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Peroxisome proliferator-activated receptor y (PPARy), a nuclear hormone receptor, is a
ligand-activated transcription factor involved in adipogenesis, glucose homeostasis and
lipid metabolism. 15-Deoxy-A'>**-prostaglandin J, (15d-PGJ,), an endogenous ligand of
PPARy, has multifaceted cellular functions. Angiogenesis plays an important role in the
pathophysiology of ischemic and neoplastic disorders, especially cancer. 15d-PGJ, is

Keywords: involved in regulation of angiogenic mediators including vascular endothelial growth factor
PPARy and hence participates in the blood vessel formation by means of angiogenesis. However,
15d4-PGJ, depending on the experimental conditions, this cyclopentenone prostaglandin can exert
Angiogenesis opposite effects on angiogenesis. 15d-PGJ, inhibits angiogenesis via suppression of pro-
VEGE inflammatory enzymes and cytokines, while it also stimulates angiogenesis via induction of
HO-1 heme oxygenase-1, endothelial nitric-oxide synthase, and hypoxia inducible factor-1a. The
aim of this review is to highlight such dual effects of 15d-PGJ, on angiogenesis and under-

lying molecular mechanisms.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction tion of lipoprotein metabolism [1]. They form heterodimers
with the retinoid X receptor (RXR) and mediate transcriptional
Peroxisome proliferator-activated receptors (PPARs) are ligand- activation by binding to a specific DNA element termed the
activated transcription factors that catalyze and coordinate PPARresponse element (PPRE) [2]. Binding of agonists within the
distinct biochemical events required for maintaining lipid ligand-binding site causes a conformational change which
homeostasis, such as differentiation of adipocytes and regula- facilitates the recruitment of coactivators. By contrast, binding
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of antagonists results in a conformation that favors interac-
tion with corepressors [3]. The PPAR family consists of three
different subtypes, namely PPAR«, PPARy, and PPARB/3. Among
these isoforms, PPARy has been known to be implicated in
inflammation, immune response, and pathogenesis of some
disorders including atherosclerosis, obesity, diabetes, Alzhei-
mer’s disease, cancer, etc. [1,4]. There are a variety of potential
endogenous ligands for the PPARy, including long-chain
polyunsaturated fatty acids, arachidonic acid metabolites
derived from the cycloxygenase and lipoxygenase pathways,
and fatty acid derived components of oxidized low density
lipoproteins (OxLDL) (e.g., 9-hydroxyoctadecadienoic acid and
13-hydroxyoctadecadienoic acid) [5]. The anti-diabetic thiazo-
lidinedione (TZD) class of drugs including troglitazone (TGZ),
rosiglitazone (BRL49653), pioglitazone and ciglitazone are
synthetic ligands of PPARy. Other synthetic compounds that
can function as ligands include certain non-steroidal anti-
inflammatory drugs (NSAIDs), such as indomethacin, ibupro-
fen, flufenamic acid and fenoprofen. In addition, non-thiazo-
lidinedione derivatives, such as 2-cyano-3,12-dioxooleana-1,9-
dien-28-oic acid (CDDO), CDDO-imidazolide (CDDO-Im), GW-
7845, JTT-501, KPR-297, KPR-297, L-764406, MCC-555, GW-0072
and GW-0207 are also synthetic ligands of PPARy [5].
Besides these synthetic ligands, there are some endogenous
ligands for PPARy. Among these, the cyclopentenone prosta-
glandin 15-deoxy-A'>'*-prostaglandin J, (15d-PGJ,; Fig. 1) was
found to be the most potent [6,7]. 15d-PGJ, up-regulates
the expression, transcriptional activity, and DNA binding
activity of PPARy, and many of the cellular events mediated
by 15d-PGJ, have been shown to be PPARy-dependent (reviewed
in Ref. [8]).

Angiogenesis is the process of new vessel formation from
preexisting capillaries. Physiological angiogenesis in adults is
necessary during the female reproductive cycle [9], wound
healing [10], hair growth [11], and bone formation [12].
However, dysregulated angiogenesis can cause many abnor-
mal disorders such as cancer, obesity, arthritis, blindness and
so on (Fig. 2) (reviewed in Refs. [13,14] and see references
therein). Angiogenesis has been reported to be regulated by
numerous angiogenic factors and mediators. As a prime
mediator of angiogenesis, vascular endothelial growth factor
(VEGF) induces angiogenesis in ischemic or inflamed tissues,
wound healing, rheumatoid arthritis or diabetic retinopathy
as well as during carcinogenesis (reviewed in Ref. [15]). It is
well documented that some PPARy ligands modulate angio-
genesis. Interestingly, 15d-PGJ,, a naturally occurring PPARy
ligand, is reported to have both angiogenesis-promoting and
anti-angiogenic effects in a variety of cell types. Table 1
summarizes the mechanisms by which 15d-PGJ, modulates
angiogenic processes.

Fig. 1 - The chemical structure of 15d-PGJ,. Asterisks (*)
indicate the positions of electrophilic carbon atoms.
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Fig. 2 - Schematic representation of human disorders
characterized by abnormal angiogenesis.

2. Inhibition of angiogenesis by 15d-PGJ,

15d-PGJ, as an endogenous ligand of PPARy has been known to
display several unique characteristics associated with carci-
nogenesis [16,17]. On the other hand, however, 15d-PGJ,
induces growth inhibition, apoptosis, and terminal differen-
tiation of several types of cancerous and transformed cells.
The anti-proliferative effects of 15d-PGJ, are associated with de
novo synthesis of proteins involved in regulating the cell cycle
and cell survival/death. Anti-inflammatory effects of 15d-PGJ,
are mainly attributable to interruption of nuclear factor-«xB
(NF-kB) signaling and subsequent blockade of pro-inflamma-
tory gene expression [18,19].

The anti-tumerigenic effects of 15d-PGJ, are also manifested
by its inhibition of invasiveness and angiogenesis [20-25]. 15d-
PGJ, significantly inhibited the invasiveness of human breast
and pancreatic cancer cells [22,26]. 15d-PGJ, reduced the protein
levels and activity of matrix metalloproteinase (MMP)-2 and
MMP-9, thereby abrogating the invasiveness of pancreatic
cancer cells [21]. Moreover, 15d-PGJ, has been reported to have
inhibitory effects on the proliferation and invasiveness of colon
cancer cell lines which are associated with G1 cell cycle arrest
and down-regulation of MMP-7 synthesis, respectively [27]. In
addition, 15d-PGJ, suppressed the production of angiogenic
factors, such as angiopoietin-1 and basic fibroblast growth
factor (bFGF) in gastric cancer (MKN45) [28] and renal cell
carcinoma (RCC) [24] cells, respectively. 15d-PGJ, also dimin-
ished the production of VEGF in RCC cells [24] and reduced the
mRNA levels of VEGF receptor 1 (Flt-1) and 2 (FIk/KDR) in human
umbilical vascular endothelial cells (HUVEC) [20,25]. In bladder
tumor xenografts, 15d-PGJ, synergistically potentiated anti-
tumor effects of the anti-angiogenic thrombospondin-1 peptide
derivative ABT510 via targeted up-regulation of the endothelial
receptor [23]. The induction of cell growth inhibition and
apoptosis, and suppression of invasiveness and angiogenesis in
various cancer cells by 15d-PGJ, suggest this cyclopentenone
prostaglandin as a potential target in anti-cancer therapy.
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Table 1 - Regulation of angiogenesis by 15d-PGJ,

Cell types References
Angiogenesis inhibition

| VEGF receptor 1 (Flt-1) and 2(FIk/KDR) Human umbilical vein endothelial cells [20,25]

1 CD36, a receptor of antiangiogenic thrombospondin-1 Human microvascular endothelial cells [23]

| bFGF Renal cell carcinoma [24]

| VEGF Renal cell carcinoma [24]

| Angiopoietin-1 Gastric cancer (MKN45) [28]

Angiogenesis induction

1 VEGF Vascular smooth muscle cells [45,48]
Human histiocytic lymphoma [46]
Human androgen-independent PC 3 prostate carcinoma [47]
5637 urinary bladder carcinoma [47]
Human monocytic leukemia [50]
Human coronary artery endothelial cells [50]
Human microvascular endothelial cells [49]
Macrophages [48]
Human breast cancer (MCF-7) [69]
Human microvascular endothelial cells [106]

1 VEGF receptor 1 (Flt-1) and 2(FIk/KDR) Myofibroblasts [51]

1 HGF Human and rat mesangial cells [52]

1 HO-1 Human microvascular endothelial cells [49]
Human breast cancer (MCF-7) [69]

1 CO Human microvascular endothelial cells [86]

1 NO Human umbilical vein endothelial cells [97-99]

| Stabilization, nuclear accumulation and activiation of HIF-1a Human proximal tubular cells HK-2 [107]

15d-PGJ, down-regulates inducible nitric oxide synthase
(INOS) [18,29,30] and cyclooxygenase-2 (COX-2) [31-33], which
are typical pro-inflammatory enzymes. It has been reported
that both COX-2 and iNOS are overexpressed in a variety of
human malignant tumors which is associated with altered
expression of important modulators of angiogenesis [34]. The
expression of COX-2 and iNOS is regulated by transcription
factors, especially NF-«B. Recently, several studies have
demonstrated that 15d-PGJ, can act as a negative modulator
of pro-inflammatory signaling by blocking the NF-kB activa-
tion pathway at multiple levels via covalent modification of
NF-«B or its regulators [8]. Therefore, anti-angiogenic effects of
15d-PGJ, might be associated with disruption of NF-«B and
subsequent blockade of inflammatory gene expression [18,19].
Another possibility of angiogenesis inhibition by 15d-PGJ, may
involve down-regulation of pro-inflammatory mediators. 15d-
PGJ, inhibited the production and secretion of pro-inflamma-
tory cytokines, such as interleukin (IL)-1B, IL-6, and tumor
necrosis factor (TNF)-a, in 12-O-tetradecanoylphorbol-13-
acetate (TPA)-treated monocytes [35] and IL-10 and IL-12 in
lipopolysaccharide (LPS)-treated macrophages [36]. Pro-
inflammatory cytokines, such as IL-1 and TNF-a, are known
to be major pro-angiogenic stimuli of both physiological and
pathological angiogenesis. Certain cytokines (e.g., IL-6 and
CSF-1) can influence the phenotype and the function of tumor-
associated macrophages and indirectly boost tumor invasive-
ness and angiogenesis [37]. Tumor-associated macrophages
play an important role in tumor progression because they
produce several angiogenic factors, such as VEGF, IL-8,
inflammatory cytokines (IL-1 and IL-10) and proteases
(MMP-2 and MMP-9) [37]. 15d-PGJ, inhibits angiogenesis
through suppression of such pro-inflammatory cytokines.
Induction of iINOS and COX-2 expression is mainly regulated
by catabolic cytokines, such as IL-B and TNF-a. Besides iNOS

and COX-2, induction of various pro-inflammatory cytokines,
such as TNF-q, IL-1, and IL-8, is transcriptionally regulated by
NF-kB [38]. It is currently unclear whether 15d-PGJ, exerts an
anti-angiogenic effect via blockade of NF-«B-driven induction
of pro-inflammatory mediators or through down-regulation of
cancer cell-derived pro-inflammatory cytokine release which
is NF-kB independent. Hence, further investigations are
necessary to unravel the signaling pathways that delineate
the anti-angiogenic effects of 15d-PGJ,.

3. Induction of angiogenesis by 15d-PGJ,

Although the majority of the published studies imply the
inhibitory effects of 15d-PGJ, on angiogenesis, there are some
reports describing the opposite effect of 15d-PGJ, on the
development of blood vessels formation. Thus, 15d-PGJ, given
topically together with 7,12-dimethylbenz[a]anthracene
(DMBA) significantly enhanced the rate of formation, the size
and vascularization of the papillomas in the DMBA-initiated
and TPA-promoted mouse skin carcinogenesis model [39].
Moreover, skin sections from mice treated with DMBA and
15d-PGJ, exhibited a markedly elevated VEGF expression as
well as a reduced proportion of apoptotic cells [39]. Chinery
et al. [40] showed that PGJ, and 15d-PGJ, induced the
proliferation of COX-2-depleted colorectal cancer (HCA-7)
cells at a nanomolar concentration. 15d-PGJ, elicited cytopro-
tective effects against pro-apoptotic agents such as BAY11-
7085 (NF-kB inhibitor) and the peroxynitrite donor, 3-mor-
pholinosydnonimine hydrochloride (SIN-1) [41,42]. Recently,
Kim et al. [43] reported the positive feedback regulation by 15d-
PGJ, of COX-2 expression in human breast cancer cells. Other
studies also demonstrated the similar effect of 15d-PGJ, on
COX-2 production [32,44]. COX-2 has been shown to contribute
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to carcinogenesis by promoting cell proliferation and angio-
genesis as well as by protecting premalignant or cancerous
cells from apoptosis. Since abnormal overexpression of COX-2
is implicated in the pathogenesis of various human malig-
nancies, it can be speculated that increased 15d-PGJ, synthesis
as a consequence of COX-2 overexpression can facilitate
angiogenesis.

15d-PGJ, has been reported to induce angiogenesis in
various cell lines. Thus, 15d-PGJ, was found to stimulate the
expression of VEGF in endothelial cells, human histiocytic
lymphoma U937 cells, human androgen-independent PC3
prostate cancer cells and the 5637 urinary bladder carcinoma
cell line [45-47]. Yamakawa et al. [45] have examined the VEGF
secretion from vascular smooth muscle cells (VSMC) treated
with different PPARy ligands, including 15d-PGJ,, TGZ,
pioglitazone, LY171883, bezafibrate and Wy14643. TGZ, pio-
glitazone, LY171883 and 15d-PGJ, increased VEGF mRNA levels
and protein secretion in the culture medium in a time- and
dose-dependent manner, while bezafibrate and Wy14643 had
no such effect. In rat VSMC, 15d-PGJ, significantly increased
the expression of VEGF mRNA and protein in both the resting
state and in IL-1B-stimulated cultures [48]. Similar effects of
15d-PGJ, were also observed in either resting or LPS-stimu-
lated murine macrophages (RAW264.7) [48]. The up-regulation
of VEGF by 15d-PGJ, was accompanied by activation of PPARy
[49]. The involvement of PPARy activation in the up-regulation
of VEGF synthesis was also suggested in the human macro-
phages [46]. The mRNA expression of VEGF was augmented
not only by 15d-PGJ, but also the synthetic PPARy activator
TGZ in VSMC, human monocytes/macrophages, human acute
monocytic leukemia (THP-1) cells and human coronary artery
endothelial cells (HCAECs) [45,50]. Incubation of VSMC and
RAW264.7 with ciglitazone also significantly enhanced the
release of VEGF protein into the media, both in resting and in
IL-1B- or LPS-stimulated cultures [48]. More recently, 15d-PGJ,
and TGZ have been reported to increase the expression of
VEGF and its receptors (Flt-1 and KDR) in myofibroblasts [51].
In addition, 15d-PGJ,, TGZ and ciglitazone induced secretion as
well as mRNA expression of hepatocyte growth factor (HGF),
capable of promoting angiogenesis [52]. The following sections
address the plausible mechanisms responsible for modulation
of angiogenesis by 15d-PGJ.

4, The potential mechanisms of angiogenesis
regulation by 15d-PGJ,

4.1.  Heme oxygenase-1 (HO-1)

Heme oxygenase (HO) catalyzes the conversion of heme to
carbon monoxide (CO) and bilirubin with a concurrent release of
iron. Two HOisoforms, HO-1and HO-2, are encoded by different
genes. HO-1is barely expressed under basal conditions and can
be induced by oxidative stress-causing agents such as UV,
heavy metals, LPS and reactive oxygen/nitrogen species (ROS/
RNS) [53,54]. HO-2 is constitutively expressed in most tissues,
and its levels are relatively unaffected by factors inducing HO-1
[53,55]. HO-1 expression is mainly mediated via antioxidant
response elements (ARE) present in the promoter regions of
many antioxidant or detoxifying enzymes, which are under the

control of NF-E2 related factor 2 (Nrf2) [56]. The biological
functions of HO-1 are believed to be associated with a
fundamental adaptive and defensive response to oxidative
stress and other cellular injuries [57]. Inhibitors of HO-1
including zinc protoporphyrin (ZnPP) and tin protoporphyrin-
IX (SnPPIX) often exacerbate some experimentally induced
pathogenesis, such as graft rejection [58] and ischemia-
reperfusion injury [59]. In contrast, pharmacological HO-1
inducers and selective over-expression of HO-1 by genetic
manipulation confer cytoprotective or health beneficial effects
[57]. However, several reports also demonstrate that HO-1
participates in the pathogenesis and progression of certain
types of malignancies. HO-11is extensively expressed in various
tumor cells including melanoma [60], renal adenocarcinoma
[61], lymphosarcoma [62], benign prostatic hyperplasia and
prostate cancer [63], and acute hepatitis and hepatoma [64]. In
addition, administration of the HO-1 inhibitor ZnPP signifi-
cantly suppressed the growth of Sarcoma 180 tumors implanted
in the dorsal skin of ddY mice [65]. Up-regulation of HO-1 has
been shown to contribute to the angiogenesis of pancreatic
carcinoma [66] and resistance to apoptotic stimuli in gastric
cancer cells [67]. Furthermore, HO-1 overexpression increased
viability, proliferation, and angiogenic potential of melanoma
cells and augmented metastasis in the tumor-bearing mice [60].
Induction of HO-1 is hence likely to be associated with
carcinogenesis under certain conditions. Fang et al. [57] have
proposed that the anti-apoptotic action of HO-1 in cancerous
cells is mostly attributable to its heme degradation products.

Relatively high levels of HO-1 observed in various tumors
may play a role in stimulating cancer cell growth because of its
anti-oxidative and anti-apoptotic effects (reviewed in Ref.
[57]). Induction of HO-1 expression is also associated with
VEGF expression (reviewed in Ref. [68]). HO-1 protects
endothelial cells from apoptosis, is involved in blood vessel
relaxation regulating vascular tone, attenuates inflammatory
response in vessel wall and participates in the blood vessel
formation by means of angiogenesis and vasculogenesis.
Interestingly, the afore-mentioned angiogenic activity of 15d-
PGJ, has been proposed to be dependent on HO-1 activity. The
up-regulation of VEGF by 15d-PGJ, was accompanied by
increased HO-1 promoter activity [49]. The induction of HO-
1 expression preceded the up-regulation of VEGF in MCF-7
cells stimulated with 15d-PGJ, [69]. It is well known that 15d-
PGJ, is a potent inducer of the expression and activity of HO-1
in several cell types [49,70-73]. HO-1 has been shown to be a
link between 15d-PGJ, and VEGF, since 15d-PGJ,-stimulated
VEGF synthesis was inhibited by SnPPIX, an inhibitor of HO-1
[49]. The role of HO-1 in the up-regulation of VEGF expression
was corroborated by results of experiments utilizing HO-1
gene transfer in VSMC and microvascular endothelial cells
[49,74].

As 15d-PGJ, is an endogenous ligand of PPARy while
capable of inducing HO-1, it can be speculated that the PPARy
activation is associated with induction of HO-1. It has been
reported that activation of PPARy up-regulates HO-1 expres-
sion [75-78]. NS-398, a COX-2 inhibitor, increased both PPARy
luciferase reporter gene activity and HO-1 expression, sug-
gesting that induction of HO-1 by NS-398 may be mediated
through activation of PPARy [75]. Similarly, PPARy knock down
abolished expression of COX-2 and HO-1 protein induced by
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NO, which was mimicked by use of T0070907, a PPARy
inhibitor [76]. Several studies have indicated that HO-1 is a
direct target gene product whose expression is under the
control of PPAR via PPREs. The HO-1 promoter contains at least
one PPRE motif, located at —623 bp relative to the transcription
start site, which is transcriptionally activated by PPARy
agonists [79]. Kronke et al. have demonstrated that the ARE-
containing enhancer region of the human HO-1 promoter
was dispensable for the PPAR-induced transcriptional
regulation of the HO-1 promoter, because the 3.8-kb and
2.2-kb HO-1 promoter constructs, which lack this enhancer
but include the PPREs, were still PPAR-responsive [77].
Mutation of the AREs did not affect PPAR-induced HO-1
promoter activity, which implies that expression of HO-1 is
directly regulated by PPAR. Moreover, adenoviral transfer of
cyclooxygenase-1 (Adv-COX-1) gene increased the level of 15d-
PGJ, in ischemic brain accompanied by reduced infarct
volume, and enhanced expression of HO-1 and PPARy [78].
In this study, 15d-PGJ, and rosiglitazone inhibited neuronal
apoptosis and necrosis via induction of HO-1 in a PPARy-
dependent manner [78]. Likewise, another synthetic PPAR
ligand TZDs can also induce HO-1 mRNA expression and
prevent neuronal damage after spinal cord injury [75].
Therefore, up-regulation of HO-1 by 15d-PGJ, is one of the
possible mechanisms by which 15d-PGJ, enhances carcino-
genesis through angiogenesis as well as confers survival
advantage in existing cancer cells. Moreover, 15d-PGJ,-
induced transcription of glutathione S-transferase involves
synergistic activation of Nrf2 and PPARy [80]. In contrast, 15d-
PGJ,, has also been shown to induce HO-1 expression via AREs
in an PPARy-independent manner [69,71,81-85].

4.2.  Carbon monoxide (CO), the end product of HO-1

A recent study by Kim et al. postulated the possible
involvement of HO-1 in angiogenesis induced by 15d-PGJ,
[69]. 15d-PGJ, activates ERK1/2 signaling and subsequently
induces VEGF expression via up-regulation of HO-1 in human
breast cancer MCF-7 cells. Inhibition of ERK1/2 diminished the
15d-PGJ,-induced expression of VEGF, whereas it barely
affected HO-1 induction by 15d-PGJ,. Treatment of MCF-7
cells with the HO-1 inhibitor ZnPP reduced 15d-PGJ,-induced
phosphorylation of ERK. These findings indicate that phos-
phorylation of ERK1/2 by 15d-PGJ, is downstream of HO-1
expression [69]. Among the different end-products of HO-1
activity, CO was proposed to be involved in angiogenesis
induction. CO plays a key role in the induction of VEGF [86] and
stromal cell-derived factor 1 by HO-1 activity in endothelial
cells [87]. CO stimulates endothelial cell proliferation [86,88],
suppresses their apoptosis [89,90], and induces VEGF synthesis
in VSMC, macrophages and microvascular endothelial cells
[49,74]. In endothelial cells, addition of CO-releasing molecule
(CORM) or induction of HO-1 by hemin resulted in not only an
elevation in CO production but also an increase in VEGF
synthesis and capillary sprouting [49,74]. Interestingly, much
higher levels of CO and a further increase in VEGF production
were achieved in cells treated with 15d-PGJ,, a potent inducer
of HO-1 [86]. In contrast, inhibition of HO-1 activity with
SnPPIX prevented the induction of CO generation and reduced
the VEGF synthesis [86]. Therefore, it is likely that CO

generated via induction of HO-1 by 15d-PGJ, stimulates the
production of VEGF. Recently, Bilban et al. have reported that
CO alone induces the generation of mitochondrial ROS which,
in turn, play a role as signaling molecules in activating PPARy,
and that PPARy activation accounts for the anti-inflammatory
effects of CO [91].

4.3.  Nitric oxide (NO)

NO has a key role in promoting angiogenesis by increasing
vasodilation, vascular permeability, endothelial cell prolifera-
tion and migration, and also by modifying the activities of
angiogenic mediators. NO is a highly diffusive hydrophobic
gas and is a key signaling molecule in inflammation-driven
diseases, including cancer [92]. NO is produced by a group of
enzymes called nitric-oxide synthases (NOS): neuronal NOS,
endothelial NOS (eNOS), inducible NOS (iNOS), and more
recently, mitochondrial NOS [93]. iNOS is known to regulate
VEGF expression, and thereby tumor angiogenesis. Targeting
iNOS for cancer prevention and treatment has been extensively
investigated, with conflicting or paradoxical outcomes due to
variability in NO production, heterogeneity in NO chemistry and
biology and differential cellular responses as well as cellular
adaptation/selection in the cytotoxic action of NO [94].
Multiple clinical observational studies have revealed a
dysregulation of eNOS expression in vascular cells of tumors.
Genetic comparison studies with healthy people and cancer
patients have shown that polymorphisms in eNOS are
associated with the development of multiple cancers [95,96].
NO produced by eNOS can be modulated by cellular redox
status. Interestingly, it has been reported that 15d-PGJ,
increased cultured endothelial cell NO release without
increasing the expression of eNOS in porcine pulmonary
artery endothelial cells and HUVEC [97]. Hwang et al. have
reported that PPARy ligands including 15d-PGJ, increase NO
release which alters the vascular endothelial function through
regulation of redox stage [98]. This study suggests that PPARy
ligands coordinately regulate the balance between *NO and
0,°~ production in vascular endothelial cells, and that PPARy
ligands might directly activate a program of gene expression in
vascular endothelial cells, resulting in increased NO bioavail-
ability. The enhanced NO bioavailability may ameliorate
endothelial dysfunction and vascular diseases. In addition,
15d-PGJ,, ciglitazone, and rosiglitazone increased NO produc-
tion via distinct signaling pathways that are PPARy-dependent
in HUVEC [99]. These results provide further evidence that
PPARy ligands have the ability to directly modify vascular
endothelial function and to modulate the production of NO.

4.4. HIF-1

Analysis of the VEGF promoter region revealed the presence of
several potential binding sites for transcription factors
including AP-1/2, SP-1, and hypoxia inducible factor (HIF)-1
[100]. As a key transcription factor responsible for hypoxia-
induced generation of VEGF [101], HIF-1 is induced in hypoxic
cells and bound to the hypoxia response element (HRE). HIF-1
is known to mediate the transcriptional activation of several
genes that promote angiogenesis, a response at the systemic
level to increase oxygen supply to the hypoxicregion. HIF-1is a
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Fig. 3 - Bifunctional roles of 15d-PGJ, in angiogenesis. 15d-PGJ, has been suggested to exert an anti-angiogenic effect by
suppressing pro-angiogenic mediators, such as angiopoietin-1, bFGF, VEGF, and VEGF receptors. However, 15d-PGJ, can
also induce angiogenesis through up-regulation of angiogenic factors, induction of HO-1, release of CO or NO, and/or
activation of HIF-1«a which are either PPARy-dependent or -independent.

heterodimeric transcription factor composed of HIF-1a and
HIF-1B subunits. In mammals, three genes have been shown to
encode HIF-1a subunits that appear to be regulated in a similar
manner (reviewed in Ref. [102]). Interestingly, a few recent
studies reported the link between hypoxia and regulation of
PPARy [103-105]. Li et al. reported that hypoxia-activated
signals other than the HIF-1 pathway might be partly
associated with the reduced PPARy expression in confluent
human proximal renal tubular epithelial cells [103]. On the
contrary, the administration of PPARy agonists or adenovirus
carrying PPARy cDNA resulted in a significant reduction of the
nuclear HIF-1a level as well as expression of VEGF [104]. In
addition, it has been reported that hypoxia and overexpressing
HIF-1a induce expression of VEGF and PPARy angiopoietin
related gene (PGAR) which is a target gene of PPARy and
potential modulator of angiogenesis in cardiomyocytes [105].
These results suggest that hypoxia-induced up-regulation of
PGAR expression is mediated by HIF-1a.

On the other hand, 15d-PGJ, has been demonstrated to
inhibit HIF-1a activity in both normoxia and hypoxia [106]. The
effect of 15d-PGJ, on HIF-1a activity seems to be attributed to
the electrophilic interaction of an «,3-unsaturated carbonyl
moiety present in this cyclopentenone prostaglandin with
thiol groups of HIF-1a. It has been suggested that 15d-PGJ,
regulates HIF-1la transcriptional activity either by covalent
modifying or indirectly oxidizing the critical sulfhydryl group
[8]. A recent paper has shown that the electrophilic activity
residingin the cyclopentenone structure of 15d-PGJ, is likely to
be responsible for the induction of HIF-la accumulation
through modification of thiols in cellular proteins or GSH [107].
Although the evidence for the role of 15d-PGJ, in the activation
of HIF-1a is insufficient, HIF-1la appears to be one of most
plausible signaling molecules which may link 15d-PGJ, or
PPARy activation to the stimulation of angiogenesis.

5. Conclusion

PPARy has been known to be implicated in inflammation,
immune response, and pathogenesis of some disorders

including atherosclerosis, obesity, diabetes, Alzheimer’s dis-
ease, cancer, etc. Recent data confirm that the PPARy pathway
may be a therapeutic target for cancer and several other
disorders, in which excessive angiogenesis is implicated. Some
PPARy ligands inhibit angiogenesis through their action on the
endothelium. In particular, 15d-PGJ, has been shown to display
an anti-tumorigenic effect by inhibiting tumor angiogenesis via
different molecular mechanisms. However, 15d-PGJ, can also
exhibit pro-angiogenic activity through up-regulation of HGF,
VEGF and Flt-1 (VEGF receptor-1) and FIk/KDR (VEGF receptor-2).
The induction of angiogenesis by 15d-PGJ, has been suggested
to be mediated through up-regulation of HO-1 expression,
release of CO and NO, and/or activation of HIF-1a in a PPARy-
dependent or -independent fashion (Fig. 3). Therefore, con-
tinuing efforts will be necessary to better understand the dual
functions of 15d-PGJ, on tumor angiogenesis.

Acknowledgments

This work was supported by the Korea Science and Engineer-
ing Foundation (KOSEF) grants through the National Research
Lab. Program and also the Innovative Drug Research Center for
Metabolic and Inflammatory Disease funded by the Ministry of
Science and Technology (No. M10400000366-06J0000-36610).

REFERENCES

[1] Alarcon de la Lastra C, Sanchez-Fidalgo S, Villegas I,
Motilva V. New pharmacological perspectives and
therapeutic potential of PPAR-vy agonists. Curr Pharm Des
2004;10:3505-24.

Straus DS, Glass CK. Anti-inflammatory actions of PPAR
ligands: new insights on cellular and molecular
mechanisms. Trends Immunol 2007;28:551-8.

Zoete V, Grosdidier A, Michielin O. Peroxisome
proliferator-activated receptor structures: ligand
specificity, molecular switch and interactions with
regulators. Biochim Biophys Acta 2007;1771:915-25.

[2

[3



1550 BIOCHEMICAL PHARMACOLOGY 76 (2008) 1544-1553

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

[5] Wang T, Xu ], Yu X, Yang R, Han ZC. Peroxisome
proliferator-activated receptor vy in malignant diseases.
Crit Rev Oncol Hematol 2006;58:1-14.

[6] 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.

Kim EH, Surh YJ. 15-deoxy-A'>"*-prostaglandin J, as a

potential endogenous regulator of redox-sensitive

transcription factors. Biochem Pharmacol 2006;72:

1516-28.

[9] Carmeliet P. Angiogenesis in health and disease. Nat Med
2003;9:653-60.

[10] Schwentker A, Vodovotz Y, Weller R, Billiar TR. Nitric
oxide and wound repair: role of cytokines? Nitric Oxide
2002,7:1-10.

[11] Yano K, Brown LF, Detmar M. Control of hair growth and
follicle size by VEGF-mediated angiogenesis. J Clin Invest
2001;107:409-17.

[12] Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, Ferrara N.
VEGF couples hypertrophic cartilage remodeling,
ossification and angiogenesis during endochondral bone
formation. Nat Med 1999;5:623-8.

[13] Ferrara N, Kerbel RS. Angiogenesis as a therapeutic target.
Nature 2005;438:967-74.

[14] Folkman J. Angiogenesis in cancer, vascular, rheumatoid
and other disease. Nat Med 1995;1:27-31.

[15] Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and
its receptors. Nat Med 2003;9:669-76.

[16] Bennett A. The production of prostanoids in human
cancers, and their implications for tumor progression.
Prog Lipid Res 1986;25:539-42.

[17] Marnett LJ. Aspirin and the potential role of
prostaglandins in colon cancer. Cancer Res 1992;52:5575-
89.

[18] Giri S, Rattan R, Singh AK, Singh I. The 15-deoxy-A'>4-
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.

[19] 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.

[20] Xin X, Yang S, Kowalski J, Gerritsen ME. Peroxisome
proliferator-activated receptor vy ligands are potent
inhibitors of angiogenesis in vitro and in vivo. ] Biol Chem
1999;274:9116-21.

[21] Hashimoto K, Ethridge RT, Evers BM. Peroxisome
proliferator-activated receptor vy ligand inhibits cell
growth and invasion of human pancreatic cancer cells. Int
] Gastrointest Cancer 2002;32:7-22.

[22] Liu H, Zang C, Fenner MH, Possinger K, Elstner E. PPARy
ligands and ATRA inhibit the invasion of human breast
cancer cells in vitro. Breast Cancer Res Treat 2003;79:63-74.

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

[24] Yuan ], Takahashi A, Masumori N, Uchida K, Hisasue S,
Kitamura H, et al. Ligands for peroxisome proliferator-

[7

(8

activated receptor y have potent antitumor effect against
human renal cell carcinoma. Urology 2005;65:594-9.

[25] Funovics P, Brostjan C, Nigisch A, Fila A, Grochot A,
Mleczko K, et al. Effects of 15d-PGJ(2) on VEGF-induced
angiogenic activities and expression of VEGF receptors in
endothelial cells. Prostaglandins Other Lipid Mediat
2006;79:230-44.

[26] Farrow B, O’Connor KL, Hashimoto K, Iwamura T, Evers
BM. Selective activation of PPARy inhibits pancreatic
cancer invasion and decreases expression of tissue
plasminogen activator. Surgery 2003;134:206-12.

[27] Shen D, Deng C, Zhang M. Peroxisome proliferator-
activated receptor vy agonists inhibit the proliferation and
invasion of human colon cancer cells. Postgrad Med J
2007;83:414-9.

[28] Fu YG, Sung JJ, Wu KC, Bai AH, Chan MC, YuJ, et al.
Inhibition of gastric cancer cells associated angiogenesis
by 15d-prostaglandin J, through the downregulation of
angiopoietin-1. Cancer Lett 2006;243:246-54.

[29] Petrova TV, Akama KT, Van Eldik 1J. 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.

[30] 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.

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

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

[33] 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. ] Biol Chem 2001;276:
12440-8.

[34] Aggarwal BB, Shishodia S, Sandur SK, Pandey MK, Sethi G.
Inflammation and cancer: how hot is the link? Biochem
Pharmacol 2006;72:1605-21.

[35] Jiang Y, Porter AG. Prevention of tumor necrosis factor
(TNF)-mediated induction of p21WAF1/CIP1 sensitizes
MCF-7 carcinoma cells to TNF-induced apoptosis.
Biochem Biophys Res Commun 1998;245:691-7.

[36] 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.

[37] Minuzzo S, Moserle L, Indraccolo S, Amadori A.
Angiogenesis meets immunology: cytokine gene therapy
of cancer. Mol Aspects Med 2007;28:59-86.

[38] Surh YJ, Kundu JK, Na HK, Lee JS. Redox-sensitive
transcription factors as prime targets for
chemoprevention with anti-inflammatory and
antioxidative phytochemicals. ] Nutr 2005;135:2993S-
3001s.

[39] Millan O, Rico D, Peinado H, Zarich N, Stamatakis K, Perez-
Sala D, et al. Potentiation of tumor formation by topical
administration of 15-deoxy-A'**-prostaglandin J, in a
model of skin carcinogenesis. Carcinogenesis 2006;27:
328-36.

[40] Chinery R, Coffey RJ, Graves-Deal R, Kirkland SC, Sanchez
SC, Zackert WE, et al. Prostaglandin J, and 15-deoxy-A*>"4-
prostaglandin J, induce proliferation of cyclooxygenase-



BIOCHEMICAL PHARMAGCOLOGY 76 (2008) 1544-1553 1551

depleted colorectal cancer cells. Cancer Res 1999;59:
2739-46.

[41] Relic B, Benoit V, Franchimont N, Ribbens C, Kaiser MJ,
Gillet P, et al. 15-deoxy-A'>*-prostaglandin J, inhibits Bay
11-7085-induced sustained extracellular signal-regulated
kinase phosphorylation and apoptosis in human articular
chondrocytes and synovial fibroblasts. ] Biol Chem
2004;279:22399-403.

[42] Lim SY, Jang JH, Na HK, Lu SC, Rahman I, Surh Y]J. 15-
deoxy-A'*-prostaglandin J, protects against nitrosative
PC12 cell death through up-regulation of intracellular
glutathione synthesis. ] Biol Chem 2004;279:46263-70.

[43] Kim EH, Na HK, Kim DH, Park SA, Kim HN, Song NY, et al.
15-deoxy-A">**-prostaglandin J, induces COX-2
expression through Akt-driven AP-1 activation in human
breast cancer cells: a potential role of ROS. Carcinogenesis
2008;29:688-95.

[44] 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.

[45] 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.

[46] Bamba H, Ota S, Kato A, Kawamoto C, Fujiwara K.
Prostaglandins up-regulate vascular endothelial growth
factor production through distinct pathways in
differentiated U937 cells. Biochem Biophys Res Commun
2000;273:485-91.

[47] Haslmayer P, Thalhammer T, Jager W, Aust S, Steiner G,
Ensinger C, et al. The peroxisome proliferator-activated
receptor v 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 J Oncol 2002;21:915-
20.

[48] 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.

[49] Jozkowicz A, Huk I, Nigisch A, Weigel G, Weidinger F,
Dulak J. Effect of prostaglandin-J(2) on VEGF synthesis
depends on the induction of heme oxygenase-1. Antioxid
Redox Signal 2002;4:577-85.

[50] 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.

[51] Chintalgattu V, Harris GS, Akula SM, Katwa LC. PPAR-y
agonists induce the expression of VEGF and its receptors
in cultured cardiac myofibroblasts. Cardiovasc Res
2007;74:140-50.

[52] LiY, Wen X, Spataro BC, Hu K, Dai C, Liu Y. hepatocyte
growth factor is a downstream effector that mediates the
antifibrotic action of peroxisome proliferator-activated
receptor-y agonists. ] Am Soc Nephrol 2006;17:54-65.

[53] Maines MD. The heme oxygenase system: a regulator of
second messenger gases. Annu Rev Pharmacol Toxicol
1997,37:517-54.

[54] Satoh T, Baba M, Nakatsuka D, Ishikawa Y, Aburatani H,
Furuta K, et al. Role of heme oxygenase-1 protein in the
neuroprotective effects of cyclopentenone prostaglandin
derivatives under oxidative stress. Eur ] Neurosci
2003;17:2249-55.

(55]

[56]

(57]

(58]

(591

(60]

[61]

(62]

(63]

(64]

(65]

[66]

(671

(68]

[69]

(70]

(71]

Ryter SW, Otterbein LE, Morse D, Choi AM. Heme
oxygenase/carbon monoxide signaling pathways:
regulation and functional significance. Mol Cell Biochem
2002;234/235:249-63.

Prawan A, Kundu JK, Surh YJ. Molecular basis of heme
oxygenase-1 induction: implications for chemoprevention
and chemoprotection. Antioxid Redox Signal 2005;7:
1688-703.

Fang J, Akaike T, Maeda H. Antiapoptotic role of heme
oxygenase (HO) and the potential of HO as a target in
anticancer treatment. Apoptosis 2004;9:27-35.

Sato K, Balla J, Otterbein L, Smith RN, Brouard S, Lin Y,
et al. Carbon monoxide generated by heme oxygenase-1
suppresses the rejection of mouse-to-rat cardiac
transplants. ] Immunol 2001;166:4185-94.

Wagner M, Cadetg P, Ruf R, Mazzucchelli L, Ferrari P,
Redaelli CA. Heme oxygenase-1 attenuates ischemia/
reperfusion-induced apoptosis and improves survival in
rat renal allografts. Kidney Int 2003;63:1564-73.

Was H, Cichon T, Smolarczyk R, Rudnicka D, Stopa M,
Chevalier C, et al. Overexpression of heme oxygenase-1 in
murine melanoma: increased proliferation and viability of
tumor cells, decreased survival of mice. Am J Pathol
2006;169:2181-98.

Goodman Al, Choudhury M, da Silva JL, Schwartzman ML,
Abraham NG. Overexpression of the heme oxygenase gene
in renal cell carcinoma. Proc Soc Exp Biol Med 1997;214:
54-61.

Schacter BA, Kurz P. Alterations in microsomal drug
metabolism and heme oxygenase activity in isolated
hepatic parenchymal and sinusoidal cells in Murphy-
Sturm lymphosarcoma-bearing rats. Clin Invest Med
1986;9:150-5.

Maines MD, Abrahamsson PA. Expression of heme
oxygenase-1 (HSP32) in human prostate: normal,
hyperplastic, and tumor tissue distribution. Urology
1996;47:727-33.

Matsumoto A, Hanayama R, Nakamura M, Suzuki K, Fujii J,
Tatsumi H, et al. A high expression of heme oxygenase-1
in the liver of LEC rats at the stage of hepatoma: the
possible implication of induction in uninvolved tissue.
Free Radic Res 1998;28:383-91.

Fang J, Sawa T, Akaike T, Akuta T, Sahoo SK, Khaled G,
et al. In vivo antitumor activity of pegylated zinc
protoporphyrin: targeted inhibition of heme oxygenase in
solid tumor. Cancer Res 2003;63:3567-74.

Sunamura M, Duda DG, Ghattas MH, Lozonschi L, Motoi F,
Yamauchi J, et al. Heme oxygenase-1 accelerates tumor
angiogenesis of human pancreatic cancer. Angiogenesis
2003;6:15-24.

Liu ZM, Chen GG, Ng EK, Leung WK, Sung JJ, Chung SC.
Upregulation of heme oxygenase-1 and p21 confers
resistance to apoptosis in human gastric cancer cells.
Oncogene 2004;23:503-13.

Dulak ], Loboda A, Zagorska A, Jozkowicz A. Complex role
of heme oxygenase-1 in angiogenesis. Antioxid Redox
Signal 2004;6:858-66.

Kim EH, Na HK, Surh YJ. Upregulation of VEGF by 15-
deoxy-A'>1*-prostaglandin J, via heme oxygenase-1 and
ERK1/2 signaling in MCF-7 cells. Ann NY Acad Sci
2006;1090:375-84.

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 NY Acad Sci
2004;1030:493-500.

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.



1552 BIOCHEMICAL PHARMACOLOGY 76 (2008) 1544-1553

[72] Lee TS, Tsai HL, Chau LY. Induction of heme oxygenase-1
expression in murine macrophages is essential for the
anti-inflammatory effect of low dose 15-deoxy-A’>*-
prostaglandin J,. J Biol Chem 2003;278:19325-30.

[73] 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.

[74] Dulak J, Jozkowicz A, Foresti R, Kasza A, Frick M, Huk I,
et al. Heme oxygenase activity modulates vascular
endothelial growth factor synthesis in vascular smooth
muscle cells. Antioxid Redox Signal 2002;4:229-40.

[75] Park MK, Kim CH, Kim YM, Kang Y]J, Kim HJ, Seo HG, et al.
Akt-dependent heme oxygenase-1 induction by NS-398 in
C6 glial cells: a potential role for CO in prevention of
oxidative damage from hypoxia. Neuropharmacology
2007;53:542-51.

[76] Ptasinska A, Wang S, Zhang J, Wesley RA, Danner RL.
Nitric oxide activation of peroxisome proliferator-
activated receptor y through a p38 MAPK signaling
pathway. FASEB ] 2007;21:950-61.

[77] Kronke G, Kadl A, Tkonomu E, Bluml S, Furnkranz A,
Sarembock IJ, et al. Expression of heme oxygenase-1 in
human vascular cells is regulated by peroxisome
proliferator-activated receptors. Arterioscler Thromb Vasc
Biol 2007;27:1276-82.

[78] 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.

[79] Zingarelli B, Sheehan M, Hake PW, O’Connor M,
Denenberg A, Cook JA. Peroxisome proliferator activator
receptor-vy ligands, 15-deoxy-A'***-prostaglandin J, and
ciglitazone, reduce systemic inflammation in
polymicrobial sepsis by modulation of signal transduction
pathways. ] Immunol 2003;171:6827-37.

[80] Park EY, Cho IJ, Kim SG. Transactivation of the PPAR-
responsive enhancer module in chemopreventive
glutathione S-transferase gene by the peroxisome
proliferator-activated receptor-y and retinoid X receptor
heterodimer. Cancer Res 2004;64:3701-13.

[81] Wright MM, Schopfer FJ, Baker PR, Vidyasagar V, Powell P,
Chumley P, et al. Fatty acid transduction of nitric oxide
signaling: nitrolinoleic acid potently activates endothelial
heme oxygenase 1 expression. Proc Natl Acad Sci USA
2006;103:4299-304.

[82] Alvarez-Maqueda M, El Bekay R, Alba G, Monteseirin J,
Chacon P, Vega A, et al. 15-deoxy-A'>**-prostaglandin J,
induces heme oxygenase-1 gene expression in a reactive
oxygen species-dependent manner in human
lymphocytes. ] Biol Chem 2004;279:21929-37.

[83] Liu JD, Tsai SH, Lin SY, Ho YS, Hung LF, Pan S, et al. Thiol
antioxidant and thiol-reducing agents attenuate 15-
deoxy-A'*-prostaglandin J,-induced heme oxygenase-1
expression. Life Sci 2004;74:2451-63.

[84] Gong P, Stewart D, Hu B, Li N, Cook ], Nel A, et al.
Activation of the mouse heme oxygenase-1 gene by 15-
deoxy-A'*-prostaglandin J, is mediated by the stress
response elements and transcription factor Nrf2. Antioxid
Redox Signal 2002;4:249-57.

[85] Kasai K, Banba N, Hishinuma A, Matsumura M, Kakishita
H, Motohashi S, et al. 15-deoxy-A’>**-prostaglandin J,
facilitates thyroglobulin production by cultured human
thyrocytes. Am ] Physiol Cell Physiol 2000;279:C1859-6.

[86] Jozkowicz A, Huk I, Nigisch A, Weigel G, Dietrich W,
Motterlini R, et al. Heme oxygenase and angiogenic
activity of endothelial cells: stimulation by carbon
monoxide and inhibition by tin protoporphyrin-IX.
Antioxid Redox Signal 2003;5:155-62.

(87]

(88]

(89]

(9]

[91]

(92]

(93]

(94]

(95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

Deshane J, Chen S, Caballero S, Grochot-Przeczek A, Was
H, Li Calzi S, et al. Stromal cell-derived factor 1 promotes
angiogenesis via a heme oxygenase 1-dependent
mechanism. ] Exp Med 2007;204:605-18.

Li Volti G, Sacerdoti D, Sangras B, Vanella A, Mezentsev A,
Scapagnini G, et al. Carbon monoxide signaling in
promoting angiogenesis in human microvessel
endothelial cells. Antioxid Redox Signal 2005;7:704-10.
Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach FH,
Choi AM, et al. Carbon monoxide generated by heme
oxygenase 1 suppresses endothelial cell apoptosis. ] Exp
Med 2000;192:1015-26.

Soares MP, Usheva A, Brouard S, Berberat PO, Gunther L,
Tobiasch E, et al. Modulation of endothelial cell apoptosis
by heme oxygenase-1-derived carbon monoxide. Antioxid
Redox Signal 2002;4:321-9.

Bilban M, Bach FH, Otterbein SL, Ifedigbo E, de Costa
d’Avila ], Esterbauer H, et al. Carbon monoxide
orchestrates a protective response through PPARy.
Immunity 2006;24:601-10.

Ying L, Hofseth LJ. An emerging role for endothelial nitric
oxide synthase in chronic inflammation and cancer.
Cancer Res 2007;67:1407-10.

Ignarro LJ. Nitric oxide as a unique signaling molecule in
the vascular system: a historical overview. ] Physiol
Pharmacol 2002;53:503-14.

Lancaster Jr JR, Xie K. Tumors face NO problems? Cancer
Res 2006;66:6459-62.

Lu J, Wei Q, Bondy ML, Yu TK, Li D, Brewster A, et al.
Promoter polymorphism (—786t>C) in the endothelial
nitric oxide synthase gene is associated with risk of
sporadic breast cancer in non-Hispanic white women age
younger than 55 years. Cancer 2006;107:2245-53.

Choi JY, Lee KM, Noh DY, Ahn SH, Lee JE, Han W, et al.
Genetic polymorphisms of eNOS, hormone receptor
status, and survival of breast cancer. Breast Cancer Res
Treat 2006;100:213-8.

Calnek DS, Mazzella L, Roser S, Roman J, Hart CM.
Peroxisome proliferator-activated receptor vy ligands
increase release of nitric oxide from endothelial cells.
Arterioscler Thromb Vasc Biol 2003;23:52-7.

HwangJ, Kleinhenz DJ, Lassegue B, Griendling KK, Dikalov
S, Hart CM. Peroxisome proliferator-activated receptor-y
ligands regulate endothelial membrane superoxide
production. Am ] Physiol Cell Physiol 2005;288:C899-905.
Polikandriotis JA, Mazzella LJ, Rupnow HL, Hart CM.
Peroxisome proliferator-activated receptor vy ligands
stimulate endothelial nitric oxide production through
distinct peroxisome proliferator-activated receptor vy-
dependent mechanisms. Arterioscler Thromb Vasc Biol
2005;25:1810-6.

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.

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

Li X, Kimura H, Hirota K, Sugimoto H, Kimura N,
Takahashi N, et al. Hypoxia reduces the expression and
anti-inflammatory effects of peroxisome proliferator-
activated receptor-y in human proximal renal tubular
cells. Nephrol Dial Transplant 2007;22:1041-51.



BIOCHEMICAL PHARMAGCOLOGY 76 (2008) 1544-1553 1553

[104]

[105]

Lee KS, Kim SR, Park SJ, Park HS, Min KH, Jin SM, et al.
Peroxisome proliferator activated receptor-y modulates
reactive oxygen species generation and activation of
nuclear factor-«B and hypoxia-inducible factor 1a in
allergic airway disease of mice. J Allergy Clin Immunol
2006;118:120-7.

Belanger AJ, Lu H, Date T, Liu LX, Vincent KA,

Akita GY, et al. Hypoxia up-regulates expression

of peroxisome proliferator-activated receptor

v angiopoietin-related gene (PGAR) in cardiomyocytes:

role of hypoxia inducible factor 1a. ] Mol Cell Cardiol
2002;34:765-74.

[106] 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.

[107] Olmos G, Conde I, Arenas I, Del Peso L, Castellanos C,
Landazuri MO, et al. Accumulation of hypoxia-inducible
factor-1la through a novel electrophilic, thiol antioxidant-
sensitive mechanism. Cell Signal 2007;19:2098-105.



	The role of 15-deoxy-&Delta;12,14-prostaglandin J2, an endogenous ligand of peroxisome proliferator-activated receptor &gamma;, �in tumor angiogenesis
	Introduction
	Inhibition of angiogenesis by 15d-PGJ2
	Induction of angiogenesis by 15d-PGJ2
	The potential mechanisms of angiogenesis regulation by 15d-PGJ2
	Heme oxygenase-1 (HO-1)
	Carbon monoxide (CO), the end product of HO-1
	Nitric oxide (NO)
	HIF-1

	Conclusion
	Acknowledgments
	References


