 15d-PGJ,
appears to be mediated by modulating the upstream mito-
gen-activated protein kinases (MAPKs). In addition, 15d-PGJ,
inhibited the production and secretion of pro-inflammatory
mediators, such as interleukin (IL)-1B, IL-6, and tumor necrosis
factor (TNF)-a in TPA-treated monocytes [39] and IL-10 and IL-
12 in lipopolysaccharide (LPS)-treated macrophages [40]. 15d-
PGJ, down-regulates iNOS [33,41,42] and COX-2 [43-45], which
are typical pro-inflammatory enzymes. However, Vichai et al.
[46] showed the positive feedback regulation by 15d-PGJ, of
COX-2 expression in mouse lung fibroblasts. Other studies also
demonstrated the similar dual effect of 15d-PGJ, on COX-2
production [43]. The addition of 15d-PGJ, to human osteoar-
thritic chondrocytes reduced the IL-1B-induced COX-2 level,
whereas in the absence of a COX-2 inducer, 15d-PGJ, up-
regulated COX-2 expression without concomitant elevation of
PGE, synthesis [43]. Although 15d-PGJ, is involved in the
resolution of inflammation, its effects on the expression of
COX-2 remain controversial.

15d-PGJ, has been reported to be a natural ligand for PPARy.
Some synthetic PPARy agonists have been known to exert anti-
diabetic effects through high-affinity binding to PPARy [3].
However, the effect of 15d-PGJ, on the pathogenesis of
diabetes is not fully understood. It has been reported that
15d-PGJ, potently induces adipogenesis, promotes differentia-
tion of pre-adipocytes into mature, triglyceride-containing fat
cells [47] and prevents precursors from being differentiated
into osteoclasts [48]. Furthermore, 15d-PGJ, repressed leptin
production and induced adipogenesis at concentrations
capable of activating PPARy [49]. Thus, 15d-PGJ, may play a
pivotal role in controlling adipocyte development and glucose
homeostasis (reviewed in [3]).

4. The redox-sensitive transcription factors as
cellular targets of 15d-PGJ,

It is becoming clear that 15d-PGJ, has the ability to modify
multiple redox-sensitive transcription factors [50]. The dock-
ing studies in combination with comparative electrostatic
potential analysis have revealed that 15d-PGJ, can covalently
modify some cellular proteins such as p50, p65, p53, and c-Jun
[51]. Table 1 lists the redox-sensitive transcription factors
that are regulated by 15d-PGJ,. 15d-PGJ, is also likely to
generate ROS or to modulate the ROS sensitivity of the cell.
Thus, addition of 15d-PGJ, to cells triggers a series of events

dependent on the generation of ROS, which are prevented by
addition of an antioxidant, such as N-acetyl-L-cysteine. Some
transcription factors and related signaling molecules have
cysteine residues that can serve as a redox sensor, and
oxidation of such cysteine thiols may modulate their
biological functions. Therefore, besides direct covalent
modification, 15d-PGJ, may oxidize some critical residues
of the redox-sensitive transcription factors and their reg-
ulators.

4.1. PPARy

PPARs are key transcription factors that catalyze and
coordinate distinct biochemical events regulated for main-
taining lipid homeostasis, such as the differentiation of
adipocytes, regulation of lipoprotein and lipid metabolism
[52]. The PPAR family consists of three different subtypes,
namely PPARq, PPARy, and PPARB/S. Among these isoforms,
PPARy has been implicated in inflammation, immune
response, and pathogenesis of some disorders including
atherosclerosis, obesity, diabetes, Alzheimer’s disease, can-
cer, etc. [4,52]. It was demonstrated for the first time in 1995
that 15d-PGJ, is an endogenous ligand for PPARy [53,54]. 15d-
PGJ, up-regulates the expression [27,31,36,55], transcrip-
tional activity [25,45,56-61], and DNA binding activity [36,62]
of PPARy, and many of the cellular events mediated by 15d-
PGJ, have been shown to be PPARy-dependent [3,4,63].
Recently, the precise dynamic events that occur during
ligand-binding and PPARy-activation processes have been
reported [20,21]. As a core structural moiety, the «,B-
unsaturated carbonyl group of 15d-PGJ, is important in
covalent binding of this cyPG to a cysteine residue (Cys285) in
the PPARy ligand binding domain (LBD). 15d-PGJ, binds
PPARy, releasing PPARy from its corepressor. After 15d-PGJ,
binding, PPARy forms heterodimers with the receptor for 9
cis-retinoid (RXR) in the nucleus. PPARY/RXR heterodimers
interact with transcriptional coactivators and bind to
sequence specific PPAR response elements (PPRE) located
in target genes thereby stimulating their transcription
(Fig. 2). The covalent modification of PPARy by 15d-PGJ,
was proposed to be a two-step reaction that employs a ‘dock
and lock’ mechanism of ligand binding, in which 15d-PGJ,
first approaches the ligand-binding pocket (dock), and then
the covalent binding of the ligand occurs at a relatively low
rate (lock) [21]. According to this supposition, the first
(docking) step, transition from the free to the non-covalently
bound form, may not be sufficient to activate PPARy, but the
second (locking) step, i.e., conversion from the non-cova-
lently to the covalently bound form, appears to be critical for
PPARy-activation [21].

Shiraki et al. [20] have provided clear evidence that the
structural moieties within a single molecule are used
differently in PPARy-dependent and -independent functions.
In the case of 15d-PGJ,, the electrophilic carbon (C9) within a
cyclopentenone ring has been considered to react with the
cysteine residue in NF-«B and other proteins [10,64]. On the
other hand, the carbon at position 13 reacts preferentially with
the sulfur atom of the cysteine residue in PPARy [20].
Furthermore, the carboxyl group of 15d-PGJ, is required for
the formation of a hydrogen bond with Tyr-473 in helix 12 of
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Table 1 - Transcription factors modulated by 15d-PGJ,

Redox-sensitive
transcription factors

Mode of regulation

Consequences

PPARy

Nrf2/Keapl

NF-«B

AP-1

STAT

o Covalent binding with cys285 in
ligand binding domain [20,21]

o | PPARy transcriptional activity
[25,45,85,89,97,110-113]

o | PPARy DNA binding activity [36,114]

o T PPARy expression [27,31,36,100]

o Covalent binding with a cysteine
residue of Keap1 [71]
o | Nrf2 DNA binding activity [69]
o | Nuclear accumulation of Nrf2 [18,70,71]

o | NF-«B transcriptional activity [10,25,38,41,42]

o | NF-«B DNA binding activity [10,11,42,82,83]

o Covalent binding with Cys179 of IKKB [14],
Cys62 of p50 [11], and Cys38 of p65 [10]

o | IkBa degradation, nuclear translocation of
p65, and recruitment of p300 by p65 [13,42,82]

e | AP-1 transcriptional activity [38]

o | AP-1 DNA binding activity [12,25,45,81-84]
e | JNK [81,85]

o Covalent binding with Cys269 of c-Jun [12]

e | STAT1 transcriptional activity [38]

o | IFNy-induced phosphorylation of
STAT1 and STAT3 [88-90]

e | STAT1 DNA binding activity [88,89]

Anti-inflammation [25,28,45,89]; Cytoprotection [31];
Apoptosis [27,110,111,113]/Cell cycle arrest [36,112];
Anti-angiogenesis [114]; Induction of VEGF [97,100]

Induction of antioxidant enzymes: HO-1 [18,69,71],
peroxiredoxin I [18], y-GCL [70], heat shock
protein [69], NQO-1 [71], etc.

Anti-inflammation [10,11,13,38,41]; Inhibition
of iNOS expression [13,41,42,83]; Inhibition of
COX-2 expression [10,83]

Anti-inflammation [25,38,81,82,84,85]; Inhibition
of iNOS expression [82,83]; Inhibition of COX-2
expression [45,81-83]; Inhibition of eNOS
expression [84]

Anti-inflammation [38,61,88-91]; Inhibition
of iNOS expression [88,89]

o | IL-6, IL-10-induced STAT3
phosphorylation [61,91]

P53 e | p53 expression [27,57,93,94]
e | p53 nuclear accumulation [93,94]
o 1 p53 phosphorylation [93]
o 1 p53 DNA binding activity [93]
o Covalent modification [16,95]

HIF-1 e | HIF-1 activity [60]
e | HIF-1 transcriptional activity [16]

Apoptosis [27,57,93,94]

Inhibition of VEGF production [60]

PPARy. 15d-PGJ, biotinylated at the carboxyl group failed to
pull down PPARy from cells, whereas it still bound to AP-1 and
other proteins [12,64]. Thus, the mode of covalent binding of
15d-PGJ, to the PPARy LBD appears to be different from that
employed in PPARy-independent actions.

42. Nrf2

Maintenance of the correct homeostatic redox status potential
(i.e., the appropriate balance between oxidants and antiox-
idants) is essential for proper cellular functions but is
perpetually threatened by extrinsic factors, such as increases
in the levels of ROS during inflammation or exposure to
xenobiotics that are metabolized to antioxidant-depleting
electrophiles [65]. Genes encoding detoxifying/antioxidant
enzymes have been known to be up-regulated by eletrophiles
and ROS as part of adaptive cellular survival response. This
coordinated response is regulated through a cis-acting element
known as antioxidant/electrophile response element (ARE/
EpRE) located in the promoter or enhancer region of many of the
antioxidant genes. Nrf2 has emerged as the critical regulator of
ARE/EpRE-dependent transcription. In the absence of oxidative
stress signals, Nrf2 is sequestered in the cytoplasm because

of its association with a cytoskeleton protein Keapl. Upon
exposure of cells to oxidative stress or electrophiles, Nrf2 is
released from its repressor protein Keapl and translocates to
the nucleus [66,67]. In the nucleus, Nrf2 interacts with ARE
located in the promoter of Nrf2-responsive genes, such asHO-1,
glutathione S-transferases (GSTs), NAD(P)H:quinone oxidore-
ductase 1 (NQO1), y-glutamate cysteine ligase (y-GCL), etc.
(reviewed in [68]) and activates their transcription.

15d-PGJ, can activate Nrf2 by directly binding to Keapl
through covalent linkage, resulting in induction of some
antioxidant proteins including HO-1 [69], peroxiredoxin I [18],
v-GCL [70] and heat shock protein 70 [69]. Particularly,
cysteines of the linker region of Keap1 are essential for Keapl
binding of 15d-PGJ, [71]. 15d-PGJ,-induced antioxidant gene
expression is considered to be attributed to its characteristic
a,B-unsaturated carbonyl moiety (Fig. 3). Recent studies from
our laboratory have shown that 15d-PGJ, up-regulated HO-1
expression via the Nrf2-ARE signaling. Thus, 15d-PGJ,
increased the levels of Nrf2 in the nucleus and its binding
to AREs in MCF-7 cells. The elimination of the double bond
present in the cyclopentenone ring of 15d-PGJ, abolishes its
ability to activate Nrf2 and induce HO-1. These findings
suggest that the modification (either covalent or oxidative) of
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Fig. 2 — A proposed mechanism of 15d-PGJ,-mediated activation of PPARy. 15d-PGJ, binds PPARy, releasing PPARy from its
corepressor (R). It is considered that the carbon at the position 13 (*) of 15d-PGJ, reacts with the Cys285 in ligand binding
domain (LBD) of PPARy. Once translocated to the nucleus, the 15d-PGJ,-PPARy complex forms a heterodimer with nuclear
retinoid X receptor (RXR) to recognize PPAR-response elements (PPRE) in the promoter region of the target genes thereby

stimulating their transcription.

Keap1 cysteine thiol by 15d-PGJ, is essential for translocation
of Nrf2 to the nucleus.

4.3. NF-«B

The transcription factor NF-«kB is one of the ubiquitous
eukaryotic transcription factors that exerts pleiotropic effects
via numerous intracellular signal transduction pathways
involved in the induction of pro-inflammatory genes including
iNOS, COX-2, adhesion molecules, and cytokines [72,73]. In
many malignant tumors, constitutively elevated NF-«B acti-
vation is frequently observed, which is causally linked to
enhanced proliferation, resistant to apoptosis, invasion, etc.
(reviewed in [5]). Therefore, targeting abnormally elevated NF-
kB activation in precancerous or malignant cells is considered
to be an important strategy for cancer chemoprevention as
well as therapy.

The five members of the mammalian NF-«B family, i.e.,
p65/RelA, RelB, c-Rel, p50/p105 (NF-«kB1), and p52/p100
(NF-kB2), exist in unstimulated cells as homo- or hetero-
dimers. NF-kB proteins are characterized by the presence of a
conserved 300-amino acid Rel homology domain located
toward the N-terminus that is responsible for dimerization,

interaction with IkB proteins, and binding to DNA [74]. The
heterodimeric protein NF-kB remains sequestered in the
cytoplasm as an inactive complex with its inhibitory counter-
part IkB subunit, including IkBe, IkBB, IkBy, BCL-3, and IxkBe.
Upon oxidative stimulation, some of these IkB proteins are
rapidly phosphorylated by IKKa and IKKB and degraded via the
ubiquitin-proteasome pathway [75,76]. The resulting free NF-
kB dimers translocate to the nucleus and bind to specific
consensus sequences of DNA [77].

Recently, several studies have demonstrated that 15d-PGJ,
exerts a strong anti-inflammatory effect by attenuating the
expression of pro-inflammatory mediators in activated mono-
cytes/macrophages mainly through the inhibition of NF-«B-
dependent transcription of inflammatory genes [10,11,13,41]. As
a COX metabolite, 15d-PGJ, can act as a negative modulator of
pro-inflammatory signaling by blocking the NF-«B activation
pathway at multiple levels [38,41]. Several components of NF-«B
can be covalently modified by 15d-PGJ, (Fig. 3). 15d-PGJ,
inhibited phosphorylation of IkBa at the Ser32 residue [13],
possibly by inactivating the IKK complex. The plausible
mechanisms of IKK inhibition by 15d-PGJ, involve covalent
modification of the critical cysteine residue (Cys179) in IKKB
[14]. In addition, 15d-PGJ, can inhibit DNA binding of NF-«B by
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NF-kB pathway AP-1 pathway Nrf2 pathway

Inhibition of kB-driven Inhibition of CRE-driven Induction of ARE-driven
gene expression gene expression gene expression

Fig. 3 - Proposed mechanisms responsible for the covalent modification by 15d-PGJ, of some signal-transducing cellular
proteins. 15d-PGJ, binds specific cysteine residues in IKK (Cys179), IkBa (Ser32), p50 (Cys62), or p65 (Cys38) in the NF-xB
signaling pathway, and c-Jun (Cys269) in the AP-1 pathway, respectively. These lead to functional inactivation of NF-«xB or
AP-1. Additionally, 15d-PGJ, can activate Nrf2 by direct binding to the cysteine residue of Keap1 that is the repressor protein
of Nrf2, resulting in induction of some antioxidant enzymes. The modification of these proteins by 15d-PGJ, is caused
preferentially by the electrophilic carbon of the «,B-unsaturated carbonyl group (*) present in the cyclopentenone ring.

direct modification of DNA-binding domains of the NF-xB
subunits, i.e., Cys62 of p50 [11] or Cys38 of p65 [10]. Giri et al. [42]
showed that 15d-PGJ, blunted NF-«B signaling by inhibiting
degradation of IkB, nuclear translocation of p65, activation of

PI3K-Akt, and recruitment of p300 by p65 in primary astrocytes.
Maximal NF-kB transcriptional activity requires interaction
with other components of transcriptional machinery, such
as p300/CREB-binding protein (CBP) [78]. Phosphorylation of
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P65 at Ser276 is critical for its interaction with p300/CBP, and
mutation at Ser276 completely abolished the recruitment of
p300/CBP [79]. Therefore, 15d-PGJ, may extend its anti-
inflammatory activity by interfering with this pathway, thus
impairing NF-kB-dependent transcriptional activity without
affecting the nuclear translocation or DNA binding of NF-«B.

4.4. AP-1

AP-1 is another redox-regulated transcription factor that is
involved in regulating a wide array of cellular functions [80].
AP-1 exists as either homo- or heterodimers consisting of the
members of Jun (c-Jun, JunB and Jun D) and Fos (c-Fos, FosB,
Fra-1 and Fra-2) families, which interact with each other via
their basic leucine-zipper domain. To form the Jun-Fos-DNA
complex, the leucine-zipper domain and the DNA binding
domain containing clustered basic amino acids located
upstream of leucine-zipper are important. Classical regula-
tion of cellular AP-1 activity occurs via two mechanisms: one
is an increase in the transcription of c-fos and c-jun, and the
other is the phosphorylation of c-Fos and c-Jun proteins. AP-1
activity is also regulated by redox-dependent mechanisms
(reviewed in [5]).

Besides NF-kB inactivation, 15d-PGJ, has been shown to
disrupt AP-1 activation in several experimental systems. 15d-
PGJ, inhibited AP-1 DNA binding activity in IL-1B-treated
mesangial cells [81] and human chondrocytes [25,82] in a
PPARy-dependent [25] or independent fashion [81,82]. Simonin
et al. [83] demonstrated that 15d-PGJ, inhibited LPS-induced
DNA binding activity of AP-1 and NF-«B which was PPARy-
independent. Jozkowicz et al. [84] showed that 15d-PGJ,
attenuated AP-1 DNA binding capacity via PPARy-independent
mechanisms. It has been reported that 15d-PGJ, inhibits AP-1
binding to the DNA by suppression of c-Jun NH,-terminal kinase
(JNK) [81,85]. In particular, N-acetyl-L-cysteine reversed the
inhibition by 15d-PGJ, of AP-1 activity, suggesting that 15d-PGJ,-
mediated inactivation of AP-1 is attributable to its ability to
induce oxidative stress [85]. The direct interaction of 15d-PGJ,
with AP-1 proteins has been demonstrated by Perez-Sala et al.
[12]. 15d-PGJ, covalently modifies Cys269 of c-Jun and directly
inhibits the DNA binding activity of AP-1 (Fig. 3). In addition,
15d-PGJ, can promote the oligomerization of a fraction of c-jun
through the formation of intermolecular disulfide bonds or 15d-
PGJ,-bonded dimers [12], which may explain the nuclear
accumulation of c-Jun by 15d-PGJ, [82]. The inhibition of AP-1
signaling by 15d-PGJ, may contribute to its anti-inflammatory
and anti-proliferative properties as evidenced by down-regula-
tion of AP-1-driven expression of pro-inflammatory enzymes,
such as COX-2, iNOS, eNOS, vascular endothelial growth factor
(VEGF), matrix metalloproteinases, etc. [25,81,82,84,85].

4.5. STAT

The mechanisms underlying the anti-inflammatory effects of
15d-PGJ, have been suggested to be mediated by antagonizing
the activation of not only NF-kB and AP-1, but also STAT [38].
STATs are a family of latent cytoplasmic proteins activated by
extracelluar signaling proteins (mainly cytokines, growth
factors, and some peptides) that bind to specific cell-surface
receptors [86,87]. 15d-PGJ, inhibits interferon vy (IFNy)-induced

STAT phosphorylation [88-90] and DNA binding [88,89] in
macrophages and astrocytes through a PPARy-independent
mechanism. Interestingly, the inhibition of IFNvy-activated
STAT signaling by 15d-PGJ, was mediated by ROS, as the
process was ablated by N-acetyl-L-cysteine [89]. 15d-PGJ, also
inhibits IL-6- and IL-10-induced STAT phosphorylation in
several cell types [61,91].

46. p53

Pande and Ramos [51] suggested that p53 protein may alsobe a
target for direct modification by 15d-PGJ, based on the
computational study. The tumor suppressive function of
p53 protein is mediated by several distinct mechanisms,
including cell cycle arrest, apoptosis, and cellular senescence
[92]. It has been reported that 15d-PGJ, induces apoptosis in
neuroblastoma cells [93,94], endothelial cells [57], and chon-
drocytes [27] through up-regulation of expression [27,57,94]
and nuclear accumulation [93,94] of p53. Fitzpatrick and
coworkers showed that cyPGs, such as PGA; and PGA,,
inactivated p53 by covalently modifying and inhibiting
thioredoxin reductase [16,95]. It is well known that p53 has
a redox-regulated cysteine (Cys277) in its DNA-binding
domain. Therefore, it is plausible that 15d-PGJ, can interact
with this cysteine residue of p53 protein [96], thereby
modulating its transcriptional activity.

4.7. HIF-1

Recently, 15d-PGJ, has been reported to induce expression of
VEGF in macrophages [97,98], vascular smooth muscle cells
(VSMC) [97,99], prostate cancer (PC3) cells [100] and endothelial
cells [60]. Analysis of the VEGF promoter region revealed the
presence of several potential binding sites for transcription
factors including AP-1, AP-2, SP-1, and HIF-1 [101]. As a key
transcription factor responsible for hypoxia-induced genera-
tion of VEGF [102], HIF-1 is induced in hypoxic cells and bound
to the hypoxia response element (HRE). HIF-1 is a hetero-
dimeric transcription factor composed of HIF-1a and HIF-13
subunits. In mammals, three genes have been shown to
encode HIF-1a subunits that appear to be regulated in a similar
manner (reviewed in [103]).

HIF-1 can also be activated by hypoxia-independent
signaling pathways, redox-dependent regulation and protein
S-nitrosylation. Recent studies have shown that reducing
conditions stabilize HIF-1a, facilitate its DNA binding, and
increase its phosphorylation even under normoxic conditions.
In contrast, oxidizing conditions dampen the hypoxic
response [104]. Nitric oxide (NO) activates HIF-1 activity in
normoxia whereas it reduces HIF-1 activity in hypoxia. In
normoxia, the DNA binding and transcriptional activities of
HIF-1 are increased through S-nitrosylation that impairs HIF-
la ubiquitination and degradation [105]. This may occur by
altering the interaction between von Hippel-Lindau tumor
suppressor proteins (pVHL) and HIF-1q, for instance, through
the S-nitrosylation of pVHL, or changing the proline hydro-
xylase activity that mediates the activation of HIF-1a. On the
other hand, nitric oxide under hypoxic conditions decreases
HIF-1 binding and activity through a cGMP-dependent
mechanism, suggesting that the effect in hypoxia involves
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Fig. 4 - Intracellular effects of 15d-PGJ,. Most of the cellular responses induced by 15d-PGJ, are mediated by modulation of
redox-transcription factors or their regulators, especially at the critical cysteine thiols that often act as redox-sensors.

activation of guanylate cyclase. However, the reduction in HIF-
1 activity attained with NO donors in hypoxia was not affected
by a mutation of the cysteine contained within the oxygen-
dependent degradation domain in HIF-1a [106].

Yasinska and Sumbayev [107] found that S-nitrosation of
Cys800 residue in the HIF-1a transactivation domain by nitric
oxide derived from donors and iNOS increases protein trans-
criptional activity. The increase of HIF-1 transcriptional activity
was not observed when Cys800 was replaced with Ala [107].
Cys800 of HIF-1a is known to be critical for HIF-1 protein
transactivation by enabling the interaction with CBP [108,109].
Jozkowicz et al. [60] have demonstrated that 15d-PGJ, inhibits
HIF-1 activity in both normoxia and hypoxia. Although there is
little experimental evidence, itis plausible that 15d-PGJ, regula-
tes HIF-1a transcriptional activity either by covalent modifica-
tion of Cys800 or indirectly oxidizing the same sulfhydryl group.

5. Conclusion

15d-PGJ,, a typical J, family cyPG, is an endogenous activator of
PPARy (Fig. 4). Structurally, 15d-PGJ, possesses an electrophilic
a,B-unsaturated carbonyl moiety in the cyclopentenone ring,
which renders this molecule capable of forming Michael

reaction adducts with critical cellular nucleophiles. Due to
such structural characteristics, 15d-PGJ, can act as an
electrophile and possibly as a pro-oxidant. Accumulating data
demonstrate that 15d-PGJ, regulates not only PPARy, but also
other transcription factors such as NF-«B, AP-1, Nrf2, HIF, p53,
and STAT. 15d-PGJ,-mediated covalent or oxidative modifica-
tion of cysteine thiols present in these redox-sensitive
transcription factors or their regulators appears to be critical
in many intracellular events exerted by this cyPG. Although
there is little experimental evidence, it is plausible that 15d-
PGJ, modulates CCAAT enhancer-binding protein (C/EBP) and
cyclic AMP response element binding protein (CREB) as well.
15d-PGJ, has several opposite effects, depending on the
concentrations, cell types, intracellular redox status, etc.
Further studies will be necessary to define the biochemical
functions of this cyPG and to clarify its exact target molecules
under physiologic conditions.

Acknowledgment

This study was supported by grant RO2-2004-000-10197-0 from
the Basic Research Program of the Korea Science Engineering
Foundation.



BIOCHEMICAL PHARMACOLOGY 72 (2006) 1516-1528

1525

REFERENCE

(1
(2]

(3]

4]

[3]

6

[7

8

[9

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

Smith WL. The eicosanoids and their biochemical
mechanisms of action. Biochem J 1989;259:315-24.

Straus DS, Glass CK. Cyclopentenone prostaglandins: new
insights on biological activities and cellular targets. Med
Res Rev 2001;21:185-210.

Scher JU, Pillinger MH. 15d-PGJ,: the anti-inflammatory
prostaglandin? Clin Immunol 2005;114:100-9.

Na HK, Surh YJ. Peroxisome proliferator-activated receptor
v (PPARy) ligands as bifunctional regulators of cell
proliferation. Biochem Pharmacol 2003;66:1381-91.

Na HK, Surh YJ. Transcriptional regulation via cysteine
thiol modification: a novel molecular strategy for
chemoprevention and cytoprotection. Mol Carcinog 2006.
Brummond KM, Sill PC, Chen H. The first total synthesis of
15-deoxy-A'>*-prostaglandin J, and the unambiguous
assignment of the C14 stereochemistry. Org Lett
2004;6:149-52.

Kondo M, Oya-Ito T, Kumagai T, Osawa T, Uchida K.
Cyclopentenone prostaglandins as potential inducers

of intracellular oxidative stress. J Biol Chem
2001;276:12076-83.

Vosseler CA, Erl W, Weber PC. Structural requirements of
cyclopentenone prostaglandins to induce endothelial cell
apoptosis. Biochem Biophys Res Commun 2003;307:322-6.
Kim EH, Kim DH, Na HK, Surh Y]J. Effects of
cyclopentenone prostaglandins on the expression of heme
oxygenase-1 in MCF-7 cells. Ann N Y Acad Sci
2004;1030:493-500.

Straus DS, Pascual G, Li M, Welch JS, Ricote M, Hsiang CH,
et al. 15-Deoxy-A'>**-prostaglandin J, inhibits multiple
steps in the NF-«B signaling pathway. Proc Natl Acad Sci
USA 2000;97:4844-9.

Cernuda-Morollon E, Pineda-Molina E, Canada FJ, Perez-
Sala D. 15-Deoxy-A>'*-prostaglandin J, inhibition of NEF-
kB-DNA binding through covalent modification of the p50
subunit. ] Biol Chem 2001;276:35530-6.

Perez-Sala D, Cernuda-Morollon E, Canada FJ. Molecular
basis for the direct inhibition of AP-1 DNA binding by
15-deoxy-A'>"*-prostaglandin J,. ] Biol Chem
2003;278:51251-60.

Castrillo A, Diaz-Guerra MJ, Hortelano S, Martin-Sanz P,
Bosca L. Inhibition of IkB kinase and IkB phosphorylation
by 15-deoxy-A'>'*-prostaglandin J, in activated murine
macrophages. Mol Cell Biol 2000;20:1692-8.

Rossi A, Kapahi P, Natoli G, Takahashi T, Chen Y, Karin M,
et al. Anti-inflammatory cyclopentenone prostaglandins
are direct inhibitors of IkB kinase. Nature 2000;403:103-8.
Shibata T, Yamada T, Ishii T, Kumazawa S, Nakamura H,
Masutani H, et al. Thioredoxin as a molecular target of
cyclopentenone prostaglandins. J Biol Chem
2003;278:26046-54.

Moos PJ, Edes K, Cassidy P, Massuda E, Fitzpatrick FA.
Electrophilic prostaglandins and lipid aldehydes repress
redox-sensitive transcription factors p53 and
hypoxia-inducible factor by impairing the

selenoprotein thioredoxin reductase. ] Biol Chem
2003;278:745-50.

Levonen AL, Landar A, Ramachandran A, Ceaser EK,
Dickinson DA, Zanoni G, et al. Cellular mechanisms of
redox cell signalling: role of cysteine modification in
controlling antioxidant defences in response to
electrophilic lipid oxidation products. Biochem ]
2004;378:373-82.

Itoh K, Mochizuki M, Ishii Y, Ishii T, Shibata T, Kawamoto
Y, et al. Transcription factor Nrf2 regulates inflammation

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

by mediating the effect of 15-deoxy-A***

J>. Mol Cell Biol 2004;24:36-45.

Oliva JL, Perez-Sala D, Castrillo A, Martinez N, Canada FJ,
Bosca L, et al. The cyclopentenone 15-deoxy-A*>4-
prostaglandin J, binds to and activates H-Ras. Proc Natl
Acad Sci USA 2003;100:4772-7.

Shiraki T, Kamiya N, Shiki S, Kodama TS, Kakizuka A,
Jingami H. «, B-unsaturated ketone is a core moiety of
natural ligands for covalent binding to peroxisome
proliferator-activated receptor v. ] Biol Chem
2005;280:14145-53.

Shiraki T, Kodama TS, Shiki S, Nakagawa T, Jingami H.
Spectroscopic analyses of the binding kinetics of 15d-PGJ,
to the PPARy ligand-binding domain by multi-wavelength
global fitting. Biochem ] 2006;393:749-55.

Stamatakis K, Sanchez-Gomez FJ, Perez-Sala D.
Identification of novel protein targets for modification by
15-deoxy-A'>**-prostaglandin J, in mesangial cells reveals
multiple interactions with the cytoskeleton. ] Am Soc
Nephrol 2006;17:89-98.

Kawahito Y, Kondo M, Tsubouchi Y, Hashiramoto A,
Bishop-Bailey D, Inoue K, et al. 15-Deoxy-A*>**-PGJ,
induces synoviocyte apoptosis and suppresses adjuvant-
induced arthritis in rats. J Clin Invest 2000;106:189-97.
Tsubouchi Y, Kawahito Y, Kohno M, Inoue K, Hla T, Sano
H. Feedback control of the arachidonate cascade in
rheumatoid synoviocytes by 15-deoxy-A*>*-
prostaglandin J,. Biochem Biophys Res Commun
2001;283:750-5.

Fahmi H, Di Battista JA, Pelletier JP, Mineau F, Ranger P,
Martel-Pelletier J. Peroxisome proliferator-activated
receptor vy activators inhibit interleukin-1p-induced nitric
oxide and matrix metalloproteinase 13 production in
human chondrocytes. Arthritis Rheum 2001;44:595-607.
Bordji K, Grillasca JP, Gouze JN, Magdalou J, Schohn H,
Keller JM, et al. Evidence for the presence of peroxisome
proliferator-activated receptor (PPAR) « and vy and retinoid
Z receptor in cartilage PPARy activation modulates the
effects of interleukin-1f on rat chondrocytes. J Biol Chem
2000;275:12243-50.

Shan ZZ, Masuko-Hongo K, Dai SM, Nakamura H, Kato T,
Nishioka K. A potential role of 15-deoxy-A*>"*-
prostaglandin J, for induction of human articular
chondrocyte apoptosis in arthritis. J Biol Chem
2004;279:37939-50.

Farrajota K, Cheng S, Martel-Pelletier ], Afif H, Pelletier JP,
Li X, et al. Inhibition of interleukin-1g-induced
cyclooxygenase 2 expression in human synovial
fibroblasts by 15-deoxy-A'>'*-prostaglandin J, through a
histone deacetylase-independent mechanism. Arthritis
Rheum 2005;52:94-104.

Li X, Afif H, Cheng S, Martel-Pelletier ], Pelletier JP, Ranger
P, et al. Expression and regulation of microsomal
prostaglandin E synthase-1 in human

osteoarthritic cartilage and chondrocytes. ] Rheumatol
2005;32:887-95.

Wayman NS, Hattori Y, McDonald MC, Mota-Filipe H,
Cuzzocrea S, Pisano B, et al. Ligands of the peroxisome
proliferator-activated receptors (PPAR-y and PPAR-«a)
reduce myocardial infarct size. FASEB ] 2002;16:1027-40.
Lin TN, Cheung WM, Wu JS, Chen JJ, Lin H, Liou JY, et al.
15d-prostaglandin J, protects brain from ischemia-
reperfusion injury. Arterioscler Thromb Vasc Biol
2006;26:481-7.

Blanco M, Moro MA, Davalos A, Leira R, Castellanos M,
Serena J, et al. Increased plasma levels of
15-deoxy-A'>"-prostaglandin J, are associated with good
outcome in acute atherothrombotic ischemic stroke.
Stroke 2005;36:1189-94.

-prostaglandin



1526

BIOCHEMICAL PHARMACOLOGY 72 (2006) 1516-1528

(33]

(34]

3]

36]

(37]

38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

48]

(49]

Chatterjee PK, Patel NS, Cuzzocrea S, Brown PA, Stewart
KN, Mota-Filipe H, et al. The cyclopentenone
prostaglandin 15-deoxy-A'*'*-prostaglandin J,
ameliorates ischemic acute renal failure. Cardiovasc Res
2004;61:630-43.

Wada K, Nakajima A, Blumberg RS. PPARy and
inflammatory bowel disease: a new therapeutic target for
ulcerative colitis and Crohn’s disease. Trends Mol Med
2001;7:329-31.

Su CG, Lewis JD. Antineoplastic and anti-inflammatory
effects of PPAR ligands in colitis. Gastroenterology
2001;121:1019-21.

Munoz U, de Las Cuevas N, Bartolome F, Hermida OG,
Bermejo F, Martin-Requero A. The cyclopentenone 15-
deoxy-A'-prostaglandin J, inhibits G1/S transition and
retinoblastoma protein phosphorylation in immortalized
lymphocytes from Alzheimer’s disease patients. Exp
Neurol 2005;195:508-17.

Combs CK, Johnson DE, Karlo JC, Cannady SB, Landreth
GE. Inflammatory mechanisms in Alzheimer’s disease:
inhibition of B-amyloid-stimulated proinflammatory
responses and neurotoxicity by PPARy agonists. ] Neurosci
2000;20:558-67.

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The
peroxisome proliferator-activated receptor-y is a negative
regulator of macrophage activation. Nature 1998;391:79-82.
Jiang C, Ting AT, Seed B. PPAR-y agonists inhibit
production of monocyte inflammatory cytokines. Nature
1998;391:82-6.

Azuma Y, Shinohara M, Wang PL, Ohura K. 15-Deoxy-
A™.prostaglandin J, inhibits IL-10 and IL-12 production
by macrophages. Biochem Biophys Res Commun
2001,;283:344-6.

Petrova TV, Akama KT, Van Eldik LJ. Cyclopentenone
prostaglandins suppress activation of microglia: down-
regulation of inducible nitric-oxide synthase by 15-deoxy-
A™.prostaglandin J,. Proc Natl Acad Sci USA
1999;96:4668-73.

Giri S, Rattan R, Singh AK, Singh 1. The 15-deoxy-A'>-
prostaglandin J, inhibits the inflammatory response in
primary rat astrocytes via down-regulating multiple steps
in phosphatidylinositol 3-kinase-Akt-NF-«kB-p300 pathway
independent of peroxisome proliferator-activated
receptor v. ] Immunol 2004;173:5196-208.

Fahmi H, Pelletier JP, Mineau F, Martel-Pelletier J. 15d-PGJ,
is acting as a ‘dual agent’ on the regulation of COX-2
expression in human osteoarthritic chondrocytes.
Osteoarthritis Cartilage 2002;10:845-8.

Inoue H, Tanabe T, Umesono K. Feedback control of
cyclooxygenase-2 expression through PPARy. J Biol Chem
2000;275:28028-32.

Subbaramaiah K, Lin DT, Hart JC, Dannenberg AJ.
Peroxisome proliferator-activated receptor vy ligands
suppress the transcriptional activation of cyclooxygenase-
2. Evidence for involvement of activator protein-1 and
CREB-binding protein/p300. J Biol Chem 2001;276:12440-8.
Vichai V, Suyarnsesthakorn C, Pittayakhajonwut D,
Sriklung K, Kirtikara K. Positive feedback regulation of
COX-2 expression by prostaglandin metabolites. Inflamm
Res 2005;54:163-72.

Adams MJ, Oostryck R. Further investigations of lupus
anticoagulant interference in a functional assay for tissue
factor pathway inhibitor. Thromb Res 1997;87:245-9.
Chaput E, Saladin R, Silvestre M, Edgar AD. Fenofibrate and
rosiglitazone lower serum triglycerides with opposing
effects on body weight. Biochem Biophys Res Commun
2000;271:445-50.

Sinha D, Addya S, Murer E, Boden G. 15-Deoxy-A'>%-
prostaglandin J,: a putative endogenous promoter of

[50]

[51]

(52]

(53]

(54]

(55]

(56]

[57]

(58]

(9]

60]

(61]

(62]

(63]

(64]

65]

[66]

adipogenesis suppresses the ob gene. Metabolism
1999;48:786-91.

Soberman RJ, Christmas P. The organization and
consequences of eicosanoid signaling. J Clin Invest
2003;111:1107-13.

Pande V, Ramos MJ. Molecular recognition of 15-deoxy-
A prostaglandin J, by nuclear factor-«B and other
cellular proteins. Bioorg Med Chem Lett 2005;15:4057-63.
Alarcon de la Lastra C, Sanchez-Fidalgo S, Villegas I,
Motilva V. New pharmacological perspectives and
therapeutic potential of PPAR-y agonists. Curr Pharm Des
2004;10:3505-24.

Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM,
Evans RM. 15-Deoxy-A'**-prostaglandin J, is a ligand for
the adipocyte determination factor PPARy. Cell
1995;83:803-12.

Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC,
Lehmann JM. A prostaglandin J, metabolite binds
peroxisome proliferator-activated receptor y and
promotes adipocyte differentiation. Cell 1995;83:813-9.
Jozkowicz A, Huk I, Nigisch A, Weigel G, Weidinger F,
Dulak J. Effect of prostaglandin-J, on VEGF synthesis
depends on the induction of heme oxygenase-1. Antioxid
Redox Signal 2002;4:577-85.

Yuan J, Takahashi A, Masumori N, Uchida K, Hisasue S,
Kitamura H, et al. Ligands for peroxisome proliferator-
activated receptor y have potent antitumor effect against
human renal cell carcinoma. Urology 2005;65:594-9.
Dong YG, Chen DD, He JG, Guan YY. Effects of 15-deoxy-
A™'.prostaglandin J, on cell proliferation and apoptosis
in ECV304 endothelial cells. Acta Pharmacol Sin
2004;25:47-53.

Clay CE, Atsumi GI, High KP, Chilton FH. Early de novo
gene expression is required for 15-deoxy-A'*"*-
prostaglandin J,-induced apoptosis in breast cancer cells. ]
Biol Chem 2001;276:47131-5.

Li L, TaoJ, Davaille J, Feral C, Mallat A, Rieusset J, et al. 15-
Deoxy-A'>"-prostaglandin J, induces apoptosis of human
hepatic myofibroblasts. A pathway involving oxidative
stress independently of peroxisome-proliferator-activated
receptors. ] Biol Chem 2001;276:38152-8.

Jozkowicz A, Nigisch A, Wegrzyn J, Weigel G, Huk I, Dulak
J. Opposite effects of prostaglandin-J, on VEGF in
normoxia and hypoxia: role of HIF-1. Biochem Biophys Res
Commun 2004;314:31-8.

Kim HJ, Rho YH, Choi SJ, Lee YH, Cheon H, Um JW, et al.
15-Deoxy-A'>'*-PGJ, inhibits IL-6-induced Stat3
phosphorylation in lymphocytes. Exp Mol Med
2005;37:179-85.

Chinery R, Coffey R], Graves-Deal R, Kirkland SC, Sanchez
SC, Zackert WE, et al. Prostaglandin J, and
15-deoxy-A'>"-prostaglandin J, induce proliferation of
cyclooxygenase-depleted colorectal cancer cells. Cancer
Res 1999;59:2739-46.

Nosjean O, Boutin JA. Natural ligands of PPARy: are
prostaglandin J, derivatives really playing the part? Cell
Signal 2002;14:573-83.

Sanchez-Gomez FJ, Cernuda-Morollon E, Stamatakis K,
Perez-Sala D. Protein thiol modification by 15-deoxy-
A™._prostaglandin J, addition in mesangial cells: role in
the inhibition of pro-inflammatory genes. Mol Pharmacol
2004;66:1349-58.

Hayes JD, McMahon M. The double-edged sword of Nrf2:
subversion of redox homeostasis during the evolution of
cancer. Mol Cell 2006;21:732-4.

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel
JD, et al. Keap1 represses nuclear activation of antioxidant
responsive elements by Nrf2 through binding to the
amino-terminal Neh2 domain. Genes Dev 1999;13:76-86.



BIOCHEMICAL PHARMACOLOGY 72 (2006) 1516-1528

1527

[67] Dinkova-Kostova AT, Holtzclaw WD, Cole RN, Itoh K,
Wakabayashi N, Katoh Y, et al. Direct evidence that
sulfhydryl groups of Keap1 are the sensors regulating
induction of phase 2 enzymes that protect against
carcinogens and oxidants. Proc Natl Acad Sci USA
2002;99:11908-13.

[68] Lee JS, Surh YJ. Nrf2 as a novel molecular target for
chemoprevention. Cancer Lett 2005;224:171-84.

[69] Zhang X, Lu L, Dixon C, Wilmer W, Song H, Chen X, et al.
Stress protein activation by the cyclopentenone
prostaglandin 15-deoxy-A'**-prostaglandin J, in human
mesangial cells. Kidney Int 2004;65:798-810.

[70] Chen ZH, Yoshida Y, Saito Y, Sekine A, Noguchi N, Niki E.
Induction of adaptive response and enhancement of PC12
cell tolerance by 7-hydroxycholesterol and 15-deoxy-

A prostaglandin J, through up-regulation of cellular
glutathione via different mechanisms. J Biol Chem 2006.

[71] Hosoya T, Maruyama A, Kang MI, Kawatani Y, Shibata T,
Uchida K, et al. Differential responses of the Nrf2-Keap1
system to laminar and oscillatory shear stresses in
endothelial cells. ] Biol Chem 2005;280:27244-50.

[72] Baeuerle PA, Baichwal VR. NF-«kB as a frequent target for
immunosuppressive and anti-inflammatory molecules.
Adv Immunol 1997;65:111-37.

[73] Pahl HL. Activators and target genes of Rel/NF-kB
transcription factors. Oncogene 1999;18:6853-66.

[74] Hayden MS, Ghosh S. Signaling to NF-kB. Genes Dev
2004;18:2195-224.

[75] Yang F, Tang E, Guan K, Wang CY. IKKB plays an essential
role in the phosphorylation of RelA/p65 on serine 536
induced by lipopolysaccharide. ] Immunol 2003;170:5630-5.

[76] Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W. IkB
kinases phosphorylate NF-«kB p65 subunit on serine 536 in
the transactivation domain. J Biol Chem 1999;274:30353-6.

[77] Bharti AC, Aggarwal BB. Nuclear factor-«B and cancer: its
role in prevention and therapy. Biochem Pharmacol
2002;64:883-8.

[78] Gerritsen ME, Williams AJ, Neish AS, Moore S, ShiY, Collins
T. CREB-binding protein/p300 are transcriptional
coactivators of p65. Proc Natl Acad Sci USA 1997;94:2927-32.

[79] Zhong H, May M]J, Jimi E, Ghosh S. The phosphorylation
status of nuclear NF-kB determines its association with
CBP/p300 or HDAC-1. Mol Cell 2002;9:625-36.

[80] Shaulian E, Karin M. AP-1 as a regulator of cell life and
death. Nat Cell Biol 2002;4:E131-6.

[81] Sawano H, Haneda M, Sugimoto T, Inoki K, Koya D,
Kikkawa R. 15-Deoxy-A'>**-prostaglandin J, inhibits IL-18-
induced cyclooxygenase-2 expression in mesangial cells.
Kidney Int 2002;61:1957-67.

[82] Boyault S, Simonin MA, Bianchi A, Compe E, Liagre B,
Mainard D, et al. 15-Deoxy-A'***-PGJ,, but not
troglitazone, modulates IL-1B effects in human
chondrocytes by inhibiting NF-«B and AP-1 activation
pathways. FEBS Lett 2001;501:24-30.

[83] Simonin MA, Bordji K, Boyault S, Bianchi A, Gouze E,
Becuwe P, et al. PPAR-vy ligands modulate effects of LPS in
stimulated rat synovial fibroblasts. Am ] Physiol Cell
Physiol 2002;282:C125-33.

[84] Jozkowicz A, Nigisch A, Winter B, Weigel G, Hukb I, Dulaka
J. 15-Deoxy-A'**-prostaglandin J, inhibits expression of
eNOS in human endothelial cells. Prostaglandins Other
Lipid Mediat 2004;74:11-28.

[85] Grau R, Iniguez MA, Fresno M. Inhibition of activator
protein 1 activation, vascular endothelial growth factor,
and cyclooxygenase-2 expression by 15-deoxy-A*>%-
prostaglandin J, in colon carcinoma cells: evidence for a
redox-sensitive peroxisome proliferator-activated
receptor-y-independent mechanism. Cancer Res
2004;64:5162-71.

[86] Darnell Jr JE. STATs and gene regulation. Science
1997,277:1630-5.

[87] Levy DE, Darnell Jr JE. Stats: transcriptional control and
biological impact. Nat Rev Mol Cell Biol 2002;3:651-62.

[88] Weber SM, Scarim AL, Corbett JA. PPARYy is not required for
the inhibitory actions of PGJ, on cytokine signaling in
pancreatic p-cells. Am J Physiol Endocrinol Metab
2004;286:E329-36.

[89] Chen CW, Chang YH, Tsi CJ, Lin WW. Inhibition of IFN-y-
mediated inducible nitric oxide synthase induction by the
peroxisome proliferator-activated receptor vy agonist, 15-
deoxy-A'*-prostaglandin J,, involves inhibition of the
upstream Janus kinase/STAT1 signaling pathway. J
Immunol 2003;171:979-88.

[90] Park EJ, Park SY, Joe EH, Jou I. 15d-PGJ2 and rosiglitazone
suppress Janus kinase-STAT inflammatory signaling
through induction of suppressor of cytokine signaling 1
(SOCS1) and SOCS3 in glia. ] Biol Chem 2003;278:14747-52.

[91] Ji JD, Kim H]J, Rho YH, Choi SJ, Lee YH, Cheon H]J, et al.
Inhibition of IL-10-induced STAT3 activation by 15-deoxy-
A1 prostaglandin J,. Rheumatology (Oxford)
2005;44:983-8.

[92] Vogelstein B, Lane D, Levine AJ. Surfing the p53 network.
Nature 2000;408:307-10.

[93] Kondo M, Shibata T, Kumagai T, Osawa T, Shibata N,
Kobayashi M, et al. 15-Deoxy-A’>'*-prostaglandin J,: the
endogenous electrophile that induces neuronal apoptosis.
Proc Natl Acad Sci USA 2002;99:7367-72.

[94] Shibata T, Yamada T, Kondo M, Tanahashi N, Tanaka K,
Nakamura H, et al. An endogenous electrophile that
modulates the regulatory mechanism of protein turnover:
inhibitory effects of 15-deoxy-A’>'*-prostaglandin J, on
proteasome. Biochemistry 2003;42:13960-8.

[95] Moos PJ, Edes K, Fitzpatrick FA. Inactivation of wild-type
p53 tumor suppressor by electrophilic prostaglandins.
Proc Natl Acad Sci USA 2000;97:9215-20.

[96] Hainaut P, Milner J. Redox modulation of p53
conformation and sequence-specific DNA binding in vitro.
Cancer Res 1993;53:4469-73.

[97] Jozkowicz A, Dulak J, Piatkowska E, Placha W, Dembinska-
Kiec A. Ligands of peroxisome proliferator-activated
receptor-y increase the generation of vascular endothelial
growth factor in vascular smooth muscle cells and in
macrophages. Acta Biochim Pol 2000;47:1147-57.

[98] Inoue M, Itoh H, Tanaka T, Chun TH, Doi K, Fukunaga Y,
et al. Oxidized LDL regulates vascular endothelial growth
factor expression in human macrophages and endothelial
cells through activation of peroxisome proliferator-
activated receptor-y. Arterioscler Thromb Vasc Biol
2001;21:560-6.

[99] Yamakawa K, Hosoi M, Koyama H, Tanaka S, Fukumoto S,
Morii H, et al. Peroxisome proliferator-activated receptor-y
agonists increase vascular endothelial growth factor
expression in human vascular smooth muscle cells.
Biochem Biophys Res Commun 2000;271:571-4.

[100] Haslmayer P, Thalhammer T, Jager W, Aust S, Steiner G,
Ensinger C, et al. The peroxisome proliferator-activated
receptor vy ligand 15-deoxy-A'>*-prostaglandin J, induces
vascular endothelial growth factor in the hormone-
independent prostate cancer cell line PC 3 and the urinary
bladder carcinoma cell line 5637. Int ] Oncol 2002;21:915-20.

[101] Kimura H, Weisz A, Kurashima Y, Hashimoto K, Ogura T,
D’Acquisto F, et al. Hypoxia response element of the
human vascular endothelial growth factor gene mediates
transcriptional regulation by nitric oxide: control of
hypoxia-inducible factor-1 activity by nitric oxide. Blood
2000,95:189-97.

[102] Liu Y, Cox SR, Morita T, Kourembanas S. Hypoxia
regulates vascular endothelial growth factor gene



1528

BIOCHEMICAL PHARMACOLOGY 72 (2006) 1516-1528

[103]

[104]

[105]

[106]

[107]

[108]

expression in endothelial cells Identification of a 5
enhancer. Circ Res 1995;77:638-43.

Hirota K, Semenza GL. Regulation of hypoxia-inducible
factor 1 by prolyl and asparaginyl hydroxylases. Biochem
Biophys Res Commun 2005;338:610-6.

Nikinmaa M, Pursiheimo S, Soitamo AJ. Redox state
regulates HIF-1a and its DNA binding and
phosphorylation in salmonid cells. J Cell Sci
2004;117:3201-16.

Palmer LA, Gaston B, Johns RA. Normoxic stabilization of
hypoxia-inducible factor-1 expression and activity: redox-
dependent effect of nitrogen oxides. Mol Pharmacol
2000;58:1197-203.

Huang LE, Willmore WG, Gu ], Goldberg MA, Bunn HF.
Inhibition of hypoxia-inducible factor 1 activation

by carbon monoxide and nitric oxide Implications

for oxygen sensing and signalling. ] Biol Chem
1999;274:9038-44.

Yasinska IM, Sumbayev VV. S-nitrosation of Cys-800 of
HIF-1a protein activates its interaction with p300 and
stimulates its transcriptional activity. FEBS Lett
2003;549:105-9.

Ema M, Hirota K, Mimura J, Abe H, Yodoi ], Sogawa K, et al.
Molecular mechanisms of transcription activation by HLF
and HIFla in response to hypoxia: their stabilization and
redox signal-induced interaction with CBP/p300. EMBO ]
1999;18:1905-14.

[109] Gu J, Milligan J, Huang LE. Molecular mechanism of
hypoxia-inducible factor 1a -p300 interaction A leucine-
rich interface regulated by a single cysteine. J Biol Chem
2001;276:3550-4.

[110] Planaguma A, Claria J, Miquel R, Lopez-Parra M, Titos E,
Masferrer JL, et al. The selective cyclooxygenase-2
inhibitor SC-236 reduces liver fibrosis by mechanisms
involving non-parenchymal cell apoptosis and PPARy
activation. FASEB ] 2005;19:1120-2.

[111] Bishop-Bailey D, Hla T. Endothelial cell apoptosis induced
by the peroxisome proliferator-activated receptor (PPAR)
ligand 15-deoxy-A'***-prostaglandin J,. J Biol Chem
1999;274:17042-8.

[112] Qin C, Burghardt R, Smith R, Wormke M, Stewart J, Safe S.
Peroxisome proliferator-activated receptor y agonists
induce proteasome-dependent degradation of cyclin D1
and estrogen receptor o in MCF-7 breast cancer cells.
Cancer Res 2003;63:958-64.

[113] Clay CE, Namen AM, Atsumi G, Willingham MC, High KP,
Kute TE, et al. Influence of | series prostaglandins on
apoptosis and tumorigenesis of breast cancer cells.
Carcinogenesis 1999;20:1905-11.

[114] Huang H, Campbell SC, Bedford DF, Nelius T, Veliceasa D,
Shroff EH, et al. Peroxisome proliferator-activated
receptor vy ligands improve the antitumor efficacy of
thrombospondin peptide ABT510. Mol Cancer Res
2004;2:541-50.



	15-Deoxy-&Delta;12,14-prostaglandin J2 as a potential endogenous regulator of redox-sensitive transcription factors
	Introduction
	Formation and chemical properties of 15d-PGJ2
	Biological/physiological functions of �15d-PGJ2
	The redox-sensitive transcription factors as cellular targets of 15d-PGJ2
	PPAR&gamma;
	Nrf2
	NF-&kappa;B
	AP-1
	STAT
	p53
	HIF-1

	Conclusion
	Acknowledgment
	Reference


