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Abstract: Peroxisome proliferator-activated receptors (PPARs) belong to the family of ligand-activated
nuclear receptors. The PPAR family consists of three subtypes encoded by three separate genes:
PPARo (NR1C1), PPARB/6 (NR1C2), and PPARY (NR1C3). PPARs are critical regulators of metabolism
and exhibit tissue and cell type-specific expression patterns and functions. Specific PPAR ligands
have been proposed as potential therapies for a variety of diseases such as metabolic syndrome,
cancer, neurogenerative disorders, diabetes, cardiovascular diseases, endometriosis, and retinopathies.
In this review, we focus on the knowledge of PPAR function in angiogenesis, a complex process
that plays important roles in numerous pathological conditions for which therapeutic use of PPAR
modulation has been suggested.

Keywords: peroxisome proliferator-activated receptor; angiogenesis; endothelial cells; signaling
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1. Introduction

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear hormone receptor
family. Three PPAR isotypes with different tissue distribution, ligand specificity, and metabolic
regulatory activities exist: PPAR«, PPARB3/5, and PPARy. PPARs regulate many metabolic pathways
upon activation by endogenous ligands, such as fatty acids (FAs) and derivatives, or synthetic
modulators, which bind to the ligand-binding domain of the receptor, triggering a conformational
change. Subsequent recruitment of coactivators to the PPAR/retinoid X receptor heterodimer assembled
at specific DNA response elements, named PPAR responsive elements (PPREs), results in transactivation
or repression of target genes (reviewed in [1]).

PPAR expression in endothelial cells has been reported two decades ago [2] and all PPARs are
modulating angiogenesis. PPAR« and PPARy were identified to mediate anti-angiogenic processes,
in contrast, PPAR/5 emerged as a pro-angiogenic nuclear receptor (reviewed in [3]). However,
today, there exist controversial results if PPAR ligands act as inhibitors or inducers of angiogenesis.
The intention of this review is to assess the data regarding the effects of PPAR modulation in distinct
in vitro and specific pathophysiological and therapeutic settings with the aim to provide practical
considerations for their use in different diseases implicating angiogenesis or vascular abnormalities.
The multiple functions of PPARs in modulation of metabolic disorders e.g., diabetes mellitus, obesity,
or non-alcoholic fatty liver disease are reviewed in detail elsewhere [1,4-8] and are beyond the scope
of this review.

2. PPARs and Cellular Models of Angiogenesis

In 1999, two independent papers showed that PPARs are expressed in endothelial cells (HUVEC
model) and treatment with PPARy agonists inhibits proliferation, tube formation, [9] and migration [10]
and induces apoptosis [2]. These principle observations were confirmed nearly twenty years later using
a more sophisticated Tie2CrePPARy(flox/flox) mouse model and isolation of pulmonary microvascular
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endothelial cells [11]. Different PPARy agonists inhibited VEGF-and FGF-induced angiogenesis
in vitro [12-14]. These antiangiogenic effects of PPARy activation were attributed to increased
endothelial nitric-oxide (NO) production and subsequent maxi potassium channel opening [15].
Alternatively, PPARy agonists might inhibit angiogenesis by suppressing PKCo -and CREB-mediated
COX-2 expression in human endothelial cells [16] and activate p38 MAPK pathway and inhibit
phosphorylation of p42/44 MAPK, while VEGFs and FGFs only stimulate p38MAPK, but do not affect
p42/44 phosphorylation [17]. Importantly, treatment with PPARy agonists also reduced expression
of VEGF receptors in HUVECs [9,18] although later the opposite result was published in the same
HUVEC model [19]. PPARY agonists inhibited VEGF promoter activity and expression in endometrial
cells [20]. In bovine retinal endothelial cells, 15d-PGF2 and pioglitazone suppressed VEGFR2
expression and promoter activity due to interference with SP1 and SP3 binding [21]. In contrast, PPARy
activation increased VEGF production in smooth muscle and macrophage cell lines [22,23], which
might not be pro-angiogenic as VEGF receptors are downregulated in endothelial cells in response to
PPARy stimulation. In cardiac myofibroblasts, PPARYy activation induced VEGF and VEGEF receptor
expression [24]. Also in a bladder cancer cell line, VEGF expression was upregulated in response
to stimulation with PPAR«x, PPARB/5, and PPARy agonists, while another bladder cancer cell line
responded only to PPAR[3/6 activation [25]. PPAR{/5 activation stimulated VEGF expression in breast
and prostate cancer and HUVEC cells and increased endothelial cell proliferation [26]. The in vivo
relevance of this observation remained unclear. Piqueras et al. showed that PPAR[3/5 activation induces
VEGF expression, endothelial cell proliferation, aortic sprouting, and in vivo angiogenesis in Matrigel
plug assays [27]. More recent results show some different metabolic alterations of HUVEC cells in
response to VEGF or PPAR(/6 activation using GW0742 [28] and our group confirmed increased
endothelial cell proliferation of HUVEC cells as well as upregulation of pro-angiogenic gene expression
upon PPARf/6 activation with GW0742 [29].

Also the angiogenic capacity of endothelial progenitor cells depends on PPAR3/6, but also on COX-1
and PGI(2) synthase [30]. PPARB/5 agonist treatment induced heme oxygenase-1 expression, which
renders endothelial cells in culture resistant to cellular stress induced by hydrogen peroxide or leptin [31].
PGC-1«x represents an important co-regulator of PPARB/6 for transcriptional activation of heme
oxygenase-1 [31]. In contrast to these findings, treatment with very high concentrations of PPAR[3/6
agonists inhibited VEGFR2 expression and in vitro angiogenesis of HUVECs [32]. Furthermore, the
PPARP/8 ligand L-165041 was shown to inhibit VEGF-stimulated angiogenesis by suppressing the cell
cycle progression independently of PPARB/6 [33].

Ibuprofen, an activator of PPAR«x [34], was found to increase expression of CD36, the
anti-angiogenic Thrombospondin-1 (TSP-1) receptor [35] in human melanoma cells [36]. In line with
an anti-angiogenic action of PPAR«, it has been reported that Gypenoside XLIX, a naturally occurring
gynosaponin and natural PPARo agonist, as well as Wy14643, a synthetic PPAR«x agonist, inhibited
tissue factor (TF) promoter activity in human monocytes, which could be blocked by the selective
PPARo antagonist MK-886 [37]. TF expression in cancers contributes to a shift in the balance between
endogenous pro-angiogenic and anti-angiogenic factors thereby facilitating tumor progression [38].
Anti-angiogenic properties of pomegranate peel extract have been suggested to be mediated by PPAR«x
and PPARYy, as simultaneous treatment of HUVEC cells with pomegranate extract and antagonists
of PPARx and PPARYy inhibited the anti-angiogenic response of endothelial cells to pomegranate
extract [39]. The PPARo agonist fenofibrate inhibited endothelial cell proliferation, migration, tube
formation, and induced apoptosis at high concentrations, which was attributed to decreased Akt
activation and Cox-2 expression [40]. Targeting vascular NADPH oxidase 1 resulted in upregulation
of PPAR« and subsequent inhibition of endothelial cell migration and tube formation, which is in
agreement with an anti-angiogenic role of PPAR«x [41]. The experimental PPAR« agonist (R)-K-13675
reduced expression of inflammatory markers, but did not affect proliferation or tube formation of
human coronary endothelial cells [42]. Whether these effects are specific for the agonist or the cell line
remained unclear. Although all the experiments using cellular model systems described in this chapter
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contribute to the understanding of the molecular actions of PPARs in angiogenic modulation, it remains
unclear to what extent they describe the in vivo function of PPARs in influencing angiogenesis, as the
concentrations of compounds used largely differ and the PPAR expression and activation level in each
cell type might be different.

3. PPARs and Tumor Angiogenesis

3.1. PPAR«x

In non-melanoma skin cancer, PPAR«x expression was less likely to occur in actinic lesions and
squamous cell carcinoma than in normal skin, however, no correlation with microvessel densities could
be established. In contrast, PPAR3/6 was upregulated in malignant lesions and the observed PPAR[3/5
overexpression correlated with higher vessel densities in these tumor samples [43]. In contrast to these
findings in human tumors, an elegant in vivo study by Kaipainen and colleagues demonstrated that
PPAR« favors tumor progression in mice. Using subcutaneous implantation of syngenic Lewis lung
carcinoma (LLC1) or B16 melanoma cells in PPAR« deficient mice, the authors demonstrated that
tumor growth is prevented in the absence of PPARx. PPAR« deficiency induced a strong inflammatory
response with an excess of TSP-1 production leading to suppression of tumor angiogenesis. Inhibition of
TSP-1 restored tumor growth and bone marrow transplantation and granulocyte depletion experiments
showed that PPARx expressing granulocytes, probably myeloid derived suppressor cells, are critically
involved in tumor angiogenesis and growth [44]. However, the same group demonstrated one
year later that treatment with the PPAR« agonist fenofibrate inhibited tumor growth in syngenic
LLC1 or B16 melanoma tumor bearing mice, due to an increase of TSP-1 and inhibition of tumor
angiogenesis. The authors contribute this paradox of PPAR« effect to a bi-phasic dose-response
curve of host tissue: Both, very high, or, in contrast, very low concentrations of PPAR«x result in
suppression of tumor angiogenesis [45]. In favor of an anti-tumorigenic PPAR« action, Yokoyama and
colleagues reported that treatment with clofibric acid, a PPAR« agonist, reduced ovarian cancer cell
growth and tumor angiogenesis in xenotransplanted animals. This was accompanied by a significantly
reduced expression of the pro-angiogenic factors prostaglandin E (2) (PGE(2)) and vascular endothelial
growth factor (VEGF) [46]. PPAR« anti-angio-and tumorigenic action was further supported by
a study from Pozzi and coworkers. They demonstrated that PPAR«x agonists downregulate the
biosynthesis of epoxyeicosatrienoic acids, expoxygenase products, which are pro-angiogenic. Using a
PPAR«-humanized mouse (hPPARx) model, where the human PPAR«x gene was introduced onto a
PPAR deficient background, they determined that tumor angiogenesis and growth were inhibited in
animals which received Wyeth (pirinixic acid, a potent PPARx agonist). They further demonstrated
a reduced endothelium-associated epoxygenase expression in the PPARx agonist administered
animals, concluding that the tumor-angiogenesis inhibition by PPAR« activation involves reduced
vascular expoxygenase expression [47]. In line with this, PPARx agonists reduced expression of
epoxyeicosatrienoic acids, leading to decreased vascularization and growth of non-small cell lung
cancers in murine K-Ras or orthotopic models [48]. However, a recent study by Wu and colleagues
showed that the PPAR«x agonist AVE8134 indeed reduced epoxyeicosatrienoic acid fabrication, but
increased their hydroxyl product, 11-hydroxyeicosatetraenoic acids (11-HETE). 11-HETE in contrast
promote angiogenesis and tumor growth, therefore neutralizing the beneficial effect of the PPAR«
agonist AVE8134. Addition of the cyclooxygenase (COX) inhibitor Indomethacin neutralized the
undesired effects of AVE8134 and restored the beneficial anti-tumor properties of PPARx agonism [49].
One mechanism favoring tumor angiogenesis is the inhibition of PPARx by the NADPH oxidase
NOX1. NOX1 deficient mouse liver endothelial cells displayed 5-fold higher PPARx levels than
their wildtype derived counterparts and impaired angiogenic properties, which could be rescued by
administration of the PPAR«x antagonist GW6471. Inducing syngenic LLC1 or B16 tumors, the authors
showed that NOX1 deficient mice displayed less tumor vascularization and growth. To further
consolidate the relevance of PPAR«x repression by NOX1 for tumor angiogenesis, the authors induced
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syngenic tumors in PPAR«x deficient and wildtype mice and treated them with the NOX1 inhibitor
GKT136901. Tumor vascularization was inhibited in wildtype, but not in PPAR« knockout animals,
which confirmed the repression of PPARo through NOX1 as an important event in favor of enhanced
tumor angiogenesis [41]. PPAR« and PPARYy have also been suggested as mediators of the anti-angio-
and tumorigenic effects of pomegranate extract as their respective antagonists abolished the beneficial
effects of pomegranate extract on cancer vascularization and growth [39,50]. In contrast to these studies,
Huang and colleagues did not observe a reduction of tumor vascularization upon PPAR« activation
with fenofibrate in mice bearing B cell lymphomas [51].

3.2. PPARBSS

The peroxisome-proliferator activated receptor PPARB/S favors tumor angiogenesis. As already
mentioned, PPAR[3/6 was found to be overexpressed in malignant squamous cell carcinoma and its
expression correlated with higher vessel densities [43]. A supreme study confirmed the significance
of PPARp/S for tumor angiogenesis. Using cDNA arrays of human microvascular cells submitted
to pro-angiogenic stimuli, PPAR{3/6 was identified to be the hubnode of the “angiogenic switch” in
cancers, marking the shift in the angiogenic balance to a pro-angiogenic state of the tumor, favoring
progression and metastasis. Correlation analysis of different human cancer types further confirmed
the link between high PPAR[3/5 expression and advanced stage of tumor progression and metastasis.
These findings were confirmed in vivo using PPAR3/6 knockout mice bearing syngenic subcutaneously
implanted LLC1 lung or B16 melanoma tumors. Cancer growth and angiogenesis were found to be
dramatically reduced in PPAR[3/6 deficient animals [52]. Miiller-Briisselbach and colleagues further
demonstrated a significantly diminished tumor blood flow due to a hyperplastic non-functional
microvasculature in LLC1 and B16 tumors of PPAR{/6 knockout mice, leading to the impairment of
tumor growth. PPAR[/6 had therefore been suggested to be a pre-requisite for microvessel maturation
and differentiation [53]. In human colorectal cancer samples, Yoshinaga and colleagues correlated
PPARf/6 and cyclooxygenase 2 (COX-2) expression with VEGF expression, microvascular densities,
and incidence of venous vessel invasion. Their results suggested that simultaneous expression of
PPARp/d and COX-2 increased angiogenesis and metastasis in colon cancer, thereby worsening the
patients prognosis [54]. Recently, it has been demonstrated that high expression levels of PPARB/6 in
cancer cells significantly contribute to tumor angiogenesis. Lung metastasis formation by tail vein
injection of different cancer cell types (B16 melanoma, LLC1 lung carcinoma, HCT116 colon carcinoma,
Panc-02 pancreatic carcinoma, and 4T1 breast cancer) was diminished upon knockdown of PPAR/5 in
the cancer cells. The fewer lung metastases formed by the cancer cells with knockdown of PPAR[3/6
displayed significantly reduced microvessel densities. Angiogenic VEGF and Interleukin 8 expression
levels were dramatically reduced in cancer cells silenced for PPARA/6. These findings clearly indicate
that PPAR(/5 is pro-angio-tumorigenic independent of its source of expression: Normal host cells
which contribute to the tumor stroma or cancer cells [55]. Our group showed that treatment of LLC1
tumor bearing mice with the PPARB/3 agonist GW0742 increased tumor angiogenesis and growth.
We then addressed the question if solely selective overexpression of PPARB/6 in endothelial cells
would be sufficient to enhance tumor angiogenesis and growth independently of the status of PPAR[3/d
expression in cancer and non-endothelial host cells. To investigate this, we made use of mice with
inducible vascular specific overexpression of PPARB/6 [56] with subcutaneously implanted LLC1
tumors. We observed increased tumor angiogenesis, growth, and metastasis formation upon vessel
specific overexpression of PPARB/6. RNA sequencing of tumor sorted endothelial cells revealed a high
number of upregulated pro-angiogenic genes in response to PPAR[/6 increase. By combining top
ten network analysis with a search for PPAR responsive elements, we identified the platelet-derived
growth factor (PDGF)/platelet-derived growth factor receptor (PDGFR) pathway, tyrosinkinase KIT
(c-Kit), and the VEGF/vascular endothelial growth factor receptor (VEGFR) pathway as mediators of
the pro-angiogenic tumor promoting effect of PPAR{3/5 [29].
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3.3. PPARy

In contrast to PPARB/5, most studies identified PPARY as an inhibitor of tumor angiogenesis.
Although no upregulation or correlation with vascular density could be detected in skin squamous cell
carcinoma [43], PPARy was less expressed in high grade and more vascularized gliomas than in low
grade gliomas which display less microvascular density. PPARy expression in gliomas further positively
correlated with anti-angiogenic TSP-1 expression [57]. Panigrahy and colleagues demonstrated PPARy
expression in tumor endothelium, reduced tumor growth and metastatic spreading of subcutaneously
implanted LLC1, glioblastoma, liposarcoma, and rhabdomyosarcoma upon treatment with the PPARy
agonist rosiglitazone. Double-labeling of vessels for PPARy and proliferating nuclear antigen (PCNA)
revealed significantly reduced endothelial cell proliferation in the tumor specimens from animals
which received rosiglitazone [58]. It has been further shown that PPARy ligands increase the success of
tumor anti-angiogenic therapies with exogenous TSP-1 or its peptide derivative ABT510. The PPARy
agonists 15d-PGJ2, rosiglitazone, and troglitazone increased TSP-1 receptor CD36 expression on
the endothelial cell surface, thereby improving the sensitivity to exogenous TSP-1 or its peptide
derivative ABT510 and inhibiting angiogenesis through induction of endothelial cell apoptosis.
Simultaneous PPARY activation improved the anti-tumor activity of ABT510 in bladder carcinoma
bearing mice [59]. As already mentioned, PPARy antagonists have been demonstrated to abolish
the beneficial effects of pomegranate extract in inhibition of tumor angiogenesis and growth [39,50].
PPARY has also been shown to inhibit tumor angiogenesis and growth of A594 lung cancers in vivo
by blocking the production of CXCL1, CXCL5, and interleukin 8, or CXCL8 (CXC chemokines with
a specific amino acid sequence of glutamic acid-leucine-arginine (ELR) before the first cysteine of
the CXC motif (ELR-positive)). This is mediated through transcriptional inhibition of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) activity, a transcription factor which regulates
expression of chemokines [60]. The PPARy agonist RS5444 inhibited tumor vascularization and growth
of xenotransplanted anaplastic thyroid carcinomas. Anti-tumor activity could be further enhanced
by combination therapy with paclitaxel chemotherapy [61]. Inhibition of tumor angiogenesis and
growth in vivo by PPARYy activation with thiazolidinediones has further been reported for ovarian
carcinoma [62,63], and pancreatic cancer [64]. Combination of radiotherapy with the PPARy agonist
rosiglitazone enhanced the effectiveness of radiotherapy against tumor angiogenesis, distant metastasis
formation, and tumor recurrence in animal models with subcutaneous breast or colon cancer cell
implantation [65]. Berger and colleagues identified activation of suppressor of cytokine signaling 3
(SOCS3) by PPARY agonists as another pathway implicated in suppression of tumor angiogenesis and
growth. Activation of SOCS3 by PPARY inhibited differentiation of proinflammatory T helper (Ty,)
17 cells and their secretion of Interleukin (IL)-17. PPARYy activation with n-3 fatty acid docosahexaenoic
acid (DHA) in vivo inhibited tumor vascularization and progression in a IL-17 dependent manner, but
failed to reduce tumor vessel formation and growth in immunodeficient or IL-17 knockout animals,
suggesting that the tumor angiogenesis inhibiting effects of PPARy activation depend on T cells
and the secretion of the pro-inflammatory cytokine IL-17 [66]. Deletion of PPARY in the mammary
epithelium promoted mammary stem cell (MSCs) expansion favoring angiogenesis and breast cancer
growth. PPARy deficient breast cancers were insensitive to chemotherapy, but normalization of the
abundant tumor vasculature with the anti-angiogenic drug sunitinib increased efficiency of cytostatic
chemotherapy. The PPARY agonist rosiglitazone increased micro RNA miR-15a expression which
inhibited angiopoietin-1, resulting in decreased angiogenesis, MSC expansion, and tumor growth
in vivo [67]. In contrast to these studies, Tian and coworkers demonstrated that activated PPARy
promoted tumor angiogenesis and growth in breast cancer. Ligand activation of PPARy induces a
conformational change in the receptor, which the authors mimicked by mutation before introducing it
in NAFA cells derived from oncogenic MMTV-ErbB2 mice. They compared the constitutively active
PPARy (PyCA) mutant with the wild-type PPARy in ErbB2-induced mammary tumorigenesis by
implantation into immunocompetent FVB mice. Enhanced tumor growth associated with increased
angiogenesis and higher numbers of endothelial stem cells was observed in animals implanted with
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PyCA cells. Genome-wide expression profiling identified a group of genes within the angiogenesis
pathway, including angiopoietin-like 4 (Angptl4), fibroblast growth factor 1 (Fgfl), and pleiotrophin
(Ptn) as targets of activated PPARYy favoring tumor angiogenesis [68]. An important study from the
group of Michalik further cautions the risks of the use of thiazolidinedione PPARYy agonists in cancer
patients. They could not demonstrate any correlation of PPARy expression with the different stages of
melanoma disease, but evidenced an increased release of pro-tumorigenic cytokines (Interleukin 13 (IL1
B, Interleukin 6 (IL6)), chemokines (granulocyte-macrophage colony-stimulating factor (GM-CSF)), and
angiogenic factors (angiopoietin-like 4 (ANGPTL4), Interleukin 8 (IL8)) by melanoma cells treated with
the thiazolidinedione rosiglitazone. The pro-tumorigenic secretome of rosiglitazone treated melanoma
cells activated nonmalignant stromal cells, fibroblasts, immune, and endothelial cells to promote tumor
growth in vivo. PPARY activation with thiazolidinediones could therefore have deleterious effects
in patients with cancer [69]. In conclusion, PPARB/S clearly favors tumor angiogenesis (reviewed
in [70]). Although PPARx and PPARy have initially been described as anti-angiogenic (reviewed
in [3]), conflicting results have been obtained over the time. The different approaches described in
this chapter are summarized in a simplified manner in Table 1. In vitro versus in vivo studies, the use
of immunodeficient mice displaying only a partial real response to in vivo tumor growth, different
behavior of divergent cancer cell types, differential dose-response kinetics, and cross-activation of
different PPARs upon ligand incitement contribute to the plethora of reasons for these conflicting
results. Unfortunately, in none of the clinical studies concerning the use of PPAR ligands in cancer
(listed in chapter seven), the effects on tumor vascularization have been investigated. Ultimately,
therapeutic modulation of any PPAR should be considered with great care given its potential activation
of tumor angiogenesis.

Table 1. PPAR Modulation in in vivo Studies of Tumor Angiogenesis.

PPAR Condition Final Effect on Tumor Angiogenesis Reference
PPAR«x PPAR« knockout mice T [44]
PPAR«x PPAR« agonist fenofibrate l [45]
PPARx PPAR« agonist clofibric Acid l [46]
PPARx PPAR« agonist Wyeth (pirinixic acid) l [47]
PPAR«x PPAR« agonists bezafibrate and Wyeth-14,643 l [48]
PPAR«x PPAR«x agonist AVE8134 T [49]
PPARx PPAR« repression by NOX1 inhibitor GKT136901 l [41]
PPARx PPAR« antagonist GW6471 l [50]

PPARf/d PPARf/b knockout mice T [52]
PPARp/d PPARf/ knockout mice T [53]
PPARPB/d PPARPB/6 knockdown in cancer cells ) [55]
PPARB/d PPARp/5 agonist GW0742 T [29]
PPARp/3 Conditional vascular PPARB/5 Overexpression T [29]
PPARY PPARY agonist rosiglitazone l [58]
PPARy PPARYy agonists 15d-PG]J2, rosiglitazone, troglitazone l [59]
PPARYy PPARy antagonist T0070907 l [50]
PPARY PPARYy agonists troglitazone, pioglitazone l [60]
PPARy PPARYy agonist RS5444 l [61]
PPARy PPARYy agonist ciglitazone l [46,62,63]
PPARYy PPARy agonist rosiglitazone l [64]
PPARY PPARY agonist rosiglitazone l [65]
PPARYy activation with n-3 fatty acid
PPARy docosahexaenoic acid (DHZ) ! [66]
PPARY PPARY agonist rosiglitazone l [67]
PPARY Insertion of a constituFively active PPARy (PyCA) 1 [68]
mutant in cancer cells
PPARY PPARY agonist rosiglitazone T [69]

T Indicates an increase, | represents a reduction.

4. PPARs and Cardiovascular Disease

Endothelial dysfunction is a typical feature of type 2 diabetes. Endothelial progenitor cells
(EPC) contribute to angiogenesis and endothelial function. Pistroch et al. showed that the migratory
function of EPCs is reduced in diabetic patients compared to controls and rosiglitazone treatment
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normalized the migratory function and increased the number of EPCs [71]. In diabetic mice, blood
flow recovery was impaired after hindlimb ischemia compared to non-diabetic controls. Treatment
with PPARYy agonists partially restored blood flow recovery and increased the capillary density in
ischemic hindlimbs of control and diabetic mice [72] and in muscles of diabetic rats [73]. These positive
effects of PPARy agonist treatment were NO-dependent and related to eNOS upregulation [74]. Also
peroxisome-proliferator-activated receptor-gamma coactivator-lalpha (PGC-1«) contributes to recovery
from hindlimb ischemia via direct induction of VEGF expression independent on hypoxia-inducible
factor 1 (Hif-1) [75].

Coronary arteriosclerosis with lumen obstruction is frequently treated with angioplasty. After
angioplasty, inflammation, adventitial angiogenesis, constrictive remodeling and intimal hyperplasia
result in re-stenosis. Kasai et al. demonstrated that treatment with the PPARx agonist fenofibrate
reduced inflammation, angiogenesis, and re-stenosis in a porcine angioplasty model [76]. However,
the PPAR«x agonist fenofibrate induced angiogenesis in the rat hindlimb ischemia model and in the
myocardium of diabetic rats [77,78]. Whether these differences are related to the investigated species
or the doses and time frame remains an open question. Importantly, fenofibrate reduced the risk for
first and minor amputations in diabetic patients in the Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study [79], which was probably through non-lipid mechanisms and might involve
induction of angiogenesis. Deng et al. showed that fenofibrate normalizes the function of endothelial
progenitor cells in diabetic mice, which led to increased angiogenesis and accelerated wound closure.
This was attributed to an increase in NO production and inhibition of the Nod-like receptor protein 3
inflammasome pathway [80].

In rats with focal cerebral ischemia, treatment with the PPARy agonist rosiglitazone increased
angiogenesis, improved functional recovery, reduced apoptosis, and diminished the lesion size [81].
In human aortic segments with early atheromatous lesions, however, endogenous lipid mediators of
PPARYy were enriched in the intimal layer, which was associated with enhanced VEGF production of
smooth muscle cells in the media layer and subsequent increased angiogenesis. PPARy antagonists
blocked these effects while rosiglitazone mimicked the pro-angiogenic effects [82]. These findings seem
to be in contrast to the in vitro angiogenesis data for PPARy, but are highly relevant as they take into
account the interplay between the different human cell types in situ. As angiogenesis favors intraplaque
hemorrhage and plaque rupture, a potential use of PPARy agonists in the setting of atherosclerosis
should be considered with care. Small clinical trials showed some benefits of pioglitazone on plaque
inflammation [83], and reduction of systolic and diastolic blood pressure, a decrease in the duration
and frequency of angina attacks, regression of atherosclerosis of the carotid vessels, and decrease
in the thickness of the intima-media complex [84]. A decrease in intima-media complex thickness
in response to pioglitazone treatment had been described already earlier [85]. Pioglitazone did not
affect endothelin-1 activity as the main endpoint in another clinical trial [86], but reduced aortic
stiffness, rheumatoid arthritis disease activity and CRP levels in patients with rheumatoid arthritis [87].
Pioglitazone as well as fenofibrate treatment of obese, glucose tolerant men reduced inflammation,
improved markers of endothelial function and reduced arterial stiffness [88]. In larger clinical studies,
the dual PPAR«/y agonist aleglitazar (AleCardio and ALEPREVENT randomized clinical trials) showed
no significant improvement of cardiovascular disease, but multiple significant side effects [89-92].
In the PROactive study, pioglitazone reduced cardiovascular complications [93], while independent
studies showed that rosiglitazone increased the rate of cardiovascular death [94,95]. These effects are
most likely no related to angiogenesis, but due to their differing effects on lipid levels [4,5,96].

Pharmacological PPARB/5 activation in mice resulted in rapid remodeling of muscles with
an increase in oxidative fibers, myonuclear accretion, and angiogenesis [97,98]. Furthermore,
exercise-induced angiogenesis in skeletal muscle requires the presence of PGC-1«x as co-activator. Mice
lacking PGC-1o were not able to respond to exercise with an increase in muscle angiogenesis [99].
Five years later, Han and colleagues claimed that the role of PPAR[3/6 activation in vascular biology
and skeletal muscle is widely unknown and reported increased angiogenesis and muscle regeneration
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in a hindlimb ischemia model in mice in response to GW501516 treatment, which was attributed
to direct MMP9 activation followed by degradation of insulin-like growth factor-binding protein 3
and resulting IGF-1 receptor activation in surrounding target cells [100]. Also treatment with the
PPARp/b agonist GW0742 or the pan PPAR agonist bezafibrate or a Chinese traditional medicine
compound which activates PPAR(/5 increased capillary density in the hindlimb ischemia model
in control and diabetic rats and mice [101-103]. In the heart, pharmacological PPAR(3/5 activation
induced rapid onset angiogenesis and cardiac hypertrophy without functional impairment, which we
could attribute to direct transcriptional activation of calcineurin [104]. These modifications resembled
exercise-induced phenotypes and thus, were in line with potential therapeutic benefits. However,
it remained unclear whether pharmacological PPAR[/5 activation in the heart acts on cardiomyocytes,
which secondary leads to increased vascularization or the opposite. Thus, we generated a model with
inducible endothelial-specific overexpression of PPAR3/6. These mice showed increased angiogenesis
and cardiac hypertrophy suggesting that cardiomyocyte growth is secondary to the angiogenic process
in this model. Surprisingly, functional recovery after experimental myocardial infarction was not
improved, but cardiac fibrosis increased [56,105]. A similar observation of increased angiogenesis and
fibrosis without functional benefit after infarction in rats treated with a pharmacological PPAR[3/6
agonist was published by Park et al. [106]. Hypertrophy was not investigated in this study in detail.

5. PPARs and Ocular Angiogenesis

Xin et al. did not only investigate in vitro angiogenesis, but also used a rat corneal angiogenesis
assay. They mechanically wounded the cornea and locally applied VEGF, which increased angiogenesis.
This response was blunted by co-administration of a PPARy agonist [9]. This finding was confirmed
in choroidal neovascularization models in rats and monkeys [107]. Curiously, a similar result was
published later using the PPARY agonist pioglitazone. VEGF increased ocular angiogenesis. Addition
of pioglitazone did not have a significant effect; nevertheless the authors concluded that pioglitazone
reduced ocular angiogenesis [108]. Dietary supplementation with w-3 long-chain polyunsaturated fatty
acids reduced lesion sizes in a model of age-related macular degeneration in mice, which was attributed
to upregulation and activation of PPARy and reduced angiogenesis. 17,18-epoxyeicosatetraenoic acid
and 19,20-epoxydocosapentaenoic acid were identified as key lipid mediators of disease resolution [109].
These data are in agreement with the studies mentioned above suggesting an antiangiogenic role
of PPARY in ocular disease. Unfortunately, besides these exciting findings in mice, w-3 long-chain
polyunsaturated fatty acid supplementation did not become a cure for age-related macular degeneration
in humans. In patients treated with the PPARYy agonist rosiglitazone, the onset of proliferative diabetic
retinopathy was delayed and the vision loss reduced compared to the control group, which was
attributed to reduced angiogenesis [110]. In line with this, 4-hydroxy-docosahexaenoic acid, a natural
5-lipoxygenase catalyzed product from w-3 polyunsaturated fatty acids effectively reduced pathological
retinal neovascularization in a mouse model of oxygen-induced retinopathy via PPARy [111,112].
Also 15-lipoxygenase-1 gene transfer decreased pathological retinal angiogenesis in a comparable
model via PPARy and down-regulation of Vegfr-2 [113]. In a mouse model of ischemic retinopathy,
animals receiving an intravitreal injection of peroxisome proliferator-activated receptor-y coactivator-1o
(PGC-1x) showed increased VEGEF levels in the retina and enhanced angiogenesis [114]. Whether
this intravitreal injection of a normally nuclear expressed PPAR co-activator is relevant for retinal
pathologies is questionable.

In the murine corneal model of angiogenesis, Pola et al. determined that prostacyclin analogues,
which act non-specifically on PPARs, induce angiogenesis via VEGF upregulation while cicaprost, a
prostacyclin analogue acting on IP receptors, but not on PPARs failed to induce angiogenesis [115].
Later, the same group confirmed that PPARx (WY14643) or PPARy (GW1929) activation induces corneal
angiogenesis in a VEGF-dependent manner [116]. WY14643 increased IL-13-induced inflammatory
cytokines in primary human corneal epithelial cells, keratocytes, and retinal endothelial cells and
upregulated VEGF expression in corneal epithelial cells and keratocytes suggesting a proinflammatory
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and proangiogenic role of PPAR« in ocular cells [117]. However fenofibrate suppressed retinal and
choroidal neovascularization via CYP2C inhibition as well as by acting as an agonist of PPAR« in vitro
as well as in mice in vivo [118]. Very high doses of the pan PPAR agonist bezafibrate inhibited
inflammatory responses and VEGF expression in retinal microvascular endothelial cells and human
retinal pigment epithelial cells [119]. In the Fenofibrate Intervention and Event Lowering in Diabetes
(FIELD) study, the requirement for laser treatment for all retinopathy was significantly lower in the
fenofibrate group than in the placebo group independent on plasma lipid levels [120] suggesting a
function on angiogenesis.

The PPAR3/6 agonist GW0742 increased retinal endothelial cell tubulogenesis, while the antagonist
GSKO0660 reduced tube formation in a dose-dependent manner. More importantly, GSK0660 was able
to inhibit ocular neoangiogenesis and inflammation in a rat model of hyperoxia/hypoxia [121,122]
while GW501516 inhibited re-epithelialization and induced angiogenesis in corneal wounds [123].
GSKO0660 blocked the effect of TNFox on the expression of cytokines involved in leukocyte recruitment
i.e., CCL8, CCL17, and CXCL10 and thus the authors concluded that it might block TNFx-induced
retinal leukostasis [121,124]. Choroidal neovascular lesions were smaller in aged PPAR{3/5 knockout
compared to wild-type mice and GSKO0660 resulted in a significant inhibition of neovascular lesion
size, and extracellular matrix deposition in aged mice [125].

6. PPARs and Rheumatoid Arthritis

Arthritis is an inflammatory joint disease, which is in the early phase characterized by
vascularization and inflammation. Already in the 1990s, it had been reported that PPARY activation
inhibits macrophages/monocytes and the inflammatory cytokine production, which are important
for arthritis [126,127]. Consequently, PPARy activation reduced experimental arthritis [128-132] and
cartilage-specific knockout of PPARY resulted in development of osteoarthritis in mice [133,134].
PPAR activators partially inhibited the expression of vascular cell adhesion molecule-1 (VCAM-1) and
monocyte binding to human aortic endothelial cells [135].

A pilot clinical study by Bongartz et al., using pioglitazone showed positive responses in 6 out of
10 patients. As major side effects, edema and weight gain were observed [136]. Given the nature of
the study, angiogenesis and inflammation in the joints could not be investigated in detail. In another
small clinical trial, pioglitazone only modestly reduced rheumatoid arthritis disease activity [137] and
vascular function [138]. Morin, a flavonoid from dietary plants was identified as PPARy agonist, which
attenuates synovial angiogenesis and arthritis via the PPARy-PTEN-PI3K/Akt pathway [139].

PPAR« activation with fenofibrate was first reported in a clinical case study for the treatment of
rheumatoid arthritis [140]. In a following experimental study, it was shown that fenofibrate treatment
inhibits NF-kappaB activation, cytokine production, and the development of rheumatoid arthritis [141].
Fenofibrate treatment resulted in improvement of osteoarthritis symptoms, reduction in triglyceride
levels, decreased circulating IL-10 levels, while circulating endothelial progenitor cell counts were
unaffected in another small pilot study [142].

Most of the studies mentioned above focused on the role of PPARs in modulation of inflammation,
cartilage, and fibroblast function. Only studies which to some extend paid attention to the angiogenic
process or endothelial progenitor cells were described here.

7. PPARs and Uterine and Placental Angiogenesis

PPARYy is highly expressed in cytotrophoblasts and syncytiotrophoblasts in human placentas and
in the trophoblast zone of rodents [143—145]. In addition, PPARx and PPAR{3/5 were detected in the
syncytiotrophoblast layer of human and rodent placentas [146-148].

Knockout of PPARY in mice results in lethality between day 9.5 and 11.5 of embryonic development
due to placental defects [149,150]. To explore whether this placental defect was the only cause of
embryonic lethality in PPARy knockout embryos, Nadra et al., established an epiblastic-specific
deletion strategy of PPARy to demonstrate that the expression of PPARY in the placenta is sufficient
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to rescue the embryonic lethality of PPARy knockout embryos [151,152]. Rosiglitazone treatment in
wild-type mice during later stages of embryonic development resulted in a disorganization of the
placental layers and an altered placental microvasculature, accompanied by decreased expression
of proangiogenic genes such as Prl2c2, vascular endothelial growth factor, and Pecam1 [151], which
points to the limitations of the use for PPARy agonists for the treatment of metabolic syndrome during
pregnancy. In line with this, treatment of pregnant rats with the PPARy antagonist T0070907 induced
key features of preeclampsia, including elevated mean arterial blood pressure, proteinuria, endothelial
dysfunction, reduced pup weight, and increased platelet aggregation. VEGF levels were reduced
and plasma soluble fms-like tyrosine kinase 1 increased in response to the treatment. Placentas of
T0070907-treated rats were less differentiated, had increased cellular proliferation, and were strongly
positive for CD-31 staining indicating increased angiogenesis [153]. In contrast in pigs, adhesive,
proliferative and migratory capabilities of endothelial cells were potentiated by rosiglitazone and
suppressed by T0070907 [154].

In a mouse model of endometriosis, Nenicu et al. described that telmisartan, a partial agonist
of PPARYy, which additionally blocks angiotensin II type 1 receptors, reduced functional microvessel
density and blood perfusion, inhibited immune cell infiltration and cell proliferation which resulted
in smaller lesion sizes [155]. How this ectopic tissue transplantation in mice translates to the human
situation remained an open question.

Also knockout of PPAR{3/6 has been shown to result in placental defects and midgestation lethality
in the majority of embryos [156]. PPAR[3/6 plays a central role at various stages of pregnancy; while
maternal PPARf3/S is critical to implantation and decidualization, embryonic PPARR/S is vital for
placentation [157]. Treatment of pregnant rats with the PPAR/6 agonist GW501516 induced placental
malformations [158]. Angiogenesis or vessel density were unfortunately not determined in detail in
this model.

8. PPAR Modulators in Clinical Studies

Given the interest in therapeutic PPAR modulation it is astonishing to note that only few
clinical trials, most of them concerning cancer, are listed in the major clinical trials database
(https://clinicaltrials.gov) (Table 2). Only in one trial concerning cardiovascular disease and rheumatoid
arthritis, effects of PPAR regulation on angiogenesis were investigated [87]. This is unfortunate in the
case of cancer trials, given the tumor-promoting effects of angiogenesis which might even dominate
anti-proliferative actions of PPAR modulators on tumor cells [29]. Use of PPAR modulators in the
therapy of cardiovascular diseases is likely to influence angiogenesis which in turn affects the outcome
of such therapies [159]. As PPAR modulation regulates ocular and uterine angiogenesis, it is of
great importance to investigate the effects on angiogenesis in therapeutic interventions using PPAR
regulators against diabetic retinopathy or endometriosis, as both pathologies depend on an excessive
vascularization [160,161], which is also the case in rtheumatoid arthritis [162]. Therefore, taking into
account the effects on angiogenesis in clinical studies implying PPAR regulators might help for a better
understanding of the clinical outcomes of such trials.

Table 2. PPAR modulators in Clinical Studies Related to This Review !.

Identifier Condition Intervention Outcome
NCT00627653
Effect of a PPAR-Alpha Agonist on the Cardiovascular fenofibrate NC2
Age-Related Changes in Myocardial Diseases (PPAR«x agonist)
Metabolism and Mechanical Function
NCT00408434 CS-7017
Study of an Experimental New Drug, PPAR Neoplasm (efatutazone, PPAR [163], angiogenesis or effects on
Agonist Taken by Mouth by Patients With P agonislt) v vascular cells not investigated

Advanced or Metastatic Cancer
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Identifier Condition Intervention Outcome
NCT00212004
Pioglitazone Protects Diabetes Mellitus Diabetes Mellitus pioglitazone NC2
(DM) Patients Against Re-Infarction (PPAR ~ Myocardial Infarction (PPARY agonist)
Study)
NCT00554853 Cardiovascular pioglitazone
PPAR-gamma Agonists, Rheumatoid Disease (PPARY agonist) [87], vasculoprotective effects
Arthritis and Cardiovascular Disease Rheumatoid Arthritis Sublingual v P v
(RAPPAR) nitroglycerine
8Ly
NCT00318617 - .
Effect Of GW501516X On How The Heart Igiﬁfﬁ‘fs (PPi‘l;Vg /1502 léﬁ. y NC?
Obtains And Uses Energy ¢ Hure goms
NCT02152137
A Phase 2 Study of Efatutazone, an Oral CS-7017 [164], Angiogenesis not
PPAR Agonist, In Combination With Thyroid Cancer (efatutazone, PPARy ,in 5 gge " e; sno
Paclitaxel in Patients With Advanced agonist) vestigate
Anaplastic Thyroid Cancer
NCT00099021
Pioglitazone Hydrochloride in Preventing Head and Neck pioglitazone 71% PR 3; 10% SD 4; 19% PD 3;
Head and Neck Cancer in Patients With Cancer (PPARY agonist) Angiogenesis not investigated
Oral Leukoplakia
. NCTOOOQ3058 . . troglitazone [165], Angiogenesis not
Troglitazone in Treating Patients With Sarcoma - . .
Liposarcoma (PPARY agonist) investigated
NCT00004180 rosiglitazone
Rosiglitazone in Treating Patients With Sarcoma . NC?2
8 Liposarcon%a (PPARYy agonist)
NCT00616642 Brain and Central L . .
Rosiglitazone in Treating Patients With Nervous System rRos1ghtazor}e Terminated du.e to low patient
Pituitary Tumors Tumors (PPARYy agonist) recruitment
NCT02249949
Efatutazone Dihydrochloride in Treating
Patients With Previously Treated Myxoid Liposarcoma (P;flt{mzz%ﬁ(;s 9 0 out of i)lm(‘:ﬁczﬁlg’l:;teoliiseponse or
Liposarcoma That Cannot Be Removed by Y ag P
Surgery
NCT00552747
Effect of Fenofibrate on Endothelial Coronary heart fenofibrate
Function and High-density Lipoproteins disease, (PPAR« agonist) NC?
(HDL) in Patients With Coronary Heart hyperlipidemia &
Disease
NCT00322140 .
CDDO to Treat Solid Tumors and Solid tumors ¢bbo . NC?2
Lymphomas Lymphoma (PPARYy agonist)
NCT01927315 fenofibrate
Effects of Fenofibrate on Endothelial Diabetic Retinopathy (PPAR« agonist) NC?2
Progenitor Cells in Diabetes 8
NCT03829436
TPST-1120 as Monotherapy and in TPST-1120
Combination With (Nivolumab, Docetaxel Advanced Cancers (PPAR« antagonist) NC?2
or Cetuximab) in Subjects With Advanced 5
Cancers
NCTO0115661 rosiglitazone
Use of Rosiglitazone in the Treatment of Endometriosis (PP AI§ agonist) NC?
Endometriosis Y ag
NCT03345901 Diabetic Retinopathy mafibrat
PROMINENT-Eye Ancillary Study Diabetic Macular (PEER“ ) Onfst) NC?2
(Protocol AD) Edema &
NCT01199068 CS-7017
CS-7017 in Combination With Erlotinibin ~ Non-Small-Cell Lung (efatutazone, PPAR NC 2
Subjects With Stage IIIb/IV Non-small Cell Carcinoma et :ggnizt) Y

Lung Cancer (NSCLC)
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Identifier Condition Intervention Outcome
NCT01199055
CS-7017 in Combination With Non-Small-Cell Lun. CS-7017
Carboplatin/Paclitaxel in Subjects With Carcinoma & (efatutazone, PPARy NC?
Stage IIIb/IV Non-small Cell Lung Cancer agonist)
(NSCLC)
NCT02852083 Sq“am‘é‘;icceer” Lung pioglitazone
A Trial With Metronomic Low-dose (PPARY agonist)
. Non-Squamous Cell 2
Treosulfan, Pioglitazone and Lune Cancer + NC
Clarithromycin Versus Standard Treatment Non—Smgll Cell Lun. nivolumab, treosulfan,
in NSCLC (ModuLung) & clarithromycin
Cancer
ol G s
Phase I Study of CS-7017 and Bexarotene ymp Y ag
Multiple Myeloma Bexarotene
Lo NCT00923949 . Non-Small-Cell Lung pioglitazone Terminated due to low accrual
Pioglitazone to Treat Adults Undergoing Carcinoma (PPARY agonist) Angiogenesis not investigated
Surgery for Non-small Cell Lung Cancer Y ag 808 &
Terminated due to slow accrual
NCT00951379 . pioglitazone 46% response in drug group;
Pioglitazone for Oral Premalignant Lesions Oral Leukoplakia (PPARY agonist) 32% response in placebo group

Angiogenesis not investigated

! Clinical Studies were identified from the Clinical Trials Database of the National Institute of Health (https:
J/clinicaltrials.gov); 2 NC: Not communicated. 3 PR: Partial response.  SD: Stable disease. > PD: Progressive disease.

9. Conclusions

Several in vitro and animal in vivo studies suggest that mainly PPARy, but also PPAR«x has
antiangiogenic effects. Agonists for both nuclear receptors are in clinical use. PPAR[3/6 in contrast
has pro-angiogenic functions. Therefore, a potential pharmacological application might be critical in
the settings of cancer. In general, small clinical studies showed some positive outcomes for the above
described pathophysiological conditions. Nevertheless, for a clinical benefit, not only endothelial
function and angiogenesis have to be considered, but also the interplay between the different cellular
systems i.e., vascular, immune and stromal cells.

In general, the concept of the role of angiogenesis for therapeutic interventions should be critical
revised as for example we and others showed that PPARB/6 stimulation induces angiogenesis in the
heart, but unexpectedly this had no positive functional effects after myocardial infarction. Similar effects
might play a role under several pathophysiological situations, which makes it necessary to investigate
not only the angiogenic process, but also functional consequences. The influence of PPAR modulation
on angiogenesis remains an extremely interesting topic and should be taken into account seriously
when considering PPAR regulators for therapeutic use in pathological conditions strongly depending
on angiogenesis. Currently, the role of modulated angiogenesis through therapeutic intervention via
PPAR modulation presented in this review is a hypothesis based on mainly experimental studies.
Further large-scale clinical trials would be needed to justify this application.
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Abbreviations

Akt Protein kinase B

Angptl4 angiopoietin-like 4

CD36 cluster of differentiation 36

c-Kit tyrosinkinase KIT

Cox-2 Cyclooxygenase-2

CREB c-AMP Response Element-binding protein
CRP C-reactive protein

CXCL chemokine (C-X-C motif) ligand

EPC Endothelial progenitor cells

eNOS Endothelial NO synthetase

Fgf fibroblast growth factor

GM-CSF granulocyte-macrophage colony-stimulating factor
11-HETE 11-hydroxyeicosatetraenoic acid

Hif Hypoxia-inducible factor

HUVEC Human umbilical vein endothelial cell

IL Interleukin

K-Ras Kirsten rat sarcoma viral oncogene homolog
MAPK Mitogen-activated protein kinase

miR micro RNA

MSC mammary stem cell

NC not communicated

NEF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide

NOX NADPH oxidase

PD Progressive disease

PDGF platelet-derived growth factor

PDGFR platelet-derived growth factor receptor
PGC-1a peroxisome-proliferator-activated receptor-gamma coactivator-lalpha
PGE(2) prostaglandin E2

PGI2 Prostacyclin

PKC Protein kinase C

PPAR Peroxisome proliferator-activated receptor
PPRE PPAR responsive elements

PR partial response

Ptn pleiotrophin

RNA Ribonucleic acid

SD Stable disease

SOCS3 suppressor of cytokine signaling 3

TSP-1 Thrombospondin-1

TF Tissue factor

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor
References

1.  Wagner, K.D.; Wagner, N. Peroxisome proliferator-activated receptor beta/delta (PPARbeta/delta) acts as
regulator of metabolism linked to multiple cellular functions. Pharmacol. Ther. 2010, 125, 423-435. [CrossRef]
[PubMed]

2. Bishop-Bailey, D.; Hla, T. Endothelial cell apoptosis induced by the peroxisome proliferator-activated receptor
(PPAR) ligand 15-deoxy-Deltal2, 14-prostaglandin J2. J. Biol. Chem. 1999, 274, 17042-17048. [CrossRef]
[PubMed]

3.  Bishop-Bailey, D. PPARs and angiogenesis. Biochem. Soc. Trans. 2011, 39, 1601-1605. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.pharmthera.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20026355
http://dx.doi.org/10.1074/jbc.274.24.17042
http://www.ncbi.nlm.nih.gov/pubmed/10358055
http://dx.doi.org/10.1042/BST20110643
http://www.ncbi.nlm.nih.gov/pubmed/22103494

Int. ]. Mol. Sci. 2020, 21, 5723 14 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lagana, A.S.; Vitale, S.G.; Nigro, A.; Sofo, V.; Salmeri, EM.; Rossetti, P.; Rapisarda, A.M.; La Vignera, S.;
Condorelli, R.A.; Rizzo, G.; et al. Pleiotropic Actions of Peroxisome Proliferator-Activated Receptors
(PPARs) in Dysregulated Metabolic Homeostasis, Inflammation and Cancer: Current Evidence and Future
Perspectives. Int. ]. Mol. Sci. 2016, 17, 999. [CrossRef]

Vitale,S.G.; Lagana, A.S.; Nigro, A.; LaRosa, V.L.; Rossetti, P.; Rapisarda, A.M.; La Vignera, S.; Condorelli, R A.;
Corrado, F.; Buscema, M.; et al. Peroxisome Proliferator-Activated Receptor Modulation during Metabolic
Diseases and Cancers: Master and Minions. PPAR Res. 2016, 2016, 6517313. [CrossRef]

Berger, ].P.; Akiyama, T.E.; Meinke, P.T. PPARs: Therapeutic targets for metabolic disease. Trends Pharmacol.
Sci. 2005, 26, 244-251. [CrossRef]

Michalik, L.; Wahli, W. PPARs Mediate Lipid Signaling in Inflammation and Cancer. PPAR Res. 2008, 2008,
134059. [CrossRef]

Fougerat, A.; Montagner, A.; Loiseau, N.; Guillou, H.; Wahli, W. Peroxisome Proliferator-Activated Receptors
and Their Novel Ligands as Candidates for the Treatment of Non-Alcoholic Fatty Liver Disease. Cells 2020, 9,
1638. [CrossRef]

Xin, X.; Yang, S.; Kowalski, ].; Gerritsen, M.E. Peroxisome proliferator-activated receptor gamma ligands are
potent inhibitors of angiogenesis in vitro and in vivo. J. Biol. Chem. 1999, 274, 9116-9121. [CrossRef]
Goetze, S.; Bungenstock, A.; Czupalla, C.; Eilers, E; Stawowy, P.; Kintscher, U.; Spencer-Héansch, C.; Graf, K,;
Niirnberg, B.; Law, R.E.; et al. Leptin induces endothelial cell migration through Akt, which is inhibited by
PPARgamma-ligands. Hypertension 2002, 40, 748-754. [CrossRef]

Vattulainen-Collanus, S.; Akinrinade, O.; Li, M.; Koskenvuo, M.; Li, C.G.; Rao, S.P,; de Jesus Perez, V.; Yuan, K.;
Sawada, H.; Koskenvuo, J.W,; et al. Loss of PPARy in endothelial cells leads to impaired angiogenesis. . Cell
Sci. 2016, 129, 693-705. [CrossRef] [PubMed]

He, Q.; Pang, R.; Song, X.; Chen, J.; Chen, H.; Chen, B.; Hu, P.; Chen, M. Rosiglitazone Suppresses the Growth
and Invasiveness of SGC-7901 Gastric Cancer Cells and Angiogenesis In Vitro via PPARgamma Dependent
and Independent Mechanisms. PPAR Res. 2008, 2008, 649808. [CrossRef] [PubMed]

Aljada, A.; O’Connor, L.; Fu, Y.Y.; Mousa, S.A. PPAR gamma ligands, rosiglitazone and pioglitazone, inhibit
bFGE- and VEGF-mediated angiogenesis. Angiogenesis 2008, 11, 361-367. [CrossRef]

Park, B.C.; Thapa, D.; Lee, ].S.; Park, S.Y,; Kim, J.A. Troglitazone inhibits vascular endothelial growth
factor-induced angiogenic signaling via suppression of reactive oxygen species production and extracellular
signal-regulated kinase phosphorylation in endothelial cells. J. Pharmacol. Sci. 2009, 111, 1-12. [CrossRef]
[PubMed]

Kim, K.Y.; Cheon, H.G. Antiangiogenic effect of rosiglitazone is mediated via peroxisome proliferator-activated
receptor gamma-activated maxi-K channel opening in human umbilical vein endothelial cells. J. Biol. Chem.
2006, 281, 13503-13512. [CrossRef]

Scoditti, E.; Massaro, M.; Carluccio, M.A.; Distante, A.; Storelli, C.; De Caterina, R. PPARgamma agonists
inhibit angiogenesis by suppressing PKCalpha- and CREB-mediated COX-2 expression in the human
endothelium. Cardiovasc. Res. 2010, 86, 302-310. [CrossRef]

Kiec-Wilk, B.; Grzybowska-Galuszka, J.; Polus, A.,; Pryjma, ], Knapp, A. Kristiansen, K.
The MAPK-dependent regulation of the Jagged/Notch gene expression by VEGE, bFGF or PPAR gamma
mediated angiogenesis in HUVEC. |. Physiol. Pharmacol. 2010, 61, 217-225.

Kim, K.Y;; Ahn, J.H.; Cheon, H.G. Anti-angiogenic action of PPARy ligand in human umbilical vein
endothelial cells is mediated by PTEN upregulation and VEGFR-2 downregulation. Mol. Cell. Biochem. 2011,
358, 375-385. [CrossRef]

Fujii, M.; Inoki, I.; Saga, M.; Morikawa, N.; Arakawa, K.; Inaba, S.; Yoshioka, K.; Konoshita, T.; Miyamori, I.
Aldosterone inhibits endothelial morphogenesis and angiogenesis through the downregulation of vascular
endothelial growth factor receptor-2 expression subsequent to peroxisome proliferator-activated receptor
gamma. J. Steroid Biochem. Mol. Biol. 2012, 129, 145-152. [CrossRef]

Peeters, L.L.; Vigne, J.L.; Tee, M.K.; Zhao, D.; Waite, L.L.; Taylor, RN. PPAR gamma represses VEGF
expression in human endometrial cells: Implications for uterine angiogenesis. Angiogenesis 2005, 8, 373-379.
[CrossRef]

Sassa, Y.; Hata, Y.; Aiello, L.P; Taniguchi, Y.; Kohno, K.; Ishibashi, T. Bifunctional properties of peroxisome
proliferator-activated receptor gammal in KDR gene regulation mediated via interaction with both Sp1 and
Sp3. Diabetes 2004, 53, 1222-1229. [CrossRef]


http://dx.doi.org/10.3390/ijms17070999
http://dx.doi.org/10.1155/2016/6517313
http://dx.doi.org/10.1016/j.tips.2005.03.003
http://dx.doi.org/10.1155/2008/134059
http://dx.doi.org/10.3390/cells9071638
http://dx.doi.org/10.1074/jbc.274.13.9116
http://dx.doi.org/10.1161/01.HYP.0000035522.63647.D3
http://dx.doi.org/10.1242/jcs.169011
http://www.ncbi.nlm.nih.gov/pubmed/26743080
http://dx.doi.org/10.1155/2008/649808
http://www.ncbi.nlm.nih.gov/pubmed/18810275
http://dx.doi.org/10.1007/s10456-008-9118-0
http://dx.doi.org/10.1254/jphs.08305FP
http://www.ncbi.nlm.nih.gov/pubmed/19763043
http://dx.doi.org/10.1074/jbc.M510357200
http://dx.doi.org/10.1093/cvr/cvp400
http://dx.doi.org/10.1007/s11010-011-0989-9
http://dx.doi.org/10.1016/j.jsbmb.2011.12.014
http://dx.doi.org/10.1007/s10456-005-9027-4
http://dx.doi.org/10.2337/diabetes.53.5.1222

Int. ]. Mol. Sci. 2020, 21, 5723 15 of 22

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jozkowicz, A.; Dulak, J.; Piatkowska, E.; Placha, W.; Dembinska-Kiec, A. Ligands of peroxisome
proliferator-activated receptor-gamma increase the generation of vascular endothelial growth factor in
vascular smooth muscle cells and in macrophages. Acta Biochim. Pol. 2000, 47, 1147-1157. [CrossRef]
Yamakawa, K.; Hosoi, M.; Koyama, H.; Tanaka, S.; Fukumoto, S.; Morii, H.; Nishizawa, Y. Peroxisome
proliferator-activated receptor-gamma agonists increase vascular endothelial growth factor expression in
human vascular smooth muscle cells. Biochem. Biophys. Res. Commun. 2000, 271, 571-574. [CrossRef] [PubMed]
Chintalgattu, V.; Harris, G.S.; Akula, S.M.; Katwa, L.C. PPAR-gamma agonists induce the expression of VEGF
and its receptors in cultured cardiac myofibroblasts. Cardiovasc. Res. 2007, 74, 140-150. [CrossRef] [PubMed]
Fauconnet, S.; Lascombe, I.; Chabannes, E.; Adessi, G.L.; Desvergne, B.; Wahli, W.; Bittard, H. Differential
regulation of vascular endothelial growth factor expression by peroxisome proliferator-activated receptors in
bladder cancer cells. J. Biol. Chem. 2002, 277, 23534-23543. [CrossRef] [PubMed]

Stephen, R.L.; Gustafsson, M.C.; Jarvis, M.; Tatoud, R.; Marshall, B.R.; Knight, D.; Ehrenborg, E.; Harris, A.L.;
Wolf, C.R.; Palmer, C.N. Activation of peroxisome proliferator-activated receptor delta stimulates the
proliferation of human breast and prostate cancer cell lines. Cancer Res. 2004, 64, 3162-3170. [CrossRef]
Piqueras, L.; Reynolds, A.R.; Hodivala-Dilke, KM.; Alfranca, A.; Redondo, ].M.; Hatae, T.; Tanabe, T.;
Warner, T.D.; Bishop-Bailey, D. Activation of PPARbeta/delta induces endothelial cell proliferation and
angiogenesis. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 63-69. [CrossRef] [PubMed]

Faulkner, A.; Lynam, E.; Purcell, R; Jones, C.; Lopez, C.; Board, M.; Wagner, K.D.; Wagner, N.; Carr, C.;
Wheeler-Jones, C. Context-dependent regulation of endothelial cell metabolism: Differential effects of the
PPARp/6 agonist GW0742 and VEGF-A. Sci. Rep. 2020, 10, 7849. [CrossRef] [PubMed]

Wagner, K.D.; Du, S.; Martin, L.; Leccia, N.; Michiels, ].F.; Wagner, N. Vascular PPARB/6 Promotes Tumor
Angiogenesis and Progression. Cells 2019, 8, 1623. [CrossRef]

He, T.;Lu, T.; d'Uscio, L.V.; Lam, C.F; Lee, H.C ; Katusic, Z.S. Angiogenic function of prostacyclin biosynthesis
in human endothelial progenitor cells. Circ. Res. 2008, 103, 80-88. [CrossRef]

Ali, E; Ali, N.S.; Bauer, A.; Boyle, ].].; Hamdulay, S.S.; Haskard, D.O.; Randi, A.M.; Mason, ].C. PPARdelta and
PGClalpha act cooperatively to induce haem oxygenase-1 and enhance vascular endothelial cell resistance
to stress. Cardiovasc. Res. 2010, 85, 701-710. [CrossRef] [PubMed]

Meissner, M.; Hrgovic, I; Doll, M.; Kaufmann, R. PPAR} agonists suppress angiogenesis in a
VEGFR2-dependent manner. Arch. Dermatol. Res. 2011, 303, 41-47. [CrossRef] [PubMed]

Park, J.H.; Lee, K.S.; Lim, H].; Kim, H.; Kwak, H.J.; Park, H.Y. The PPARS ligand L-165041 inhibits
VEGF-induced angiogenesis, but the antiangiogenic effect is not related to PPARS. J. Cell. Biochem. 2012, 113,
1947-1954. [CrossRef] [PubMed]

Jaradat, M.S.; Wongsud, B.; Phornchirasilp, S.; Rangwala, S.M.; Shams, G.; Sutton, M.; Romstedt, K.J.;
Noonan, D.J.; Feller, D.R. Activation of peroxisome proliferator-activated receptor isoforms and inhibition
of prostaglandin H(2) synthases by ibuprofen, naproxen, and indomethacin. Biochem. Pharmacol. 2001, 62,
1587-1595. [CrossRef]

Good, D.J.; Polverini, PJ.; Rastinejad, F.; Le Beau, M.M.; Lemons, R.S.; Frazier, W.A.; Bouck, N.P. A tumor
suppressor-dependent inhibitor of angiogenesis is immunologically and functionally indistinguishable from
a fragment of thrombospondin. Proc. Natl. Acad. Sci. USA 1990, 87, 6624—6628. [CrossRef]

Chen, M.; Pych, E.; Corpron, C.; Harmon, C.M. Regulation of CD36 expression in human melanoma cells.
Adv. Exp. Med. Biol. 2002, 507, 337-342. [CrossRef]

Huang, TH.; Tran, V.H.; Roufogalis, B.D.; Li, Y. Gypenoside XLIX, a naturally occurring gynosaponin,
PPAR-alpha dependently inhibits LPS-induced tissue factor expression and activity in human THP-1
monocytic cells. Toxicol. Appl. Pharmacol. 2007, 218, 30-36. [CrossRef]

Forster, Y.; Meye, A.; Albrecht, S.; Schwenzer, B. Tissue factor and tumor: Clinical and laboratory aspects.
Clin. Chim. Acta 2006, 364, 12-21. [CrossRef]

Dana, N.; Javanmard, S.H.; Rafiee, L. Role of peroxisome proliferator-activated receptor alpha and gamma in
antiangiogenic effect of pomegranate peel extract. Iran. . Basic Med. Sci. 2016, 19, 106-110.

Varet, J.; Vincent, L.; Mirshahi, P; Pille, ].V.; Legrand, E.; Opolon, P.; Mishal, Z.; Soria, J.; Li, H.; Soria, C.
Fenofibrate inhibits angiogenesis in vitro and in vivo. Cell. Mol. Life Sci. 2003, 60, 810-819. [CrossRef]
Garrido-Urbani, S.; Jemelin, S.; Deffert, C.; Carnesecchi, S.; Basset, O.; Szyndralewiez, C.; Heitz, F; Page, P;
Montet, X.; Michalik, L.; et al. Targeting vascular NADPH oxidase 1 blocks tumor angiogenesis through a
PPARx mediated mechanism. PLoS ONE 2011, 6, €14665. [CrossRef]


http://dx.doi.org/10.18388/abp.2000_3967
http://dx.doi.org/10.1006/bbrc.2000.2665
http://www.ncbi.nlm.nih.gov/pubmed/10814503
http://dx.doi.org/10.1016/j.cardiores.2007.01.010
http://www.ncbi.nlm.nih.gov/pubmed/17320065
http://dx.doi.org/10.1074/jbc.M200172200
http://www.ncbi.nlm.nih.gov/pubmed/11980898
http://dx.doi.org/10.1158/0008-5472.CAN-03-2760
http://dx.doi.org/10.1161/01.ATV.0000250972.83623.61
http://www.ncbi.nlm.nih.gov/pubmed/17068288
http://dx.doi.org/10.1038/s41598-020-63900-0
http://www.ncbi.nlm.nih.gov/pubmed/32398728
http://dx.doi.org/10.3390/cells8121623
http://dx.doi.org/10.1161/CIRCRESAHA.108.176057
http://dx.doi.org/10.1093/cvr/cvp365
http://www.ncbi.nlm.nih.gov/pubmed/19903700
http://dx.doi.org/10.1007/s00403-010-1091-y
http://www.ncbi.nlm.nih.gov/pubmed/21046127
http://dx.doi.org/10.1002/jcb.24063
http://www.ncbi.nlm.nih.gov/pubmed/22234939
http://dx.doi.org/10.1016/S0006-2952(01)00822-X
http://dx.doi.org/10.1073/pnas.87.17.6624
http://dx.doi.org/10.1007/978-1-4615-0193-0_52
http://dx.doi.org/10.1016/j.taap.2006.10.013
http://dx.doi.org/10.1016/j.cca.2005.05.018
http://dx.doi.org/10.1007/s00018-003-2322-6
http://dx.doi.org/10.1371/annotation/a392bbef-b0ec-4c70-b403-74a7bad85178

Int. ]. Mol. Sci. 2020, 21, 5723 16 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kitajima, K.; Miura, S.; Mastuo, Y.; Uehara, Y.; Saku, K. Newly developed PPAR-alpha agonist (R)-K-13675
inhibits the secretion of inflammatory markers without affecting cell proliferation or tube formation.
Atherosclerosis 2009, 203, 75-81. [CrossRef] [PubMed]

Nijsten, T.; Geluyckens, E.; Colpaert, C.; Lambert, J. Peroxisome proliferator-activated receptors in squamous
cell carcinoma and its precursors. . Cutan. Pathol. 2005, 32, 340-347. [CrossRef]

Kaipainen, A.; Kieran, M.W.; Huang, S.; Butterfield, C.; Bielenberg, D.; Mostoslavsky, G.; Mulligan, R.;
Folkman, J.; Panigrahy, D. PPARalpha deficiency in inflammatory cells suppresses tumor growth. PLoS ONE
2007, 2, €260. [CrossRef] [PubMed]

Panigrahy, D.; Kaipainen, A.; Huang, S.; Butterfield, C.E.; Barnés, C.M.; Fannon, M.; Laforme, A.M.;
Chaponis, D.M.; Folkman, ].; Kieran, M.W. PPARalpha agonist fenofibrate suppresses tumor growth through
direct and indirect angiogenesis inhibition. Proc. Natl. Acad. Sci. USA 2008, 105, 985-990. [CrossRef] [PubMed]
Yokoyama, Y.; Xin, B.; Shigeto, T.; Umemoto, M.; Kasai-Sakamoto, A.; Futagami, M.; Tsuchida, S.; Al-Mulla, E;
Mizunuma, H. Clofibric acid, a peroxisome proliferator-activated receptor alpha ligand, inhibits growth of
human ovarian cancer. Mol. Cancer Ther. 2007, 6, 1379-1386. [CrossRef]

Pozzi, A.; Popescu, V,; Yang, S.; Mei, S.; Shi, M.; Puolitaival, SM.; Caprioli, RM.; Capdevila, J.H.
The anti-tumorigenic properties of peroxisomal proliferator-activated receptor alpha are arachidonic acid
epoxygenase-mediated. J. Biol. Chem. 2010, 285, 12840-12850. [CrossRef]

Skrypnyk, N.; Chen, X.; Hu, W.; Su, Y;; Mont, S.; Yang, S.; Gangadhariah, M.; Wei, S.; Falck, J.R; Jat, J.L.;
et al. PPAR« activation can help prevent and treat non-small cell lung cancer. Cancer Res. 2014, 74, 621-631.
[CrossRef]

Wu, L.; Wang, W.; Dai, M,; Li, H.; Chen, C.; Wang, D. PPAR« ligand, AVE8134, and cyclooxygenase inhibitor
therapy synergistically suppress lung cancer growth and metastasis. BMIC Cancer 2019, 19, 1166. [CrossRef]
Seifabadi, S.; Vaseghi, G.; Ghannadian, M.; Haghjooy Javanmard, S. Standardized. Iran. |. Pharm. Res. 2019,
18, 348-357.

Huang, J.; Das, S.K;; Jha, P; Al Zoughbi, W.; Schauer, S.; Claudel, T.; Sexl, V.; Vesely, P; Birner-Gruenberger, R.;
Kratky, D.; et al. The PPAR« agonist fenofibrate suppresses B-cell lymphoma in mice by modulating lipid
metabolism. Biochim. Biophys. Acta 2013, 1831, 1555-1565. [CrossRef] [PubMed]

Abdollahi, A.; Schwager, C.; Kleeff, J.; Esposito, I.; Domhan, S.; Peschke, P.; Hauser, K.; Hahnfeldt, P.;
Hlatky, L.; Debus, J.; et al. Transcriptional network governing the angiogenic switch in human pancreatic
cancer. Proc. Natl. Acad. Sci. USA 2007, 104, 12890-12895. [CrossRef] [PubMed]

Miiller-Briisselbach, S.; Komhoff, M.; Rieck, M.; Meissner, W.; Kaddatz, K.; Adamkiewicz, J.; Keil, B.;
Klose, K.J.; Moll, R.; Burdick, A.D.; et al. Deregulation of tumor angiogenesis and blockade of tumor growth
in PPARbeta-deficient mice. EMBO J. 2007, 26, 3686-3698. [CrossRef]

Yoshinaga, M.; Kitamura, Y.; Chaen, T.; Yamashita, S.; Tsuruta, S.; Hisano, T.; Ikeda, Y.; Sakai, H.; Nakamura, K,;
Takayanagi, R.; et al. The simultaneous expression of peroxisome proliferator-activated receptor delta and
cyclooxygenase-2 may enhance angiogenesis and tumor venous invasion in tissues of colorectal cancers.
Dig. Dis. Sci. 2009, 54, 1108-1114. [CrossRef]

Zuo, X.; Xu, W.; Xu, M,; Tian, R.; Moussalli, M.].; Mao, F.; Zheng, X.; Wang, J.; Morris, ].S.; Gagea, M.; et al.
Metastasis regulation by PPARD expression in cancer cells. JCI Insight 2017, 2, €91419. [CrossRef]

Wagner, K.D.; Vukolic, A.; Baudouy, D.; Michiels, ].F.; Wagner, N. Inducible Conditional Vascular-Specific
Overexpression of Peroxisome Proliferator-Activated Receptor Beta/Delta Leads to Rapid Cardiac
Hypertrophy. PPAR Res. 2016, 2016, 7631085. [CrossRef]

Zhang, J.; Yang, W.; Zhao, D.; Han, Y;; Liu, B.; Zhao, H.; Wang, H.; Zhang, Q.; Xu, G. Correlation between TSP-1,
TGF-f3 and PPAR-y expression levels and glioma microvascular density. Oncol. Lett. 2014, 7, 95-100. [CrossRef]
Panigrahy, D.; Singer, S.; Shen, L.Q.; Butterfield, C.E.; Freedman, D.A.; Chen, E.J.; Moses, M.A.; Kilroy, S.;
Duensing, S.; Fletcher, C.; et al. PPARgamma ligands inhibit primary tumor growth and metastasis by
inhibiting angiogenesis. J. Clin. Investig. 2002, 110, 923-932. [CrossRef]

Huang, H.; Campbell, S.C.; Bedford, D.F.; Nelius, T.; Veliceasa, D.; Shroff, E.H.; Henkin, J.; Schneider, A.;
Bouck, N.; Volpert, O.V. Peroxisome proliferator-activated receptor gamma ligands improve the antitumor
efficacy of thrombospondin peptide ABT510. Mol. Cancer Res. 2004, 2, 541-550.

Keshamouni, V.G.; Arenberg, D.A.; Reddy, R.C.; Newstead, M.].; Anthwal, S.; Standiford, T.]. PPAR-gamma
activation inhibits angiogenesis by blocking ELR+CXC chemokine production in non-small cell lung cancer.
Neoplasia 2005, 7, 294-301. [CrossRef]


http://dx.doi.org/10.1016/j.atherosclerosis.2008.05.055
http://www.ncbi.nlm.nih.gov/pubmed/18606415
http://dx.doi.org/10.1111/j.0303-6987.2005.00345.x
http://dx.doi.org/10.1371/journal.pone.0000260
http://www.ncbi.nlm.nih.gov/pubmed/17327920
http://dx.doi.org/10.1073/pnas.0711281105
http://www.ncbi.nlm.nih.gov/pubmed/18199835
http://dx.doi.org/10.1158/1535-7163.MCT-06-0722
http://dx.doi.org/10.1074/jbc.M109.081554
http://dx.doi.org/10.1158/0008-5472.CAN-13-1928
http://dx.doi.org/10.1186/s12885-019-6379-5
http://dx.doi.org/10.1016/j.bbalip.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23628473
http://dx.doi.org/10.1073/pnas.0705505104
http://www.ncbi.nlm.nih.gov/pubmed/17652168
http://dx.doi.org/10.1038/sj.emboj.7601803
http://dx.doi.org/10.1007/s10620-008-0465-x
http://dx.doi.org/10.1172/jci.insight.91419
http://dx.doi.org/10.1155/2016/7631085
http://dx.doi.org/10.3892/ol.2013.1650
http://dx.doi.org/10.1172/JCI0215634
http://dx.doi.org/10.1593/neo.04601

Int. ]. Mol. Sci. 2020, 21, 5723 17 of 22

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

Copland, J.A.; Marlow, L.A; Kurakata, S.; Fujiwara, K.; Wong, A K.; Kreinest, P.A.; Williams, S.E; Haugen, B.R.;
Klopper, J.P.; Smallridge, R.C. Novel high-affinity PPARgamma agonist alone and in combination with
paclitaxel inhibits human anaplastic thyroid carcinoma tumor growth via p21WAF1/CIP1. Oncogene 2006, 25,
2304-2317. [CrossRef] [PubMed]

Xin, B.; Yokoyama, Y.; Shigeto, T.; Futagami, M.; Mizunuma, H. Inhibitory effect of meloxicam, a selective
cyclooxygenase-2 inhibitor, and ciglitazone, a peroxisome proliferator-activated receptor gamma ligand,
on the growth of human ovarian cancers. Cancer 2007, 110, 791-800. [CrossRef]

Yokoyama, Y., Xin, B.; Shigeto, T., Mizunuma, H. Combination of ciglitazone, a peroxisome
proliferator-activated receptor gamma ligand, and cisplatin enhances the inhibition of growth of human
ovarian cancers. J. Cancer Res. Clin. Oncol. 2011, 137, 1219-1228. [CrossRef] [PubMed]

Dong, YW.; Wang, X.P; Wu, K. Suppression of pancreatic carcinoma growth by activating peroxisome
proliferator-activated receptor gamma involves angiogenesis inhibition. World . Gastroenterol. 2009, 15,
441-448. [CrossRef] [PubMed]

Huang, G.; Yin, L.; Lan, J.; Tong, R.; Li, M.; Na, F; Mo, X.; Chen, C.; Xue, J.; Lu, Y. Synergy between
peroxisome proliferator-activated receptor y agonist and radiotherapy in cancer. Cancer Sci. 2018, 109,
2243-2255. [CrossRef]

Berger, H.; Végran, F.; Chikh, M.; Gilardi, F.; Ladoire, S.; Bugaut, H.; Mignot, G.; Chalmin, F,; Bruchard, M.;
Derangere, V.; et al. SOCS3 transactivation by PPARy prevents IL-17-driven cancer growth. Cancer Res. 2013,
73,3578-3590. [CrossRef] [PubMed]

Kramer, K.; Wu, J.; Crowe, D.L. Tumor suppressor control of the cancer stem cell niche. Oncogene 2016, 35,
4165-4178. [CrossRef]

Tian, L.; Zhou, J.; Casimiro, M.C.; Liang, B.; Ojeifo, ].O.; Wang, M.; Hyslop, T.; Wang, C.; Pestell, R.G.
Activating peroxisome proliferator-activated receptor gamma mutant promotes tumor growth in vivo by
enhancing angiogenesis. Cancer Res. 2009, 69, 9236-9244. [CrossRef]

Pich, C.; Meylan, P.; Mastelic-Gavillet, B.; Nguyen, T.N.; Loyon, R.; Trang, B.K.; Moser, H.; Moret, C.;
Goepfert, C.; Hafner, J.; et al. Induction of Paracrine Signaling in Metastatic Melanoma Cells by PPARy
Agonist Rosiglitazone Activates Stromal Cells and Enhances Tumor Growth. Cancer Res. 2018, 78, 6447-6461.
[CrossRef]

Wagner, N.; Wagner, K.D. PPAR Beta/Delta and the Hallmarks of Cancer. Cells 2020, 9, 1133. [CrossRef]
Pistrosch, F; Herbrig, K.; Oelschlaegel, U.; Richter, S.; Passauer, J.; Fischer, S.; Gross, P. PPARgamma-agonist
rosiglitazone increases number and migratory activity of cultured endothelial progenitor cells. Atherosclerosis
2005, 183, 163-167. [CrossRef]

Biscetti, F.; Pecorini, G.; Arena, V.; Stigliano, E.; Angelini, F.; Ghirlanda, G.; Ferraccioli, G.; Flex, A. Cilostazol
improves the response to ischemia in diabetic mice by a mechanism dependent on PPARy. Mol. Cell.
Endocrinol. 2013, 381, 80-87. [CrossRef] [PubMed]

Ashoff, A.; Qadri, F; Eggers, R.; Johren, O.; Raasch, W.; Dendorfer, A. Pioglitazone prevents capillary
rarefaction in streptozotocin-diabetic rats independently of glucose control and vascular endothelial growth
factor expression. J. Vasc. Res. 2012, 49, 260-266. [CrossRef]

Huang, PH.; Sata, M.; Nishimatsu, H.; Sumi, M.; Hirata, Y.; Nagai, R. Pioglitazone ameliorates endothelial
dysfunction and restores ischemia-induced angiogenesis in diabetic mice. Biomed. Pharmacother. 2008, 62,
46-52. [CrossRef]

Arany, Z.; Foo, 5.Y.; Ma, Y; Ruas, ].L.; Bommi-Reddy, A.; Girnun, G.; Cooper, M.; Laznik, D.; Chinsomboon, J.;
Rangwala, S.M.; et al. HIF-independent regulation of VEGF and angiogenesis by the transcriptional
coactivator PGC-1alpha. Nature 2008, 451, 1008-1012. [CrossRef] [PubMed]

Kasai, T.; Miyauchi, K.; Yokoyama, T.; Aihara, K.; Daida, H. Efficacy of peroxisome proliferative activated
receptor (PPAR)-alpha ligands, fenofibrate, on intimal hyperplasia and constrictive remodeling after coronary
angioplasty in porcine models. Atherosclerosis 2006, 188, 274-280. [CrossRef] [PubMed]

Salehi, E.; Khazaei, M. Fenofibrate, a peroxisome proliferator-activated receptor alpha, improves myocardial
capillary density in diabetic rats. J. Pak. Med. Assoc. 2012, 62, S9-S12. [PubMed]

Salehi, E.; Khazaei, M.; Rashidi, B. Role of fenofibrate in restoring angiogenesis in diabetic and control hind
limb ischemic rats. Gen. Physiol. Biophys. 2012, 31, 255-260. [CrossRef]


http://dx.doi.org/10.1038/sj.onc.1209267
http://www.ncbi.nlm.nih.gov/pubmed/16331265
http://dx.doi.org/10.1002/cncr.22854
http://dx.doi.org/10.1007/s00432-011-0993-1
http://www.ncbi.nlm.nih.gov/pubmed/21681689
http://dx.doi.org/10.3748/wjg.15.441
http://www.ncbi.nlm.nih.gov/pubmed/19152448
http://dx.doi.org/10.1111/cas.13650
http://dx.doi.org/10.1158/0008-5472.CAN-12-4018
http://www.ncbi.nlm.nih.gov/pubmed/23619236
http://dx.doi.org/10.1038/onc.2015.475
http://dx.doi.org/10.1158/0008-5472.CAN-09-2067
http://dx.doi.org/10.1158/0008-5472.CAN-18-0912
http://dx.doi.org/10.3390/cells9051133
http://dx.doi.org/10.1016/j.atherosclerosis.2005.03.039
http://dx.doi.org/10.1016/j.mce.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23891623
http://dx.doi.org/10.1159/000335214
http://dx.doi.org/10.1016/j.biopha.2007.06.014
http://dx.doi.org/10.1038/nature06613
http://www.ncbi.nlm.nih.gov/pubmed/18288196
http://dx.doi.org/10.1016/j.atherosclerosis.2005.10.047
http://www.ncbi.nlm.nih.gov/pubmed/16325819
http://www.ncbi.nlm.nih.gov/pubmed/22768449
http://dx.doi.org/10.4149/gpb_2012_033

Int. ]. Mol. Sci. 2020, 21, 5723 18 of 22

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Rajamani, K.; Colman, P.G.; Li, L.P;; Best, ].D.; Voysey, M.; D’Emden, M.C.; Laakso, M.; Baker, ] R.; Keech, A.C.;
FIELD Study Investigators. Effect of fenofibrate on amputation events in people with type 2 diabetes mellitus
(FIELD study): A prespecified analysis of a randomised controlled trial. Lancet 2009, 373, 1780-1788. [CrossRef]
Deng, Y.; Han, X.; Yao, Z.; Sun, Y,; Yu, J.; Cai, J.; Ren, G,; Jiang, G.; Han, F. PPAR«x Agonist Stimulated
Angiogenesis by Improving Endothelial Precursor Cell Function Via a NLRP3 Inflammasome Pathway:.
Cell. Physiol. Biochem. 2017, 42, 2255-2266. [CrossRef]

Chu, K;; Lee, S.T.; Koo, ].S.; Jung, K.H.; Kim, E.H.; Sinn, D.I.; Kim, ].M.; Ko, S.Y,; Kim, S.J.; Song, E.C.; et al.
Peroxisome proliferator-activated receptor-gamma-agonist, rosiglitazone, promotes angiogenesis after focal
cerebral ischemia. Brain Res. 2006, 1093, 208-218. [CrossRef] [PubMed]

Ho-Tin-Noé, B.; Le Dall, J.; Gomez, D.; Louedec, L.; Vranckx, R.; El-Bouchtaoui, M.; Legrés, L.; Meilhac, O.;
Michel, J.B. Early atheroma-derived agonists of peroxisome proliferator-activated receptor-y trigger
intramedial angiogenesis in a smooth muscle cell-dependent manner. Circ. Res. 2011, 109, 1003-1014.
[CrossRef] [PubMed]

Choo, E.H.; Han, EJ.; Kim, C.J.; Kim, S.H.; Joo, H.O.; Chang, K.; Seung, K.B. Effect of Pioglitazone in
Combination with Moderate Dose Statin on Atherosclerotic Inflammation: Randomized Controlled Clinical
Trial Using Serial FDG-PET/CT. Korean Circ. ]. 2018, 48, 591-601. [CrossRef] [PubMed]

Skochko, O.V.; Kaidashev, LP. Effect of pioglitazone on insulin resistance, progression of atherosclerosis and
clinical course of coronary heart disease. Wiad. Lek. 2017, 70, 881-890. [PubMed]

Forst, T.; Hohberg, C.; Fuellert, S.D.; Liibben, G.; Konrad, T.; Lobig, M.; Weber, M.M.; Sachara, C.; Gottschall, V.;
Pfiitzner, A. Pharmacological PPARgamma stimulation in contrast to beta cell stimulation results in an
improvement in adiponectin and proinsulin intact levels and reduces intima media thickness in patients
with type 2 diabetes. Horm. Metab. Res. 2005, 37, 521-527. [CrossRef]

Campia, U.; Matuskey, L.A.; Tesauro, M.; Cardillo, C.; Panza, ].A. PPARy activation does not affect endothelin
activity in non-diabetic patients with hypertension or hypercholesterolemia. Atherosclerosis 2014, 234, 436—440.
[CrossRef]

Marder, W.; Khalatbari, S.; Myles, ].D.; Hench, R.; Lustig, S.; Yalavarthi, S.; Parameswaran, A.; Brook, R.D.;
Kaplan, M.]. The peroxisome proliferator activated receptor-y pioglitazone improves vascular function
and decreases disease activity in patients with rheumatoid arthritis. J. Am. Heart Assoc. 2013, 2, e000441.
[CrossRef]

Ryan, K.E.; McCance, D.R.; Powell, L.; McMahon, R.; Trimble, E.R. Fenofibrate and pioglitazone improve
endothelial function and reduce arterial stiffness in obese glucose tolerant men. Atherosclerosis 2007, 194,
e123-e130. [CrossRef]

Erdmann, E.; Califf, R.; Gerstein, H.C.; Malmberg, K.; Ruilope, L.; Schwartz, G.G.; Wedel, H.; Volz, D.;
Ditmarsch, M.; Svensson, A.; et al. Effects of the dual peroxisome proliferator-activated receptor activator
aleglitazar in patients with Type 2 Diabetes mellitus or prediabetes. Am. Heart ]. 2015, 170, 117-122.
[CrossRef]

Henry, R.R.; Buse, ].B.; Wu, H.; Durrwell, L.; Mingrino, R.; Jaekel, K.; El Azzouzi, B.; Andjelkovic, M.; Herz, M.
Efficacy, safety and tolerability of aleglitazar in patients with type 2 diabetes: Pooled findings from three
randomized phase III trials. Diabetes Obes. Metab. 2015, 17, 560-565. [CrossRef]

Lincoff, A.M.; Tardif, ].C.; Schwartz, G.G.; Nicholls, S.J.; Rydén, L.; Neal, B.; Malmberg, K.; Wedel, H.;
Buse, ].B.; Henry, R.R; et al. Effect of aleglitazar on cardiovascular outcomes after acute coronary syndrome in
patients with type 2 diabetes mellitus: The AleCardio randomized clinical trial. JAMA 2014, 311, 1515-1525.
[CrossRef] [PubMed]

Lincoff, A.M.; Tardif, ].C.; Neal, B.; Nicholls, S.J.; Rydén, L.; Schwartz, G.G.; Malmberg, K.; Buse, ].B.;
Henry, RR.; Wedel, H.; et al. Evaluation of the dual peroxisome proliferator-activated receptor o/y agonist
aleglitazar to reduce cardiovascular events in patients with acute coronary syndrome and type 2 diabetes
mellitus: Rationale and design of the AleCardio trial. Am. Heart J. 2013, 166, 429-434. [CrossRef] [PubMed]
Dormandy, J.; Bhattacharya, M.; van Troostenburg de Bruyn, A.R.; PROactive investigators. Safety and
tolerability of pioglitazone in high-risk patients with type 2 diabetes: An overview of data from PROactive.
Drug Saf. 2009, 32, 187-202. [CrossRef] [PubMed]

Home, P.D.; Pocock, S.J.; Beck-Nielsen, H.; Gomis, R.; Hanefeld, M.; Jones, N.P.; Komajda, M.; McMurray, ].J.;
Group, R.S. Rosiglitazone evaluated for cardiovascular outcomes—an interim analysis. N. Engl. J. Med. 2007,
357,28-38. [CrossRef]


http://dx.doi.org/10.1016/S0140-6736(09)60698-X
http://dx.doi.org/10.1159/000479999
http://dx.doi.org/10.1016/j.brainres.2006.03.114
http://www.ncbi.nlm.nih.gov/pubmed/16696956
http://dx.doi.org/10.1161/CIRCRESAHA.110.235390
http://www.ncbi.nlm.nih.gov/pubmed/21885829
http://dx.doi.org/10.4070/kcj.2017.0029
http://www.ncbi.nlm.nih.gov/pubmed/29968431
http://www.ncbi.nlm.nih.gov/pubmed/29203734
http://dx.doi.org/10.1055/s-2005-870322
http://dx.doi.org/10.1016/j.atherosclerosis.2014.03.035
http://dx.doi.org/10.1161/JAHA.113.000441
http://dx.doi.org/10.1016/j.atherosclerosis.2006.11.007
http://dx.doi.org/10.1016/j.ahj.2015.03.021
http://dx.doi.org/10.1111/dom.12455
http://dx.doi.org/10.1001/jama.2014.3321
http://www.ncbi.nlm.nih.gov/pubmed/24682069
http://dx.doi.org/10.1016/j.ahj.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24016490
http://dx.doi.org/10.2165/00002018-200932030-00002
http://www.ncbi.nlm.nih.gov/pubmed/19338377
http://dx.doi.org/10.1056/NEJMoa073394

Int. ]. Mol. Sci. 2020, 21, 5723 19 of 22

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Nissen, S.E.; Wolski, K. Effect of rosiglitazone on the risk of myocardial infarction and death from
cardiovascular causes. N. Engl. |. Med. 2007, 356, 2457-2471. [CrossRef]

Deeg, M. A; Tan, M.H. Pioglitazone versus Rosiglitazone: Effects on Lipids, Lipoproteins, and Apolipoproteins
in Head-to-Head Randomized Clinical Studies. PPAR Res. 2008, 2008, 520465. [CrossRef]

Gaudel, C.; Schwartz, C.; Giordano, C.; Abumrad, N.A.; Grimaldi, P.A. Pharmacological activation of
PPARDbeta promotes rapid and calcineurin-dependent fiber remodeling and angiogenesis in mouse skeletal
muscle. Am. . Physiol. Endocrinol. Metab. 2008, 295, E297-E304. [CrossRef]

Giordano, C.; Rousseau, A.S.; Wagner, N.; Gaudel, C.; Murdaca, J.; Jehl-Piétri, C.; Sibille, B.; Grimaldi, PA.;
Lopez, P. Peroxisome proliferator-activated receptor beta activation promotes myonuclear accretion in
skeletal muscle of adult and aged mice. Pflugers Arch. 2009, 458, 901-913. [CrossRef]

Chinsomboon, J.; Ruas, J.; Gupta, R K.; Thom, R; Shoag, ].; Rowe, G.C.; Sawada, N.; Raghuram, S.; Arany, Z.
The transcriptional coactivator PGC-lalpha mediates exercise-induced angiogenesis in skeletal muscle.
Proc. Natl. Acad. Sci. USA 2009, 106, 21401-21406. [CrossRef]

Han, ] K.; Kim, H.L.; Jeon, K.H.; Choi, Y.E.; Lee, H.S.; Kwon, YYW.; Jang, J.J.; Cho, HJ.; Kang, H.J;
Oh, B.H.; et al. Peroxisome proliferator-activated receptor-b activates endothelial progenitor cells to induce
angio-myogenesis through matrix metallo-proteinase-9-mediated insulin-like growth factor-1 paracrine
networks. Eur. Heart J. 2013, 34, 1755-1765. [CrossRef]

Khazaei, M.; Salehi, E.; Rashidi, B.; Javanmard, S.H.; Fallahzadeh, A.R. Role of peroxisome
proliferator-activated receptor 3 agonist on angiogenesis in hindlimb ischemic diabetic rats. J. Diabetes
Complicat. 2012, 26, 137-140. [CrossRef] [PubMed]

Khazaei, M.; Salehi, E.; Rashidi, B. Pan-PPAR Agonist, Bezafibrate, Restores Angiogenesis in Hindlimb
Ischemia in Normal and Diabetic Rats. Int. ]. Pept. 2012, 2012, 637212. [CrossRef]

Chen, L.; Zhang, L.; Fang, Z.; Li, C,; Yang, Y.; You, X.; Song, M.; Coffie, J.; Gao, X.; Wang, H. Naoxintong
restores collateral blood flow in a murine model of hindlimb ischemia through PPARS-dependent mechanism.
J. Ethnopharmacol. 2018, 227, 121-130. [CrossRef]

Wagner, N.; Jehl-Piétri, C.; Lopez, P.; Murdaca, J.; Giordano, C.; Schwartz, C.; Gounon, P.; Hatem, S.N.;
Grimaldi, P.; Wagner, K.D. Peroxisome proliferator-activated receptor beta stimulation induces rapid cardiac
growth and angiogenesis via direct activation of calcineurin. Cardiovasc. Res. 2009, 83, 61-71. [CrossRef]
[PubMed]

Wagner, K.D.; Vukolic, A.; Baudouy, D.; Michiels, J.F; Wagner, N. Erratum to “Inducible Conditional
Vascular-Specific Overexpression of Peroxisome Proliferator-Activated Receptor Beta/Delta Leads to Rapid
Cardiac Hypertrophy”. PPAR Res. 2018, 2018, 5480829. [CrossRef] [PubMed]

Park, J.R.; Ahn, ].H.; Jung, M.H.; Koh, ].S,; Park, Y.; Hwang, S.]J.; Jeong, Y.H.; Kwak, C.H.; Lee, Y.S,; Seo, H.G;
et al. Effects of Peroxisome Proliferator-Activated Receptor-5 Agonist on Cardiac Healing after Myocardial
Infarction. PLoS ONE 2016, 11, e0148510. [CrossRef]

Murata, T.; He, S.; Hangai, M.; Ishibashi, T.; Xi, X.P; Kim, S.; Hsueh, W.A.; Ryan, S.J.; Law, R.E.; Hinton, D.R.
Peroxisome proliferator-activated receptor-gamma ligands inhibit choroidal neovascularization. Investig.
Ophthalmol. Vis. Sci. 2000, 41, 2309-2317.

Sarayba, M.A.; Li, L.; Tungsiripat, T.; Liu, N.H.; Sweet, PM.; Patel, A.J.; Osann, K.E.; Chittiboyina, A.;
Benson, S.C.; Pershadsingh, H.A.; et al. Inhibition of corneal neovascularization by a peroxisome
proliferator-activated receptor-gamma ligand. Exp. Eye Res. 2005, 80, 435-442. [CrossRef]

Yanai, R.; Mulki, L.; Hasegawa, E.; Takeuchi, K.; Sweigard, H.; Suzuki, J.; Gaissert, P.; Vavvas, D.G;
Sonoda, K.H.; Rothe, M.; et al. Cytochrome P450-generated metabolites derived from w-3 fatty acids
attenuate neovascularization. Proc. Natl. Acad. Sci. USA 2014, 111, 9603-9608. [CrossRef]

Shen, L.Q.; Child, A.; Weber, G.M.; Folkman, J.; Aiello, L.P. Rosiglitazone and delayed onset of proliferative
diabetic retinopathy. Arch. Ophthalmol. 2008, 126, 793-799. [CrossRef]

Sapieha, P; Stahl, A.; Chen, J.; Seaward, M.R.; Willett, K.L.; Krah, N.M.; Dennison, R.J.; Connor, K.M.;
Aderman, C.M.; Liclican, E.; et al. 5-Lipoxygenase metabolite 4-HDHA is a mediator of the antiangiogenic
effect of w-3 polyunsaturated fatty acids. Sci. Transl. Med. 2011, 3, 69ral2. [CrossRef] [PubMed]

Stahl, A.; Sapieha, P.; Connor, K.M.; Sangiovanni, ]J.P.; Chen, J.; Aderman, C.M.; Willett, K.L.; Krah, N.M.;
Dennison, R.J.; Seaward, M.R;; et al. Short communication: PPAR gamma mediates a direct antiangiogenic
effect of omega 3-PUFAs in proliferative retinopathy. Circ. Res. 2010, 107, 495-500. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa072761
http://dx.doi.org/10.1155/2008/520465
http://dx.doi.org/10.1152/ajpendo.00581.2007
http://dx.doi.org/10.1007/s00424-009-0676-9
http://dx.doi.org/10.1073/pnas.0909131106
http://dx.doi.org/10.1093/eurheartj/ehr365
http://dx.doi.org/10.1016/j.jdiacomp.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22464549
http://dx.doi.org/10.1155/2012/637212
http://dx.doi.org/10.1016/j.jep.2018.08.032
http://dx.doi.org/10.1093/cvr/cvp106
http://www.ncbi.nlm.nih.gov/pubmed/19351742
http://dx.doi.org/10.1155/2018/5480829
http://www.ncbi.nlm.nih.gov/pubmed/30510567
http://dx.doi.org/10.1371/journal.pone.0148510
http://dx.doi.org/10.1016/j.exer.2004.10.009
http://dx.doi.org/10.1073/pnas.1401191111
http://dx.doi.org/10.1001/archopht.126.6.793
http://dx.doi.org/10.1126/scitranslmed.3001571
http://www.ncbi.nlm.nih.gov/pubmed/21307302
http://dx.doi.org/10.1161/CIRCRESAHA.110.221317
http://www.ncbi.nlm.nih.gov/pubmed/20634487

Int. ]. Mol. Sci. 2020, 21, 5723 20 of 22

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Li, Z.; He, T,; Du, K,; Xing, Y.Q.; Run, YM.; Yan, Y.; Shen, Y. Inhibition of oxygen-induced ischemic retinal
neovascularization with adenoviral 15-lipoxygenase-1 gene transfer via up-regulation of PPAR-y and
down-regulation of VEGFR-2 expression. PLoS ONE 2014, 9, e85824. [CrossRef] [PubMed]

Jiang, J.; Zhang, L.; Xia, X. Application of recombinant peroxisome proliferator-activated receptor-y
coactivator-1« mediates neovascularization in the retina. Mol. Med. Rep. 2016, 13, 1311-1319. [CrossRef]
[PubMed]

Pola, R.; Gaetani, E.; Flex, A.; Aprahamian, T.R.; Bosch-Marcé, M.; Losordo, D.W.; Smith, R.C.; Pola, P.
Comparative analysis of the in vivo angiogenic properties of stable prostacyclin analogs: A possible role for
peroxisome proliferator-activated receptors. J. Mol. Cell. Cardiol. 2004, 36, 363-370. [CrossRef]

Biscetti, F.; Gaetani, E.; Flex, A.; Aprahamian, T.; Hopkins, T.; Straface, G.; Pecorini, G.; Stigliano, E.;
Smith, R.C.; Angelini, F; et al. Selective activation of peroxisome proliferator-activated receptor (PPAR)alpha
and PPAR gamma induces neoangiogenesis through a vascular endothelial growth factor-dependent
mechanism. Diabetes 2008, 57, 1394-1404. [CrossRef]

Zhang, J.Z.; Ward, K.W. WY-14 643, a selective PPAR{alpha} agonist, induces proinflammatory and
proangiogenic responses in human ocular cells. Int. J. Toxicol. 2010, 29, 496-504. [CrossRef]

Gong, Y,; Shao, Z.; Fu, Z,; Edin, M.L.; Sun, Y,; Liegl, R.G.; Wang, Z; Liu, C.H.; Burnim, S.B.; Meng, S.S.;
et al. Fenofibrate Inhibits Cytochrome P450 Epoxygenase 2C Activity to Suppress Pathological Ocular
Angiogenesis. EBioMedicine 2016, 13, 201-211. [CrossRef]

Usui-Ouchi, A.; Ouchi, Y.; Ebihara, N. The peroxisome proliferator-activated receptor pan-agonist bezafibrate
suppresses microvascular inflammatory responses of retinal endothelial cells and vascular endothelial growth
factor production in retinal pigmented epithelial cells. Int. Immunopharmacol. 2017, 52, 70-76. [CrossRef]
Keech, A.C.; Mitchell, P.; Summanen, P.A.; O'Day, J.; Davis, T.M.; Moffitt, M.S.; Taskinen, M.R.; Simes, R.J.;
Tse, D.; Williamson, E.; et al. Effect of fenofibrate on the need for laser treatment for diabetic retinopathy
(FIELD study): A randomised controlled trial. Lancet 2007, 370, 1687-1697. [CrossRef]

Capozzi, M.E,; Savage, S.R.; McCollum, G.W.; Hammer, S.S.; Ramos, C.J.; Yang, R.; Bretz, C.A.; Penn, J.S.
The peroxisome proliferator-activated receptor-f3/d antagonist GSK0660 mitigates retinal cell inflammation
and leukostasis. Exp. Eye Res. 2020, 190, 107885. [CrossRef] [PubMed]

Capozzi, M.E.; McCollum, G.W.; Savage, S.R.; Penn, ].S. Peroxisome proliferator-activated receptor-{3/5
regulates angiogenic cell behaviors and oxygen-induced retinopathy. Investig. Ophthalmol. Vis. Sci. 2013, 54,
4197-4207. [CrossRef] [PubMed]

Gu, Y,; Li, X.; He, T,; Jiang, Z.; Hao, P.; Tang, X. The Antifibrosis Effects of Peroxisome Proliferator-Activated
Receptor 5 on Rat Corneal Wound Healing after Excimer Laser Keratectomy. PPAR Res. 2014, 2014, 464935.
[CrossRef] [PubMed]

Savage, S.R.; McCollum, G.W,; Yang, R.; Penn, J.5. RNA-seq identifies a role for the PPAR[/5 inverse agonist
GSKO0660 in the regulation of TNFa-induced cytokine signaling in retinal endothelial cells. Mol. Vis. 2015, 21,
568-576. [PubMed]

Choudhary, M.; Ding, ].D.; Qi, X.; Boulton, M.E; Yao, P.L.; Peters, ].M.; Malek, G. PPARB/5 selectively
regulates phenotypic features of age-related macular degeneration. Aging (Albany NY) 2016, 8, 1952-1978.
[CrossRef]

Jiang, C.; Ting, A.T.; Seed, B. PPAR-gamma agonists inhibit production of monocyte inflammatory cytokines.
Nature 1998, 391, 82-86. [CrossRef]

Ricote, M.; Li, A.C.; Willson, TM.; Kelly, CJ.; Glass, C.K. The peroxisome proliferator-activated
receptor-gamma is a negative regulator of macrophage activation. Nature 1998, 391, 79-82. [CrossRef]
Tsubouchi, Y.; Kawahito, Y.; Kohno, M.; Inoue, K.; Hla, T.; Sano, H. Feedback control of the arachidonate
cascade in rheumatoid synoviocytes by 15-deoxy-Delta(12,14)-prostaglandin J2. Biochem. Biophys. Res.
Commun. 2001, 283, 750-755. [CrossRef]

Kawabhito, Y.; Kondo, M.; Tsubouchi, Y.; Hashiramoto, A.; Bishop-Bailey, D.; Inoue, K.; Kohno, M.;
Yamada, R.; Hla, T.; Sano, H. 15-deoxy-delta(12,14)-PGJ(2) induces synoviocyte apoptosis and suppresses
adjuvant-induced arthritis in rats. . Clin. Investig. 2000, 106, 189-197. [CrossRef]

Cuzzocrea, S.; Mazzon, E.; Dugo, L.; Patel, N.S,; Serraino, I.; Di Paola, R.; Genovese, T.; Britti, D.; De Maio, M.;
Caputi, A.P; et al. Reduction in the evolution of murine type II collagen-induced arthritis by treatment with
rosiglitazone, a ligand of the peroxisome proliferator-activated receptor gamma. Arthritis Rheumatol. 2003,
48, 3544-3556. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0085824
http://www.ncbi.nlm.nih.gov/pubmed/24465728
http://dx.doi.org/10.3892/mmr.2015.4678
http://www.ncbi.nlm.nih.gov/pubmed/26676891
http://dx.doi.org/10.1016/j.yjmcc.2003.10.016
http://dx.doi.org/10.2337/db07-0765
http://dx.doi.org/10.1177/1091581810376674
http://dx.doi.org/10.1016/j.ebiom.2016.09.025
http://dx.doi.org/10.1016/j.intimp.2017.08.027
http://dx.doi.org/10.1016/S0140-6736(07)61607-9
http://dx.doi.org/10.1016/j.exer.2019.107885
http://www.ncbi.nlm.nih.gov/pubmed/31758977
http://dx.doi.org/10.1167/iovs.13-11608
http://www.ncbi.nlm.nih.gov/pubmed/23716627
http://dx.doi.org/10.1155/2014/464935
http://www.ncbi.nlm.nih.gov/pubmed/25477952
http://www.ncbi.nlm.nih.gov/pubmed/26015769
http://dx.doi.org/10.18632/aging.101031
http://dx.doi.org/10.1038/34184
http://dx.doi.org/10.1038/34178
http://dx.doi.org/10.1006/bbrc.2001.4847
http://dx.doi.org/10.1172/JCI9652
http://dx.doi.org/10.1002/art.11351

Int. ]. Mol. Sci. 2020, 21, 5723 21 of 22

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Kobayashi, T.; Notoya, K.; Naito, T.; Unno, S.; Nakamura, A.; Martel-Pelletier, ].; Pelletier, ].P. Pioglitazone,
a peroxisome proliferator-activated receptor gamma agonist, reduces the progression of experimental
osteoarthritis in guinea pigs. Arthritis Rheumatol. 2005, 52, 479-487. [CrossRef] [PubMed]

Boileau, C.; Martel-Pelletier, J.; Fahmi, H.; Mineau, F; Boily, M.; Pelletier, ].P. The peroxisome
proliferator-activated receptor gamma agonist pioglitazone reduces the development of cartilage lesions in
an experimental dog model of osteoarthritis: In vivo protective effects mediated through the inhibition of
key signaling and catabolic pathways. Arthritis Rheumatol. 2007, 56, 2288-2298. [CrossRef]

Vasheghani, F.; Monemdjou, R.; Fahmi, H.; Zhang, Y.; Perez, G.; Blati, M.; St-Arnaud, R.; Pelletier, ].P; Beier, F;
Martel-Pelletier, J.; et al. Adult cartilage-specific peroxisome proliferator-activated receptor gamma knockout
mice exhibit the spontaneous osteoarthritis phenotype. Am. J. Pathol. 2013, 182, 1099-1106. [CrossRef]
[PubMed]

Vasheghani, F.; Zhang, Y.; Li, Y.H.; Blati, M.; Fahmi, H.; Lussier, B.; Roughley, P.; Lagares, D.; Endisha, H.;
Saffar, B.; et al. PPARY deficiency results in severe, accelerated osteoarthritis associated with aberrant mTOR
signalling in the articular cartilage. Ann. Rheum. Dis. 2015, 74, 569-578. [CrossRef] [PubMed]

Jackson, S.M.; Parhami, E; Xi, X.P; Berliner, J.A.; Hsueh, W.A.; Law, R.E.; Demer, L.L. Peroxisome
proliferator-activated receptor activators target human endothelial cells to inhibit leukocyte-endothelial cell
interaction. Arterioscler. Thromb. Vasc. Biol. 1999, 19, 2094-2104. [CrossRef]

Bongartz, T.; Coras, B.; Vogt, T.; Scholmerich, J.; Miiller-Ladner, U. Treatment of active psoriatic arthritis with
the PPARgamma ligand pioglitazone: An open-label pilot study. Rheumatology 2005, 44, 126-129. [CrossRef]
Ormseth, M.].; Oeser, AM.; Cunningham, A.; Bian, A.; Shintani, A.; Solus, J.; Tanner, S.; Stein, C.M.
Peroxisome proliferator-activated receptor y agonist effect on rheumatoid arthritis: A randomized controlled
trial. Arthritis Res. Ther. 2013, 15, R110. [CrossRef]

Ormseth, M.].; Oeser, A.M.; Cunningham, A.; Bian, A.; Shintani, A.; Solus, J.; Tanner, S.B.; Stein, C.M.
Reversing vascular dysfunction in rheumatoid arthritis: Improved augmentation index but not endothelial
function with peroxisome proliferator-activated receptor y agonist therapy. Arthritis Rheumatol. 2014, 66,
2331-2338. [CrossRef]

Yue, M.; Zeng, N.; Xia, Y.; Wei, Z.; Dai, Y. Morin Exerts Anti-Arthritic Effects by Attenuating Synovial
Angiogenesis via Activation of Peroxisome Proliferator Activated Receptor-y. Mol. Nutr. Food Res. 2018, 62,
€1800202. [CrossRef]

Okamoto, H.; Kamatani, N. Successful treatment with fenofibrate, a peroxisome proliferator activated
receptor alpha ligand, for a patient with rheumatoid arthritis. Ann. Rheum. Dis. 2004, 63, 1002-1003.
[CrossRef]

Okamoto, H.; Iwamoto, T.; Kotake, S.; Momohara, S.; Yamanaka, H.; Kamatani, N. Inhibition of NF-kappaB
signaling by fenofibrate, a peroxisome proliferator-activated receptor-alpha ligand, presents a therapeutic
strategy for rheumatoid arthritis. Clin. Exp. Rheumatol. 2005, 23, 323-330. [PubMed]

Shirinsky, I.V.; Shirinsky, V.S. Treatment of erosive osteoarthritis with peroxisome proliferator-activated
receptor alpha agonist fenofibrate: A pilot study. Rheumatol. Int. 2014, 34, 613-616. [CrossRef]

Fournier, T.; Handschuh, K.; Tsatsaris, V.; Guibourdenche, J.; Evain-Brion, D. Role of nuclear receptors and
their ligands in human trophoblast invasion. J. Reprod. Immunol. 2008, 77, 161-170. [CrossRef] [PubMed]
Fournier, T.; Handschuh, K.; Tsatsaris, V.; Evain-Brion, D. Involvement of PPARgamma in human trophoblast
invasion. Placenta 2007, 28 (Suppl. A), S76-S81. [CrossRef]

Fournier, T.; Tsatsaris, V.; Handschuh, K.; Evain-Brion, D. PPARs and the placenta. Placenta 2007, 28, 65-76.
[CrossRef] [PubMed]

Wang, Q.; Fujii, H.; Knipp, G.T. Expression of PPAR and RXR isoforms in the developing rat and human
term placentas. Placenta 2002, 23, 661-671. [CrossRef]

Ding, N.Z; Ma, X.H.; Diao, HL.; Xu, LB, Yang, Z.M. Differential expression of peroxisome
proliferator-activated receptor delta at implantation sites and in decidual cells of rat uterus. Reproduction
2003, 125, 817-825. [CrossRef]

Ding, N.Z.; Teng, C.B.; Ma, H.; Ni, H.; Ma, X.H.; Xu, L.B.; Yang, Z.M. Peroxisome proliferator-activated
receptor delta expression and regulation in mouse uterus during embryo implantation and decidualization.
Mol. Reprod. Dev. 2003, 66, 218-224. [CrossRef]


http://dx.doi.org/10.1002/art.20792
http://www.ncbi.nlm.nih.gov/pubmed/15692987
http://dx.doi.org/10.1002/art.22726
http://dx.doi.org/10.1016/j.ajpath.2012.12.012
http://www.ncbi.nlm.nih.gov/pubmed/23375622
http://dx.doi.org/10.1136/annrheumdis-2014-205743
http://www.ncbi.nlm.nih.gov/pubmed/25573665
http://dx.doi.org/10.1161/01.ATV.19.9.2094
http://dx.doi.org/10.1093/rheumatology/keh423
http://dx.doi.org/10.1186/ar4290
http://dx.doi.org/10.1002/art.38686
http://dx.doi.org/10.1002/mnfr.201800202
http://dx.doi.org/10.1136/ard.2003.015008
http://www.ncbi.nlm.nih.gov/pubmed/15971419
http://dx.doi.org/10.1007/s00296-013-2766-4
http://dx.doi.org/10.1016/j.jri.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17706792
http://dx.doi.org/10.1016/j.placenta.2006.12.006
http://dx.doi.org/10.1016/j.placenta.2006.04.009
http://www.ncbi.nlm.nih.gov/pubmed/16834993
http://dx.doi.org/10.1053/plac.2002.0855
http://dx.doi.org/10.1530/rep.0.1250817
http://dx.doi.org/10.1002/mrd.10348

Int. ]. Mol. Sci. 2020, 21, 5723 22 of 22

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.
165.

Barak, Y.; Nelson, M.C.; Ong, E.S.; Jones, Y.Z.; Ruiz-Lozano, P.; Chien, K.R.; Koder, A.; Evans, R M. PPAR
gamma is required for placental, cardiac, and adipose tissue development. Mol. Cell 1999, 4, 585-595.
[CrossRef]

Kubota, N.; Terauchi, Y.; Miki, H.; Tamemoto, H.; Yamauchi, T.; Komeda, K.; Satoh, S.; Nakano, R.; Ishii, C.;
Sugiyama, T.; et al. PPAR gamma mediates high-fat diet-induced adipocyte hypertrophy and insulin
resistance. Mol. Cell 1999, 4, 597-609. [CrossRef]

Nadra, K.; Quignodon, L.; Sardella, C.; Joye, E.; Mucciolo, A.; Chrast, R.; Desvergne, B. PPARgamma in
placental angiogenesis. Endocrinology 2010, 151, 4969-4981. [CrossRef] [PubMed]

Imai, T.; Takakuwa, R.; Marchand, S.; Dentz, E.; Bornert, ] M.; Messaddeq, N.; Wendling, O.; Mark, M.;
Desvergne, B.; Wahli, W.; et al. Peroxisome proliferator-activated receptor gamma is required in mature
white and brown adipocytes for their survival in the mouse. Proc. Natl. Acad. Sci. USA 2004, 101, 4543-4547.
[CrossRef] [PubMed]

McCarthy, EP.,; Drewlo, S.; English, FA.; Kingdom, J.; Johns, EJ.; Kenny, L.C.; Walsh, S.K. Evidence
implicating peroxisome proliferator-activated receptor-y in the pathogenesis of preeclampsia. Hypertension
2011, 58, 882-887. [CrossRef] [PubMed]

Zhang, J.; Peng, X.; Yuan, A.; Xie, Y; Yang, Q.; Xue, L. Peroxisome proliferator-activated receptor y mediates
porcine placental angiogenesis through hypoxia inducible factor-, vascular endothelial growth factor- and
angiopoietin-mediated signaling. Mol. Med. Rep. 2017, 16, 2636—2644. [CrossRef] [PubMed]

Nenicu, A.; Korbel, C.; Gu, Y.; Menger, M.D.; Laschke, M.W. Combined blockade of angiotensin II type 1
receptor and activation of peroxisome proliferator-activated receptor-y by telmisartan effectively inhibits
vascularization and growth of murine endometriosis-like lesions. Hum. Reprod. 2014, 29, 1011-1024.
[CrossRef] [PubMed]

Barak, Y.; Liao, D.; He, W.; Ong, E.S.; Nelson, M.C.; Olefsky, ] M.; Boland, R.; Evans, R.M. Effects of peroxisome
proliferator-activated receptor delta on placentation, adiposity, and colorectal cancer. Proc. Natl. Acad. Sci.
USA 2002, 99, 303-308. [CrossRef]

Wang, H.; Xie, H.; Sun, X,; Tranguch, S.; Zhang, H.; Jia, X.; Wang, D.; Das, S.K.; Desvergne, B.; Wahli, W.;
et al. Stage-specific integration of maternal and embryonic peroxisome proliferator-activated receptor delta
signaling is critical to pregnancy success. J. Biol. Chem. 2007, 282, 37770-37782. [CrossRef]

Nishimura, K.; Nakano, N.; Chowdhury, V.S.; Kaneto, M.; Torii, M.; Hattori, M.A.; Yamauchi, N.; Kawai, M.
Effect of PPAR/6 agonist on the placentation and embryo-fetal development in rats. Birth Defects Res. B Dev.
Reprod. Toxicol. 2013, 98, 164-169. [CrossRef]

Simons, M.; Ware, J.A. Therapeutic angiogenesis in cardiovascular disease. Nat. Rev. Drug Discov. 2003, 2,
863-871. [CrossRef]

Abcouwer, S.F. Angiogenic Factors and Cytokines in Diabetic Retinopathy. J. Clin. Cell. Immunol. 2013,
(Suppl. 1). [CrossRef]

Rocha, A L.; Reis, EM.; Taylor, R.N. Angiogenesis and endometriosis. Obstet. Gynecol. Int. 2013, 2013, 859619.
[CrossRef] [PubMed]

Elshabrawy, H.A.; Chen, Z.; Volin, M.V,; Ravella, S.; Virupannavar, S.; Shahrara, S. The pathogenic role of
angiogenesis in rheumatoid arthritis. Angiogenesis 2015, 18, 433—448. [CrossRef] [PubMed]

Pishvaian, M.].; Marshall, J.L.; Wagner, A.].; Hwang, ].J.; Malik, S.; Cotarla, I.; Deeken, ].F; He, A.R.; Daniel, H.;
Halim, A.B.; et al. A phase 1 study of efatutazone, an oral peroxisome proliferator-activated receptor gamma
agonist, administered to patients with advanced malignancies. Cancer 2012, 118, 5403-5413. [CrossRef]
[PubMed]

Cabanillas, M.E.; McFadden, D.G.; Durante, C. Thyroid cancer. Lancet 2016, 388, 2783-2795. [CrossRef]
Demetri, G.D.; Fletcher, C.D.; Mueller, E.; Sarraf, P.; Naujoks, R.; Campbell, N.; Spiegelman, B.M.; Singer, S.
Induction of solid tumor differentiation by the peroxisome proliferator-activated receptor-gamma ligand
troglitazone in patients with liposarcoma. Proc. Natl. Acad. Sci. USA 1999, 96, 3951-3956. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S1097-2765(00)80209-9
http://dx.doi.org/10.1016/S1097-2765(00)80210-5
http://dx.doi.org/10.1210/en.2010-0131
http://www.ncbi.nlm.nih.gov/pubmed/20810566
http://dx.doi.org/10.1073/pnas.0400356101
http://www.ncbi.nlm.nih.gov/pubmed/15070754
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.179440
http://www.ncbi.nlm.nih.gov/pubmed/21931072
http://dx.doi.org/10.3892/mmr.2017.6903
http://www.ncbi.nlm.nih.gov/pubmed/28677792
http://dx.doi.org/10.1093/humrep/deu035
http://www.ncbi.nlm.nih.gov/pubmed/24578472
http://dx.doi.org/10.1073/pnas.012610299
http://dx.doi.org/10.1074/jbc.M706577200
http://dx.doi.org/10.1002/bdrb.21052
http://dx.doi.org/10.1038/nrd1226
http://dx.doi.org/10.4172/2155-9899.S1-011
http://dx.doi.org/10.1155/2013/859619
http://www.ncbi.nlm.nih.gov/pubmed/23766765
http://dx.doi.org/10.1007/s10456-015-9477-2
http://www.ncbi.nlm.nih.gov/pubmed/26198292
http://dx.doi.org/10.1002/cncr.27526
http://www.ncbi.nlm.nih.gov/pubmed/22570147
http://dx.doi.org/10.1016/S0140-6736(16)30172-6
http://dx.doi.org/10.1073/pnas.96.7.3951
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	PPARs and Cellular Models of Angiogenesis 
	PPARs and Tumor Angiogenesis 
	PPAR 
	PPAR/ 
	PPAR 

	PPARs and Cardiovascular Disease 
	PPARs and Ocular Angiogenesis 
	PPARs and Rheumatoid Arthritis 
	PPARs and Uterine and Placental Angiogenesis 
	PPAR Modulators in Clinical Studies 
	Conclusions 
	References

