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Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear receptors that respond to several exogenous and
endogenous ligands by modulating genes related to lipid, glucose, and insulin homeostasis. PPARy, expressed in adipose tissue and
liver, regulates lipid storage and glucose metabolism and is the target of type 2 diabetes drugs, thiazolidinediones (TZDs). Due to
high levels of toxicity associated with the first generation TZDs, troglitazone (Rezulin), rosiglitazone (Avandia), and pioglitazone
(Actos), there is a renewed search for newer PPAR drugs that exhibit better efficacy but lesser toxicity. In recent years, there has been
a definite increase in the consumption of dietary supplements among diabetics, due to the possible health benefits associated with
these nutraceutical components. With this impetus, investigations into alternative natural ligands of PPARs has also risen. This
review highlights some of the dietary compounds (dietary lipids, isoflavones, and other flavanoids) that bind and transactivate
PPARy. A better understanding of the physiological effects of this PPAR activation by nutraceuticals and the availability of high-
throughput technologies should lead to the discovery of less toxic alternatives to the PPAR drugs currently on the market.

1. Introduction

Peroxisome proliferator-activated receptor gamma (PPARy),
or NRIC3, is a ligand-activated transcription factor that
belongs to the superfamily of nuclear receptors. PPARy
plays an important role in glucose and lipid homeostasis,
inflammation, and adipocyte differentiation [1]. There are
three known isoforms of PPARs: PPAR«, PPARy, and
PPARp/J, each with different tissue specificity and physiolog-
ical function [2]. All three isoforms share common molecular
structure and functional domains similar to other nuclear
receptor superfamilies consisting of the following: a distinct
N-terminal ligand-independent transcriptional activation
domain (AF-1), a DNA binding domain, the hinge region,
and the ligand-binding domain which contains the ligand-
dependent transcriptional activation domain (AF-2). Upon
ligand binding, PPARy forms a heterodimer with the retinoic
acid receptor (RXR) and controls the expression of genes that
have PPAR response elements (PPRE). This transcription
factor is further regulated by commonly known coactivator

proteins such as CBP/p300, the SRC family, TRAP 220,
and corepressors such as SMART, NCoR, and RIP140 [1].
Two isoforms of PPARy have been identified (PPARy1 and
PPARy2), with a wide tissue distribution among various
animal species [3].

Over the past two decades, there has been a flurry
of research investigating the physiological significance of
PPARy activation. It is now generally accepted that both
ligand dependent and independent activation of PPARy
mediate multiple metabolic pathways in the immune sys-
tem [4], cardiovascular system [5], and the adipose tissue
[6], thus modulating genes related to inflammation, lipid
metabolism and adipogenesis. Most of these physiological
functions of PPARy were revealed because of the discovery
of thiazolidinediones (TZD). These drugs are high affinity
ligands of PPARy with insulin sensitizing effects and used
in the treatment of type 2 diabetes [7]. The identification
of PPARy as the molecular target of glitazones such as
pioglitazone (TZD), came from seminal work by Kliewer et
al. [8], Kletzien et al. [9], and Graves et al. [10]. Troglitazone
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(Rezulin), rosiglitazone (Avandia), and pioglitazone (Actos)
were the three originally approved TZD drugs for diabetes.
Increased hepatic toxicity, edema, and cardiovascular risk
associated with the use of the TZD drugs lead to the
withdrawal of troglitazone (Rezulin) from the market and
black box warnings on the other two available drugs [11].
Although these drugs are known PPARy agonists, it is
still not clear if the toxicities associated with these drugs
are due to their interactions with the PPARy receptor. A
new generation of PPARy drugs with equivalent insulin
sensitizing activity like TZDs, but with lower toxicity, has
been in development since the withdrawal of the earlier
TZDs. These include (i) non-TZD like PPARy agonists, (ii)
PPAR «/y dual agonists, (iii) PPAR pan agonists, (iv) PPARy
antagonists, and (iv) selective PPARy modulating drugs
(SPPARyM) [12, 13]. These newer agonists seem to have sim-
ilar or better insulin sensitizing effects as compared to TZDs
(rosiglitazone). Still, several of these new drugs exhibit some
form of toxicity [14]. Yet, SPPARyM are purported to be less
toxic because they are designed based on the ligand selective
regulation of receptor function [13, 15-17]. Recent studies
indicate that SPPARyM are mechanistically distinct from the
TZDs in that these drugs interact at a site that is different
than the AF-2 region, thus altering subsequent coregulator
binding and resulting in favorable cellular responses [18].
The search will continue until better alternative drugs to
the currently available TZDs with equal or greater beneficial
effects, but fewer adverse effects are identified.

2. Natural Ligands of PPARy

Although there is a renewed interest in identification of
synthetic PPARy modulators for the treatment of type 2
diabetes, developing known dietary components (nutraceu-
ticals) that bind and activate PPARy with more efficacy
and safety, while promoting health benefits has become an
absolute necessity [19]. The term nutraceutical is defined as
any food (fruits, vegetables, nuts, tea, etc.) or part (extract)
of a food, such as a dietary supplement that has a medical
or health benefit including the prevention and treatment of
disease [20]. However, there is no consensus on the definition
or the regulation of nutraceuticals among scientists [21].
The majority of nutraceuticals are of plant origin. Thus,
nutraceuticals are “pills” that contain concentrated forms
of presumed bioactive phytochemicals extracted from the
original food item (e.g., genistein from soy). Because of their
plant origin, these compounds are considered safe and are
popular among consumers. This review will elaborate on
some of the currently well-known dietary constituents that
act as PPARy ligands, with a demonstrated ability to bind
to and activate PPARy. The subsequent biological responses
that result from this activation is not the focus of this
review. For the purposes of this review, any isolated dietary
component used in cell based or animal studies is considered
a nutraceutical. Dietary components that act as ligands of
PPARy include dietary lipids such as n-3 and n-6 fatty acids
and their derivatives, isoflavones and flavonoids. Table 1
provides a partial list of dietary PPARy ligands.
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2.1. Exogenous and Endogenous Lipid Derivatives. The major-
ity of available research has focused on understanding
the physiological significance of the interactions between
dietary lipids and their derivatives with PPARs [25, 32—
38]. Dietary fats and oils are major sources of these
ligands, which include both n-3 and n-6 lipids and their
oxidized counterparts. Elegant structure-function studies
have determined the binding efficiency of the dietary lipids
with PPARs [25, 39-42] by comparing them to synthetic
drugs (TZD). Though dietary lipids similar to synthetic
ligands were able to bind to the ligand binding domain and
cause conformational changes to activate the receptor, they
are considered as weak PPARy ligands because of their low
physiological concentrations. One must keep in mind that
most of the studies determining the binding efficiency of the
nutraceuticals have been performed in either cell-free or cell-
based systems. The specificity of the dietary compounds to
actas ligands for PPARy was determined by a lack of response
when cells were either pretreated with a known antagonist of
PPARy or with constructs that lacked PPAR ligand binding
domain. However, in cell based systems it is conceivable
that a metabolite of the parent compound, not the parent
compound itself, might be mediating the response through
interactions with PPARy. For example, 13-HODE (oxidized
n-6 lipid), a known agonist of PPARy, could be converted
into 13-Ox-HODE prior to interacting with PPARy.

2.1.1. Exogenous Lipids: Dietary Lipids. Many studies have
demonstrated that nonesterified unsaturated fatty acids are
better ligands of PPARy as compared to saturated fatty
acids [43]. Although unoxidized unsaturated fatty acids are
present in abundance in vivo, evidence suggests that they
are weak activators of PPARy. However, there is compelling
evidence that oxidized unsaturated fatty acids are potent
ligands compared to their unoxidized counterparts. Using
NMR spectroscopy, Itoh and colleagues [39] studied the
crystal structure of PPARy bound fatty acids. They deter-
mined that fatty acids that bound covalently to the receptor
were strong activators of PPARy and the binding was also
dependent on the polar nature of the lipid. Furthermore,
using a dual luciferase reporter system, they demonstrated
that the oxidized forms of the docosahexaenoic acid (DHA),
a dietary n-3 fatty acid, 4-hydroxy docosahexaenoic acid
(4-HDHA), and 4-oxo docosahexaenoic acid (4-oxoDHA)
were potent ligands (ECsy values of 3.7 yuM and 0.4 uM) as
compared to DHA (>10uM). Fatty acids that are modified
by oxidation or nitration can originate in the diet or can
be generated in vivo. Research from our laboratory [44]
and by others [45, 46], has shown that dietary oxidized
lipids are absorbed by the intestine and incorporated into
lipoproteins and tissues. A study by Ringseis et al. [47]
showed increased PPARy DNA binding in the intestinal cells
of pigs fed oxidized (heated) sunflower oil compared to pigs
fed unoxidized oil. Even though it was not possible to identify
the specific ligands that bound to PPARy, the findings from
this study are important because they demonstrated that
dietary oxidized fats were able to increase PPARy interactions
with the DNA, even though this activation of PPARy was not
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TaBLE 1: Potential dietary PPARy ligands.
Ligand Binding affinity Type of assay Reference
Linoleic acid Ki>1uM [22]
Nitrolinoleic acid Ki=133nM Competitive radio-labeled binding assay
9-Hydroxyoctadecadienoic acid
(9-HODE)
13-Hydroxyoctadecadienoic acid
(13-HODE)
9/10-NO,-linoleic acid ICs0 = 0.6 uM Scintillation proximity [23]
12-NO,-linoleic acid ICso = 0.41 uM Competitive binding assay
13-NO,-linoleic acid ICsp = 0.44 uM
Azelaoyl phosphatidylcholine (in . -
oxidized LDL) 40 nm Radiolabeled binding assay [24]
Docosahexaenoic acid (DHA) ECsp > 10 um (25]
4-Hydroxy docosahexaenoic acid ECso = 3.7 um Dual luciferase reporter system
(4-HDHA)
4-Oxodocosahexaenoic acid
ECs0 = 0.4uM
(4-oxo-DHA) 20 #
(Cgf Au)gated linoleic acid isomers ICs0 = 3.2-7.4 uM Competitive scintillation proximity assays [26]
Isoflavones:
Genistein K;=5.7uM Membrane-bound competitive PPARy binding assay (27]
Daidzein 20uM Luc%ferase reporter assay %n 3T3-L1 cells [28]
ECso =73 uM Luciferase reporter assay in HeLa cells [29]
Equol 20 uM Luciferase reporter assay in 3T3-L1 cells [28]
Biochanin A ECsp = 3.7 ym Luc%ferase reporter assay %n HelLa cells [29]
ECs < 1uM Luciferase reporter assay in HepG2 cells [29]
Flavonoids:
Psi-baptigenin ECso =2.9uM Transcriptional factor activity assay in ThP-1 cells [30]
Hesperidin ECsy = 6.6 uM
Quercetin (from dill, bay leaves, ECsp =2.8uM Ligand screening assay [31]
and oregano)
2 —Hydr(')xy chalcone (cinnamon in ECso =3.8uM Ligand screening assay [31]
polymeric form)
Rosmarinic acid (marjoram) ECso = 16 uM Ligand screening assay (31]

associated with concomitant NF«xB mediated inflammation.
Seminal work by Schopfer et al. [22] has shown that
nitrolinoleic acid (LNO2), which acts as a PPARy ligand, is
present in the plasma of healthy humans and has a K; of
133 nM as compared to a K; of >1000 nM for linoleic acid.
Additionally, it was capable of promoting adipogenesis and
glucose uptake in the 3T3-L1 cell model. Another group of
isomers of linoleic acid, conjugated linoleic acid (CLA), is
present in dairy products and can also be produced in vivo
by commensal bacteria. Based on competitive scintillation
proximity assays, various CLA isomers had ICs, values of
3.2-7.4 uM for PPARy, but had ICs values in the nM range
(140-260 nM) for PPAR« [26, 48]. This suggests that CLA
isomers are stronger activators of PPAR« as compared to
PPARy. However, in the past few years there has been a
flurry of research investigating the role of CLA isomers
in experimental colitis [49] because PPARy is abundantly
expressed in this tissue, and it appears that the protective

effects of CLA isomers are due to the activation of PPARy.
Future investigations should consider if these protective
effects are being partially mediated by other PPAR isotypes.

2.1.2. Endogenous Lipids. The identification of an endoge-
nous physiological ligand for PPARy has been problematic,
possibly due to its low abundance. Even though it has
been well established that endogenous ligand-mediated
activation of PPARy leads to adipocyte differentiation, the
identification of this ligand has not yet materialized. Is
there any evidence that ligands of PPARy are generated in
vivo? Yes, since there are endogenous enzymes that generate
lipid ligands that interact with PPARs. 12/15 lipoxygenase-
derived oxidized fatty acids such as 13-HODE, 12-HETE, and
15-HETE have been shown to activate PPARy in vascular
smooth muscle cells [50, 51]. In addition, ligands such as
9-HODE, 13-HODE [52], and 1-O-hexadecyl-2-Azelaoyl-
sn-glycero-3-phosphocholine (AZ-PC) [24], derived from



oxidized LDL, have also been shown to activate PPARy
in cell based studies. Similarly, ligands such as 15-deoxy-
A,12,14-prostaglandin J2 (PGJ2) generated by the action
of cyclooxygenase (COX) on arachidonic acid (n20:4) are
excellent activators of PPARYy [53] but due to their low in vivo
abundance are considered as weak ligands.

2.2. Dietary Isoflavones. The primary dietary sources of
isoflavones that are used as supplements are extracted from
legumes, especially soybeans. The isoflavones in soy are
mainly daidzein, genistein, and glycitein. After hydrolysis
in the gastrointestinal tract, isoflavones are further mod-
ified by intestinal microflora. Thus, the metabolites of
isoflavones that end up in the circulation depend on the
type of microflora that inhabits the intestine. Equol and
O-desmethylangolensin (ODMA) are the most common
metabolites of daidzein. Several studies have shown that
genestein activates PPARy at micromolar concentration [54,
55] but inhibits adipogenesis in 3T3-L1 adipocytes [56],
primary human adipocytes [57], and in animal models
[58, 59]. This antiadipogenic effect of genestein is attributed
to mechanisms beyond PPARy activation. For example,
downregulation of adipocyte-specific genes such as C/EBP«
and f3, PPARy, SREBP-1, and HSL has been reported [60].
A study by Dang et al. demonstrated that genistein has
concentration-dependent effects on progenitor cells, that is,
genistein can act as an agonist of the estrogen receptor at
lower concentrations (<1 yM) but become a PPARy agonist
at higher concentrations (>1 ygM) in mesenchymal progeni-
tor cells, thus promoting either osteogenesis or adipogenesis,
respectively [27]. Moreover, a role for the estrogen receptor
cannot be overlooked because genistein down regulated
ERa and ERB in an animal study of ovariectomized mice
[61]. Daidzein and its metabolite equol activated PPARy
[28] in luciferase reporter assays utilizing several cell types
and promoted adipogenesis in 3T3-L1 cells at much lower
concentrations (10—100 ym) than genistein [29].

2.3. Other Dietary Constituents. Fruits and vegetables are
rich in flavonoids. By screening a natural product library,
Salam and colleagues [30] identified two flavonoids, V-
baptigenin (ECsp = 2.9uM) and hesperidin (ECsy =
6.6 uM) as strong agonists of PPARy. Furthermore, these
flavonoids promoted a strong induction of PPARy in THP-
1 cells which was abolished by treatment with the PPARy
antagonist GW9662. Interestingly, in a recent study [62],
healthy humans who ingested a supplement of Red Clover
had detectable levels of W-baptigenin in their plasma, thus
making this a plausible physiological ligand of PPARy. The
biological effects of these natural PPARy agonists need
further investigation. Other dietary components that have
been studied are epigallocatechin gallate (EGCG, from green
tea) and resveratrol (abundant in grapes, wine, and peanuts).
Once again, there are very few studies that demonstrate the
PPARy binding ability of these compounds. Because of their
ability to reduce lipid accumulation [63] by altering PPARy
expression [64], these agents are presumptive ligands of
PPARy. In an extensive review on culinary herbs and spices,
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Jungbauer and Medjakovic [31] identified components of
herbs and spices such as cinnamon, oregano, and marjoram
with PPARy binding affinities between 2.8 and 23.7 uM.
Interestingly, most of these components seem to be very weak
transactivators of PPARy.

In summary, it is obvious that dietary components can
bind and activate PPAR gamma. What is lacking, however, is
the delineation of the metabolic effects that are specific to this
PPAR gamma activation. Thus, future efforts should focus on
study methodologies and techniques that can demonstrate
a cause and effect relationship between nutraceutical activa-
tion of PPAR gamma and its physiological function.

3. Toxicology of Nutraceuticals

Nutraceuticals are increasingly being used as nutritional
supplements in treatment of diseases. Due to the plant origin
of these supplements they are considered safe for human
consumption. However, the levels of the active substance
consumed vary when taken as a whole food, as compared
to a nutritional supplement [65, 66]. Very few studies have
reported on long-term effects of nutrition supplements in
humans. High consumption of lipids is associated with high
risk of cardiovascular disease, diabetes, obesity, and cancer
[67, 68]. Higher consumption of flavonoid supplements can
alter the physiological levels of iron, vitamins, and other
nutrients [66]. Flavonoids also interact with cytochrome
P450 enzymes thus altering pharmacodynamics and phar-
macokinetics of various drugs [69-71]. Similar to reports on
TZDs, some of the flavonoids such as genestein have been
associated with increased cancer risk [72-75]. Therefore,
unless safety profiles of these nutraceutical supplements in
humans are available, caution should be used in their long-
term use as PPAR modulators.

4. Conclusions

The study of nutraceuticals as PPAR ligands is in its infancy.
Newer insights into the role of PPARs in physiology and
pathophysiology will help design better therapeutics. Future
studies utilizing both high throughput screening technol-
ogy and tissue specific metabolic profiling should identify
nutraceuticals that modulate PPARy activity. Subsequent
cell culture and animal studies followed by rigorous clinical
trials should then be able to establish the pharmacological
and toxicological profiles of these nutraceuticals and their
potential in influencing human health.

Acknowledgments

The authors wish to acknowledge the financial support of
NIH Grants RO1 HL074239 (NS) and P20RR016477-09S2
(NS). The authors thank Dr. Nadya Merchant and Ms. Lisa
Daniels for proofreading our paper.



PPAR Research

References

(1]

(2]

(3]

(4]

(10]

(11]

(13]

P. Tontonoz and B. M. Spiegelman, “Fat and beyond: the
diverse biology of PPARy,” Annual Review of Biochemistry, vol.
77, pp. 289-312, 2008.

R. M. Evans, G. D. Barish, and Y. X. Wang, “PPARs and the
complex journey to obesity,” Nature Medicine, vol. 10, no. 4,
pp. 355-361, 2004.

S. Heikkinen, J. Auwerx, and C. A. Argmann, “PPARy in
human and mouse physiology,” Biochimica et Biophysica Acta,
vol. 1771, no. 8, pp. 999-1013, 2007.

C. K. Glass and K. Saijo, “Nuclear receptor transrepression
pathways that regulate inflammation in macrophages and T
cells,” Nature Reviews Immunology, vol. 10, no. 5, pp. 365-376,
2010.

P. C. Stafylas, P. A. Sarafidis, and A. N. Lasaridis, “The
controversial effects of thiazolidinediones on cardiovascular
morbidity and mortality,” International Journal of Cardiology,
vol. 131, no. 3, pp. 298-304, 2009.

M. Kawai and C. J. Rosen, “PPARy: a circadian transcription
factor in adipogenesis and osteogenesis,” Nature Reviews
Endocrinology, vol. 6, no. 11, pp. 629-636, 2010.

J. M. Lehmann, L. B. Moore, T. A. Smith-Oliver, W. O.
Wilkison, T. M. Willson, and S. A. Kliewer, “An antidiabetic
thiazolidinedione is a high affinity ligand for peroxisome
proliferator-activated receptor y (PPARy),” The Journal of
Biological Chemistry, vol. 270, no. 22, pp. 12953-12956, 1995.

S. A. Kliewer, K. Umesono, D. J. Noonan, R. A. Heyman, and
R. M. Evans, “Convergence of 9-cis retinoic acid and perox-
isome proliferator signalling pathways through heterodimer
formation of their receptors,” Nature, vol. 358, no. 6389, pp.
771-774, 1992.

R. E Kletzien, L. A. Foellmi, P. K. W. Harris, B. M. Wyse, and S.
D. Clarke, “Adipocyte fatty acid-binding protein: regulation of
gene expression in vivo and in vitro by an insulin-sensitizing
agent,” Molecular Pharmacology, vol. 42, no. 4, pp. 558-562,
1992.

R. A. Graves, P. Tontonoz, and B. M. Spiegelman, “Analysis
of a tissue-specific enhancer: ARF6 regulates adipogenic gene
expression,” Molecular and Cellular Biology, vol. 12, no. 3, pp.
1202-1208, 1992.

M. A. Peraza, A. D. Burdick, H. E. Marin, F. J. Gonzalez,
and J. M. Peters, “The toxicology of ligands for peroxi-
some proliferator-activated receptors (PPAR),” Toxicological
Sciences, vol. 90, no. 2, pp. 269-295, 2006.

C. Pirat, A. Farce, N. Lebegue et al., “Targeting peroxi-
some proliferator-activated receptors (PPARs): development
of modulators,” Journal of Medicinal Chemistry, vol. 55, no. 9,
pp. 4027-4061, 2012.

F. L. Dunn, L. S. Higgins, J. Fredrickson, and A. M. Depaoli,
“Selective modulation of PPARy activity can lower plasma glu-
cose without typical thiazolidinedione side-effects in patients
with type 2 diabetes,” Journal of Diabetes and its Complications,
vol. 25, no. 3, pp. 151-158, 2011.

B. G. Shearer and A. N. Billin, “The next generation of PPAR
drugs: do we have the tools to find them?” Biochimica et
Biophysica Acta, vol. 1771, no. 8, pp. 1082-1093, 2007.

B. L. Balint and L. Nagy, “Selective modulators of PPAR
activity as new therapeutic tools in metabolic diseases,”

Endocrine, Metabolic and Immune Disorders, vol. 6, no. 1, pp.
33-43, 2006.

(16]

P. L. Feldman, M. H. Lambert, and B. R. Henke, “PPAR
modulators and PPAR pan agonists for metabolic diseases: the
next generation of drugs targeting peroxisome proliferator-
activated receptors?” Current Topics in Medicinal Chemistry,
vol. 8, no. 9, pp. 728-749, 2008.

L. S. Higgins and A. M. Depaoli, “Selective peroxisome
proliferator-activated receptor y (PPARy) modulation as a
strategy for safer therapeutic PPARy activation,” American
Journal of Clinical Nutrition, vol. 91, no. 1, pp. 267S-272S,
2010.

J. B. Bruning, M. J. Chalmers, S. Prasad et al., “Partial agonists
activate PPARy using a helix 12 independent m echanism,”
Structure, vol. 15, no. 10, pp. 1258-1271, 2007.

T. H. W. Huang, A. W. Teoh, B. L. Lin, D. S. H. Lin,
and B. Roufogalis, “The role of herbal PPAR modulators in
the treatment of cardiometabolic syndrome,” Pharmacological
Research, vol. 60, no. 3, pp. 195-206, 2009.

A. de Silva and P. Lanerolle, “Nutraceuticals: concepts and
controversies,” Ceylon Medical Journal, vol. 56, no. 4, pp. 171-
173,2011.

S. H. Zeisel, “Regulation of ‘nutraceuticals}” Science, vol. 285,
no. 5435, pp. 1853—-1855, 1999.

E J. Schopfer, Y. Lin, P. R. S. Baker et al., “Nitrolinoleic acid:
an endogenous peroxisome proliferator-activated receptor y
ligand,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 102, no. 7, pp. 2340-2345, 2005.
R. L. Alexander, M. W. Wright, M. J. Gorczynski et al,
“Differential potencies of naturally occurring regioisomers of
nitrolinoleic acid in PPARy activation,” Biochemistry, vol. 48,
no. 2, pp. 492-498, 2009.

S. S. Davies, A. V. Pontsler, G. K. Marathe et al., “Oxidized
alkyl phospholipids are specific, high affinity peroxisome
proliferator-activated receptor y ligands and agonists,” The
Journal of Biological Chemistry, vol. 276, no. 19, pp. 16015—
16023, 2001.

T. Itoh and K. Yamamoto, “Peroxisome proliferator activated
receptor y and oxidized docosahexaenoic acids as new class of
ligand,” Naunyn-Schmiedeberg’s Archives of Pharmacology, vol.
377, no. 4-6, pp. 541-547, 2008.

M. A. Belury, S. Y. Moya-Camarena, M. Lu, L. Shi, L. M.
Leesnitzer, and S. G. Blanchard, “Conjugated linoleic acid is
an activator and ligand for peroxisome proliferator-activated
receptor-gamma (PPARy),” Nutrition Research, vol. 22, no. 7,
pp. 817-824, 2002.

Z. C. Dang, V. Audinot, S. E. Papapoulos, J. A. Boutin, and C.
W. G. M. Lowik, “Peroxisome proliferator-activated receptor
y (PPARy) as a molecular target for the soy phytoestrogen
genistein,” The Journal of Biological Chemistry, vol. 278, no. 2,
pp. 962-967, 2003.

K. W. Cho, O. H. Lee, W. J. Banz, N. Moustaid-Moussa, N. F.
Shay, and Y. C. Kim, “Daidzein and the daidzein metabolite,
equol, enhance adipocyte differentiation and PPARy tran-
scriptional activity,” Journal of Nutritional Biochemistry, vol.
21, no. 9, pp. 841-847, 2010.

P. Shen, M. H. Liu, T. Y. Ng, Y. H. Chan, and E. L. Yong, “Dif-
ferential effects of isoflavones, from Astragalus membranaceus
and Pueraria thomsonii, on the activation of PPAR«, PPARy,
and adipocyte differentiation in vitro,” Journal of Nutrition,
vol. 136, no. 4, pp. 899-905, 2006.

N. K. Salam, T. H. W. Huang, B. P. Kota, M. S. Kim, Y.
Li, and D. E. Hibbs, “Novel PPAR-gamma agonists identified
from a natural product library: a virtual screening, induced-
fit docking and biological assay study,” Chemical Biology and
Drug Design, vol. 71, no. 1, pp. 57-70, 2008.



[31] A.Jungbauer and S. Medjakovic, “Anti-inflammatory proper-

(35]

(36]

(37]

(38]

(46]

(47]

ties of culinary herbs and spices that ameliorate the effects of
metabolic syndrome,” Maturitas, vol. 71, no. 3, pp. 227-239,
2012.

J. Fei, C. Cook, M. Gillespie, B. Yu, K. Fullen, and N.
Santanam, “Atherogenic omega-6 lipids modulate PPAR-EGR-
1 crosstalk in vascular cells,” PPAR Research, vol. 2011, Article
ID 753917, 11 pages, 2011.

M. Garelnabi, K. Selvarajan, D. Litvinov, N. Santanam,
and S. Parthasarathy, “Dietary oxidized linoleic acid lowers
triglycerides via APOA5/APOCII dependent mechanisms,”
Atherosclerosis, vol. 199, no. 2, pp. 304-309, 2008.

J. Barlic and P. M. Murphy, “An oxidized lipid-peroxisome
proliferator-activated receptor gamma-chemokine pathway in
the regulation of macrophage-vascular smooth muscle cell
adhesion,” Trends in Cardiovascular Medicine, vol. 17, no. 8,
Pp. 269-274, 2007.

T. Kita and H. Arai, “Oxidized fatty acid and PPAR-gamma,”
Nippon Rinsho, vol. 59, pp. 823-830, 2001.

W. Siess and G. Tigyi, “Thrombogenic and atherogenic activi-
ties of lysophosphatidic acid,” Journal of Cellular Biochemistry,
vol. 92, no. 6, pp. 10861094, 2004.

K. Uchida, “Lipid peroxidation and redox-sensitive signaling
pathways,” Current Atherosclerosis Reports, vol. 9, no. 3, pp.
216-221, 2007.

G. Wolf, “The role of oxidized low-density lipoprotein in
the activation of peroxisome proliferator-activated receptor y:
implications for atherosclerosis,” Nutrition Reviews, vol. 57,
no. 3, pp. 88-91, 1999.

T. Itoh, L. Fairall, K. Amin et al., “Structural basis for the
activation of PPARYy by oxidized fatty acids,” Nature Structural
and Molecular Biology, vol. 15, no. 9, pp. 924-931, 2008.

Y. Li, J. Zhang, E J. Schopfer et al., “Molecular recognition
of nitrated fatty acids by PPARy,” Nature Structural and
Molecular Biology, vol. 15, no. 8, pp. 865-867, 2008.

T. Waku, T. Shiraki, T. Oyama et al.,, “Structural insight
into PPARy activation through covalent modification with
endogenous fatty acids,” Journal of Molecular Biology, vol. 385,
no. 1, pp. 188-199, 2009.

H. Yokoi, H. Mizukami, A. Nagatsu, H. Tanabe, and M.
Inoue, “Hydroxy monounsaturated fatty acids as agonists for
peroxisome proliferator-activated receptors,” Biological and
Pharmaceutical Bulletin, vol. 33, no. 5, pp. 854-861, 2010.

H. E. Xu, M. H. Lambert, V. G. Montana et al., “Molecular
recognition of fatty acids by peroxisome proliferator-activated
receptors,” Molecular Cell, vol. 3, no. 3, pp. 397-403, 1999.

M. Penumetcha, N. Khan, and S. Parthasarathy, “Dietary
oxidized fatty acids: an atherogenic risk?” Journal of Lipid
Research, vol. 41, no. 9, pp. 1473-1480, 2000.

L. Staprans, D. A. Hardman, X. M. Pan, and K. R. Feingold,
“Effect of oxidized lipids in the diet on oxidized lipid levels
in postprandial serum chylomicrons of diabetic patients,”
Diabetes Care, vol. 22, no. 2, pp. 300-306, 1999.

I. Staprans, X. M. Pan, J. H. Rapp, and K. R. Feingold,
“Oxidized cholesterol in the diet is a source of oxidized
lipoproteins in human serum,” Journal of Lipid Research, vol.
44, n0. 4, pp. 705-715, 2003.

R. Ringseis, N. Piwek, and K. Eder, “Oxidized fat induces
oxidative stress but has no effect on NF-«xB-mediated proin-
flammatory gene transcription in porcine intestinal epithelial
cells,” Inflammation Research, vol. 56, no. 3, pp. 118-125, 2007.
S. Y. Moya-Camarena, J. P. Vanden Heuvel, S. G. Blanchard, L.
A. Leesnitzer, and M. A. Belury, “Conjugated linoleic acid is

(49]

(53]

[56

PPAR Research

a potent naturally occurring ligand and activator of PPAR«,”
Journal of Lipid Research, vol. 40, no. 8, pp. 1426-1433, 1999.
J. Bassaganya-Riera and R. Hontecillas, “Dietary conjugated
linoleic acid and n-3 polyunsaturated fatty acids in inflamma-
tory bowel disease,” Current Opinion in Clinical Nutrition and
Metabolic Care, vol. 13, no. 5, pp. 569-573, 2010.

R. Limor, O. Sharon, E. Knoll, A. Many, G. Weisinger, and
N. Stern, “Lipoxygenase-derived metabolites are regulators of
peroxisome proliferator-activated receptor y-2 expression in
human vascular smooth muscle cells,” American Journal of
Hypertension, vol. 21, no. 2, pp. 219-223, 2008.

J. T. Huang, J. S. Welch, M. Ricote et al.,, “Interleukin-4-
dependent production of PPAR-y ligands in macrophages by
12/15-lipoxygenase,” Nature, vol. 400, no. 6742, pp. 378-382,
1999.

L. Nagy, P. Tontonoz, J. G. A. Alvarez, H. Chen, and R. M.
Evans, “Oxidized LDL regulates macrophage gene expression
through ligand activation of PPARy,” Cell, vol. 93, no. 2, pp.
229-240, 1998.

B. M. Forman, J. Chen, and R. M. Evans, “Hypolipidemic
drugs, polyunsaturated fatty acids, and eicosanoids are ligands
for peroxisome proliferator-activated receptors « and &,
Proceedings of the National Academy of Sciences of the United
States of America, vol. 94, no. 9, pp. 4312-4317, 1997.

S. Medjakovic, M. Mueller, and A. Jungbauer, “Potential
health-modulating effects of isoflavones and metabolites via
activation of PPAR and AhR,” Nutrients, vol. 2, no. 3, pp. 241—
279, 2010.

B. K. Chacko, R. T. Chandler, T. L. D’Alessandro et al., “Anti-
inflammatory effects of isoflavones are dependent on flow and
human endothelial cell PPARYy,” Journal of Nutrition, vol. 137,
no. 2, pp. 351-356, 2007.

P. Phrakonkham, S. Viengchareun, C. Belloir, M. Lombes,
Y. Artur, and M. C. Canivenc-Lavier, “Dietary xenoestrogens
differentially impair 3T3-L1 preadipocyte differentiation and
persistently affect leptin synthesis,” Journal of Steroid Biochem-
istry and Molecular Biology, vol. 110, no. 1-2, pp. 95-103, 2008.
H. J. Park, M. A. Della-Fera, D. B. Hausman, S. Rayalam, S.
Ambati, and C. A. Baile, “Genistein inhibits differentiation of
primary human adipocytes,” Journal of Nutritional Biochem-
istry, vol. 20, no. 2, pp. 140-148, 2009.

M. Penza, C. Montani, A. Romani et al., “Genistein affects
adipose tissue deposition in a dose-dependent and gender-
specific manner,” Endocrinology, vol. 147, no. 12, pp. 5740—
5751, 2006.

A. Naaz, S. Yellayi, M. A. Zakroczymski et al., “The soy
isoflavone genistein decreases adipose deposition in mice,”
Endocrinology, vol. 144, no. 8, pp. 33153320, 2003.

E Zhang, B. E. Lavan, and F. M. Gregoire, “Selective modu-
lators of PPAR-y activity: molecular aspects related to obesity
and side-effects,” PPAR Research, vol. 2007, Article ID 32696,
2007.

H. K. Kim, C. Nelson-Dooley, M. A. Della-Fera et al.,
“Genistein decreases food intake, body weight, and fat pad
weight and causes adipose tissue apoptosis in ovariectomized
female mice,” Journal of Nutrition, vol. 136, no. 2, pp. 409414,
2006.

R. Maul and S. E. Kulling, “Absorption of red clover
isoflavones in human subjects: results from a pilot study,”
British Journal of Nutrition, vol. 103, no. 11, pp. 1569-1572,
2010.



PPAR Research

[63] M. S. Lee, C. T. Kim, and Y. Kim, “Green tea (-)-
epigallocatechin-3-gallate reduces body weight with regula-
tion of multiple genes expression in adipose tissue of diet-
induced obese mice,” Annals of Nutrition and Metabolism, vol.
54, no. 2, pp. 151-157, 2009.

[64] C.Y. Chan, L. Wei, F. Castro-Munozledo, and W. L. Koo, “(-)-
Epigallocatechin-3-gallate blocks 3T3-L1 adipose conversion
by inhibition of cell proliferation and suppression of adipose
phenotype expression,” Life Sciences, vol. 89, no. 21-22, pp.
779-785, 2011.

[65] S. Egert and G. Rimbach, “Which sources of flavonoids:
complex diets or dietary supplements?” Advances in Nutrition,
vol. 2, no. 1, pp. 8-14, 2011.

[66] Z.Kyselova, “Toxicological aspects of the use of phenolic com-
pounds in disease prevention,” Interdisciplinary Toxicology,
vol. 4, no. 4, pp. 173-183, 2011.

[67] L. Hooper, C. D. Summerbell, R. Thompson et al., “Reduced
or modified dietary fat for preventing cardiovascular disease,”
Cochrane Database of Systematic Reviews, no. 7, Article ID
CD002137, 2011.

[68] J. Salas-Salvado, M. A. Martinez-Gonzalez, M. Bullo, and E.
Ros, “The role of diet in the prevention of type 2 diabetes,”
Nutrition, Metabolism and Cardiovascular Diseases, vol. 21,
supplement 2, pp. B32-B48, 2011.

[69] E. J. Choi and T. Kim, “Daidzein modulates
induction of hepatic CYP1Al, 1B1, and AhR by 7,12-
dimethylbenz[a]anthracene in mice,” Archives of Pharmacal
Research, vol. 31, no. 9, pp. 1115-1119, 2008.

[70] E. A.Simmen, C. P. Mercado, A. M. Zavacki et al., “Soy protein
diet alters expression of hepatic genes regulating fatty acid
and thyroid hormone metabolism in the male rat,” Journal of
Nutritional Biochemistry, vol. 21, no. 11, pp. 1106-1113, 2010.

[71] R. Cermak, “Effect of dietary flavonoids on pathways involved
in drug metabolism,” Expert Opinion on Drug Metabolism and
Toxicology, vol. 4, no. 1, pp. 17-35, 2008.

[72] R. Govindarajan, L. Ratnasinghe, D. L. Simmons et al,

“Thiazolidinediones and the risk of lung, prostate, and colon

cancer in patients with diabetes,” Journal of Clinical Oncology,

vol. 25, no. 12, pp. 1476-1481, 2007.

C. Koro, S. Barrett, and N. Qizilbash, “Cancer risks in thia-

zolidinedione users compared to other anti-diabetic agents,”

Pharmacoepidemiology and Drug Safety, vol. 16, no. 5, pp. 485—

492, 2007.

[74] M. E. Ramos-Nino, C. D. MacLean, and B. Littenberg,
“Association between cancer prevalence and use of thiazo-
lidinediones: results from the Vermont diabetes information
system,” BMC Medicine, vol. 5, article 17, 2007.

[75] S. Andres, K. Abraham, K. E. Appel, and A. Lampen, “Risks
and benefits of dietary isoflavones for cancer,” Critical Reviews
in Toxicology, vol. 41, no. 6, pp. 463-506, 2011.

[73



	Introduction
	Natural Ligands of PPAR
	Exogenous and Endogenous Lipid Derivatives
	Exogenous Lipids: Dietary Lipids
	Endogenous Lipids

	Dietary Isoflavones
	Other Dietary Constituents

	Toxicology of Nutraceuticals
	Conclusions
	Acknowledgments
	References

