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I. INTRODUCTION
A. The Peroxisome Proliferator-Activated
Receptor Subfamily
The peroxisome proliferator-activated receptors (PPARs)
are ligand-activated transcription factors that belong to the
nuclear hormone receptor superfamily. This superfamily,
that comprises 48 members in human, includes endocrine
receptors, such as steroid and thyroid hormone receptors,
receptors activated by metabolites, such as PPARs and
farsenoid X receptor, and orphan receptors which are constitutively activated or with unknown ligands. There are
three different PPAR isoforms called ␣ (NR1C1), ␤
(NR1C2), and ␥ (NR1C3). The first PPAR, currently called
PPAR␣, was cloned from a mouse liver complementary

DNA library in 1990 by a group working on the mechanisms implicated in the promoting action of a variety of
chemicals, such as hypolipidemic drugs or industrial plasticizers, on peroxisomal proliferation in rodent liver, hence
the name of peroxisome proliferator-activated receptor
(254). The identified protein presented a high degree of
similarity with several members of the nuclear hormone receptor superfamily and displayed high expression levels in liver,
kidney, heart, and brown adipose tissue. By using a transactivation assay, the authors demonstrated that PPAR␣ was activated by several hypolipidemic peroxisome proliferators, including fibrates, by phthalates, and also by saturated and unsaturated middle- and long-chain fatty acids (255).
Soon after its identification, it was demonstrated that
PPAR␣ activates the transcription of the rat acyl CoA oxidase (ACO), the rate-limiting enzyme of peroxisomal fatty
acid oxidation, and that this transcriptional induction involved the binding of PPAR␣ to the sequence TGACCTTTGTCCT identified in the rat ACO promoter and termed
peroxisome proliferator response element (PPRE) (597).
Furthermore, the same group showed that the retinoid X
receptor (RXR) was required for the binding of PPAR␣ to
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peroxisome proliferator-activated receptors, PPAR␣, PPAR␤, and PPAR␥, are a family
of transcription factors activated by a diversity of molecules including fatty acids and
fatty acid metabolites. PPARs regulate the transcription of a large variety of genes
implicated in metabolism, inflammation, proliferation, and differentiation in different cell types.
These transcriptional regulations involve both direct transactivation and interaction with other
transcriptional regulatory pathways. The functions of PPAR␣ and PPAR␥ have been extensively
documented mainly because these isoforms are activated by molecules clinically used as hypolipidemic and antidiabetic compounds. The physiological functions of PPAR␤ remained for a while less
investigated, but the finding that specific synthetic agonists exert beneficial actions in obese
subjects uplifted the studies aimed to elucidate the roles of this PPAR isoform. Intensive work based
on pharmacological and genetic approaches and on the use of both in vitro and in vivo models has
considerably improved our knowledge on the physiological roles of PPAR␤ in various cell types. This
review will summarize the accumulated evidence for the implication of PPAR␤ in the regulation of
development, metabolism, and inflammation in several tissues, including skeletal muscle, heart,
skin, and intestine. Some of these findings indicate that pharmacological activation of PPAR␤ could
be envisioned as a therapeutic option for the correction of metabolic disorders and a variety of
inflammatory conditions. However, other experimental data suggesting that activation of PPAR␤
could result in serious adverse effects, such as carcinogenesis and psoriasis, raise concerns about
the clinical use of potent PPAR␤ agonists.
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the ACO PPRE and that activation of RXR by 9-cis-retinoic
acid enhanced PPAR␣ action (255).
Two other PPAR isoforms called PPAR␤ (also called
PPAR␦, NUCI, and FAAR) and PPAR␥ were then found in
Xenopus laevis (136), human (193, 508), and mouse (18,
91, 296, 682). The PPAR isoforms are encoded by separate
genes located on different chromosomes, e.g., on chromosomes 22, 6, and 3 for the human isoforms ␣, ␤, and ␥,
respectively, and on chromosomes 15, 6, and 17 for the
mouse isoforms ␣, ␤, and ␥, respectively.

Determination of the crystal structure of the ligand-binding
domain (LBD) of the PPAR isoforms revealed that the three
isoforms display a general structure already described for
many other nuclear receptors. However, these studies also
revealed some particularities in the PPAR LBD that appear
larger and more hydrophobic than in other nuclear receptors, explaining the ability of PPARs to bind a very large
variety of natural and synthetic lipophilic molecules (133,
605, 653) and some subtle differences within the LBD of
PPAR isoforms that could be functionally important as determining isoform ligand selectivity (570, 654). Furthermore, these studies indicated that ligand binding stabilizes
the COOH-terminal ␣ helix of PPAR LBD in a conformation that favors interaction with coactivators and release of
corepressor proteins, promoting transcriptional activity
(FIGURE 1, B AND C) (272, 391, 685).
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The lack of specificity of commercially available PPAR␤
antibodies is a great limitation for the conclusions of several
studies aimed to investigate the PPAR␤ expression at the
protein level. By using quantitative Western blotting experiment and both positive and negative controls (in vitro
translated PPAR␤ and tissues from PPAR␤-deficient mice,
respectively), Girroir et al. (186) provided the most compelling study on the expression patterns of PPAR␤ in mouse
tissues. Quantitative Western blot analyses revealed that
PPAR␤ expression is very high in small intestine and keratinocytes; high in liver, colon, kidney, and skin; and low in
other tissues including brain, heart, lung, skeletal muscle,
testis, spleen, and thymus. Further analyses showed that
PPAR␤ protein is mostly found in nuclear fractions of these
tissues and can be coimmunoprecipitated with RXR (186).
However, it is important to note that the expression levels
of both PPAR␤ mRNA and protein are different in the
various cell types in a given tissue, as for instance higher
expression levels in keratinocytes than in other skin cell
types (186), higher expression levels in crypts than in upper
part of the villi in small intestine and colon (389), or higher
levels in oxidative than in glycolytic skeletal muscle fibers
(631). Furthermore, expression levels of PPARs are subjected to physiological modifications in a tissue-dependent
manner. For instance, during fasting, the PPAR␤ expression
levels are reduced in liver (143) and increased in skeletal
muscle (238).
It is now established that covalent modifications by phosphorylation, ubiquitination, or sumoylation are implicated
in the regulation of PPAR␣ and PPAR␥ functions, while
information about such modifications for PPAR␤ are still
limited. For instance, numerous studies have shown that
PPAR␣ and PPAR␥ are phosphorylated by various kinases,
such as protein kinases A and C, mitogen-activated protein
kinases, and AMP kinase (AMPK), and that these phosphorylations affect their activity at several steps including proteosomal degradation, ligand affinity, and DNA binding
(80). Although it was reported that transcriptional activity
of PPAR␤ is modulated by some signaling kinases, such as
protein kinase A (207, 309, 319) and p38 mitogen-
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PPARs display a classical nuclear receptor organization in
several functional domains. The NH2 terminus region
called A/B domain contains a ligand-independent transcriptional activation function (AF-1) (FIGURE 1A). Compared
with other nuclear receptors, the activity of such AF-1 remains weak in PPAR ␣ and ␥ isoforms and is almost insignificant in PPAR␤. This lower functionality of AF-1 in
PPAR␤ could be due to the shorter size of the A/B domain,
e.g., 72 amino acids in mouse PPAR␤ protein versus more
than 100 amino acids in the mouse ␣ and ␥ isoforms. The
central region or C domain is implicated in binding with
PPRE via a two zinc-finger motif which is the hallmark of
the nuclear receptors (FIGURE 1A). The DNA-binding region is highly conserved among the nuclear hormone receptors, and this characteristic has been used for the cloning of
many nuclear receptors, including the PPARs, by low-stringency cross-hybridization screening of complementary
DNA libraries with degenerated oligonucleotides covering
this DNA sequence. The COOH-terminal region (D/E/F)
contains the ligand-binding domain and is implicated in
receptor heterodimerization with the obligatory transcriptional partner RXR (FIGURE 1A), which is another member
of the nuclear hormone receptor superfamily (518), and
interaction with coactivators (133, 134, 415) and corepressors (133). This region also contains a transcriptional activation function-2 (AF-2) motif that is required for liganddependent transcription activation.

PPAR isoforms are expressed in a large variety of tissues
and cell types. However, their expression levels are tissue
dependent and modified by the physiological status in some
tissues. PPAR␣ is expressed at high levels in tissues with
elevated fatty acid catabolism such as liver, intestine, brown
adipose tissue, and heart (255). Two forms of PPAR␥ differing at their NH2 terminus have been identified and display distinct expression patterns. PPAR␥2 is almost exclusively found in white and brown adipocytes (590), while
PPAR␥1 is found in a larger variety of cell types and organs
such as macrophages, vascular cells, gut, and brain (683).
PPAR␤ mRNA displays a broad pattern of expression with
higher mRNA amounts in intestine, heart, and liver than in
brain and spleen (60, 269, 296).
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FIGURE 1. Molecular modes of action of PPAR␤. Simplified scheme illustrating examples of direct and
indirect transcriptional regulation by PPAR␤. A: PPAR␤ can directly regulate transcription of target genes by
forming a heterodimer with RXR and binding to PPRE sequences in the promotor- or transcribed-regions of
target genes through DNA binding domains (DBD). Both nuclear receptors exhibit a similar organization in
several functional domains. The NH2-terminal region contains a ligand-independent transcriptional activation
function (AF-1) domain, while the COOH-terminal region contains the ligand-binding domain (LBD). B: in the
absence of ligand, the PPAR␤/RXR heterodimer interacts with corepressors and other proteins, which results
in recruitment of histone deacetylases (HDACs) and subsequent changes toward tight chromatin structure and
transcription repression. C: the ligand binding-induced conformational change in PPAR␤ promotes a release of
the corepressor complex and interaction with coactivators that directly or through recruitment of coactivatorassociated proteins induces a chromatin structure remodeling by histone acetylation or methylation, stimulating transcription of PPAR␤ target genes. PPAR␤ can also indirectly regulate transcription. D: in the absence
of ligand-bound PPAR␤, the NF-B heterodimer consisting of P65 and P50 transactivates the transcription of
its target genes. E: one of several ways by which PPAR␤ activation can indirectly regulate transcription of NF-B
target genes is by directly interacting with P65 and thereby decreasing association of the NF-B dimer to its
response element and inhibiting transcription of NF-B target genes. Another example by which PPAR␤ can
indirectly regulate transcription is by interacting with the corepressor BCL-6. F: in this case, it is the inactive
form of PPAR␤ that binds to BCL-6 and, as a result, BCL-6 is not available to repress the transcription of its
target genes. G: activation of PPAR␤ leads to release of BCL-6, and the corepressor is able to perform its
function and repress the transcription of target genes.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

797

JAAP G. NEELS AND PAUL A. GRIMALDI

B. PPAR Agonists
The actual nature of endogenous PPAR ligands still remains
a partially unsolved question. It is generally accepted that
fatty acids, or more likely, fatty acid metabolites, are physiologically capable to bind and activate the three PPAR
isoforms. Initial studies revealed that saturated and unsaturated long-chain fatty acids (LCFA) bind to PPAR␣ with
almost similar affinity (Kd values ranging from 1 to 2 M)
and less efficiently to PPAR␤ (Kd values from 3 to 10 M),
while only unsaturated LCFA are able to bind to PPAR␥
(163, 653). They also showed that metabolites of unsaturated LCFA interact more efficiently with PPARs and displayed strong isoform selectivity. For instance, 15-deoxydelta-12,14-PGJ2 (15d-PGJ2), a naturally occurring metabolite of prostaglandin D2, is a potent and specific ligand/
activator of PPAR␥ (164, 297), while leukotriene B4 and
oleylethanolamide specifically bind and activate PPAR␣
(120, 171). Prostacyclin (PGI2) has been described as a potent PPAR␤ agonist (214, 336), and several studies have
proposed important regulatory roles for the PGI2/PPAR␤
axis in various contexts, such as embryo hatching and implantation (278, 425) and vascular physiology (28, 283,
592). However, other authors provided experimental evidence arguing against an important physiological role of
PGI2 in PPAR␤ activation (152, 673). More recently, the
arachidonic acid metabolite 15-hydroxyeicosatetraenoic
acid (15-HETE) was shown to be a strong PPAR␤ agonist,
while displaying less affinity for the other PPAR isoforms
(104, 409). Lipoperoxidation products, such as 4-hy-
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droxynonenal (4-HNE), 4-hydroperoxynonenal (104), and
4-hydroperoxynonenal hydroxydodeca-(2E,6Z)-dienal (4HDDE) (473) also activate PPAR␤.
It has been reported that all-trans-retinoic acid (ATRA),
that binds to retinoic acid receptors (RAR) with very high
affinity (Kd of 0.2 nM for human RAR␥) (566), is also a
high-affinity ligand for PPAR␤ (Kd of 17 nM) but not for
the other PPAR isoforms (Kd of 100 –200 nM) (529) and
efficiently activates PPAR␤-mediated transcription (514,
529). However, these observations should be viewed with
caution as they are not confirmed by two independent laboratories that concluded that ATRA does not bind to
PPAR␤ and does not promote transcription of PPAR␤ target genes in several cell lines (63, 64, 476).
In intact cell models such as cells in culture, high concentrations of fatty acids and fatty acid derivatives are required
to efficiently activate the PPARs arguing against the actual
role of these lipidic molecules as physiological PPAR activators. However, the rapid metabolism of FA and eicosanoids could explain why high concentrations of these
molecules are required to activate the PPAR pathways during long-term incubations. The findings that nonmetabolized fatty acid derivatives, such as 2-bromopalmitate (18)
and thiol-substituted fatty acids (317), or stabilized eicosanoids, such as carbaprostaclycin (cPGI2) (336), are more
active than their native instable counterparts support this
hypothesis.
As PPARs have a nuclear localization, the nucleoplasmic
concentration of their ligands must be consistent with the
affinity range of PPARs for these compounds. Some mechanisms allowing a nuclear delivery of PPAR ligands can be
proposed, although remaining largely hypothetical or only
partially established.
Based on the observations of active nuclear lipid metabolism in several tissues (reviewed in Refs. 149, 363), it can be
proposed that FAs or other PPAR activators, such as eicosanoids, are produced directly in the nucleus. For instance,
the enzymes required for the synthesis of PGI2, e.g., phospholipase A2, cyclooxygenase 2 (COX-2), and PGI synthase, display a perinuclear localization in uterine stromal
cells, suggesting that the activation of PPAR␤ required for
blastocyst implantation is related to a nuclear synthesis of
its natural ligand. At present, however, the actual involvement of nuclear lipid metabolism in PPAR transcriptional
activation remains to be firmly established.
Furthermore, a model in which PPAR ligands are transported from the cytosol to the nucleus by the fatty acid
binding proteins (FABPs) and delivered to the PPARs is
proposed by some authors. FABPs are members of the intracellular lipid binding proteins (ILBPs) family and have
been implicated in cytoplasmic transport of lipophilic li-
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activated protein kinase (307), direct experimental data on
the effect of phosphorylation on PPAR␤ transcriptional activity are still lacking. It has also been reported that the
three PPAR isoforms are posttranslationally modified by
ubiquitination, and these covalent modifications differently
affect their transcriptional functions (622). Specifically,
PPAR␥ is rapidly ubiquitinated and degraded by the proteasome upon exposure to ligands (215). PPAR␣ is a shortlived protein, and ligand binding prevents its ubiquitination
and its degradation by the proteasome; however, this protective effect of the ligand disappears after a few hours and
the PPAR␣ protein is then rapidly degraded (55). PPAR␤ is
also ubiquitinated in the absence of ligand and displays a
short half-life, but when ligands are present, the PPAR␤
protein is protected from degradation by the proteasome by
a specific inhibition of ubiquitination. Interestingly, this
protection against degradation of both endogenous and ectopically expressed PPAR␤ protein is maintained as long as
the ligand is present (181). In that respect, PPAR␤ displays
a very singular feature as most members of the nuclear
receptor family exhibit ligand-induced proteosomal degradation. This aspect could be important in physiological or
pathological situations characterized by the production of
high concentrations of natural PPAR␤ ligands or when synthetic ligands are chronically administrated.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
gands, including FAs and FA metabolites, to intracellular
compartments or enzymes within the cell. FABP isoforms
differ in their expression profile and also in their affinity and
specificity toward ligands. FABPs are widely expressed, and
several tissues contain more than one FABP isoform. However, organs with high lipid-metabolizing capacity are characterized by a remarkable richness of one specific FABP
isoform. For instance, FABP1, -3, and -4 are the predominant isoforms in liver, heart, and adipose tissue, respectively, and their amount can reach several percent of cytosolic protein (543).

Several experimental observations argued in favor of an
implication of FABPs in nuclear lipid signaling. It has been
demonstrated that some of the FABP isoforms, i.e., FABP1
(62), FABP3 (61), FABP4, and FABP5 (223), are present at
significant level in nuclei of various tissues and are directly
involved in the nuclear import of FA and other hydrophobic
molecules (244, 245, 374, 562). More recently, it was
shown by different methods that some of the FABP isoforms
interact in a discriminating manner with the various PPARs
and by this mean promote a selective PPAR-induced transcriptional activation by specific delivery of the ligand. For
instance, one study showed that FABP1 interacts with
PPAR␣ (244), while another study demonstrated interaction with PPAR␣ and PPAR␥ but not with PPAR␤ (648).
FABP5 interacts specifically with PPAR␤ (580) while
FABP4 interacts with PPAR␥ (6). As these FABP isoforms
display tissue-specific expression profiles, such a model for
a functional selective cooperation between FABP and PPAR
duos could explain, at least partly, why a ligand able to
activate different PPARs, e.g., LCFA, exerts selective activating action on a specific PPAR isoform. Notwithstanding
these very interesting and exciting observations, wide acknowledgement of this model requires further experimental
work to explore and confirm its validity in other tissues and
various physiological conditions and also to clarify some
crucial points that remain controversial. For instance, publications from one group provided data showing that the
binding of specific ligands induces subtle conformational
changes in FABP4 and FABP5 promoting nuclear import
and protein/protein interaction with PPAR␥ and PPAR␤,
respectively (24, 183, 580). In contrast to these observations, data from another group revealed that direct ligand
binding is not required for FABP4 nuclear import but only

A model of ATRA-selective delivery by members of the
ILBP family toward RAR or PPAR␤ was more recently
proposed. Functional cooperation was previously described
between two proteins with very high affinity for ATRA,
namely, cellular retinoic acid-II (CRABP-II) (Kd in the 0.1
nM range)(131) and RARs (Kd in the 0.2 nM range) (566).
In this model, CRABP-II translocates from cytoplasm to
nucleus and through protein/protein interaction, delivers
ATRA to RARs (78, 118). More recently, Noy and colleagues (514) provided data showing that ATRA also binds
to FABP5 with high affinity (Kd of 35 nM) and that such a
binding promotes FABP5 translocation to the nucleus
where it interacts with PPAR␤ leading to enhancement of
PPAR␤ transcriptional activation (514). Furthermore, these
authors found that the ratio of FABP5 to CRABP-II in the
cell determines the level of activation by ATRA of either
RAR or PPAR␤. Indeed, ATRA activates both RAR and
PPAR␤ in cells containing high amounts of FABP5 and low
or very low amounts of CRABP-II, such as HaCaT keratinocytes and particular mammary carcinoma cell lines (514,
515), adipocytes (46), and terminally differentiating P19
embryonic carcinoma cells (674), while when the expression level of CRABP-II is high, e.g., in particular mammary
carcinoma cells lines (515), preadipocytes (46), or early
differentiating P19 cells (674), ATRA exerts its transcriptional effects by activating RAR and not PPAR␤. This
model proposing a dual transcriptional control by ATRA,
through activation of two nuclear receptors with large panels of target genes, could partly explain the pleiotropic actions of the hormone, including control of cell proliferation,
morphogenesis, and metabolism. However, such a model is
far from being generally accepted for several reasons.
First of all, two independent laboratories demonstrated that
ATRA does not act as a PPAR␤ agonist even when used at
pharmacological concentrations and in cells displaying high
FABP5 to CRAB-II ratio, such as HaCaT cells (63, 64, 476)
or COLO16 human cells (93). Indeed, it was shown that
treatment of these cells with ATRA activates the RAR target
gene expression but does not promote association of
PPAR␤ with coactivators and PPAR␤-mediated transcriptional activation (63, 64, 476). Furthermore, important divergences have been reported for the binding affinities of
ATRA with both FABP5 and PPAR␤. As the physiological
concentrations of retinoids in serum and tissues are within
the 1 to 10 nM range (113, 277, 398), it is clear that the
affinity of retinoic acid for ILBPs and nuclear receptors
must be in the same range of concentrations. For instance,
these affinities are in the 0.1– 0.2 nM window for the
CRABP-II/RAR pair (131, 566). Noy and colleagues (276,
476) reported Kd values of 35 and 17 nM of ATRA for
FABP5 and PPAR␤, respectively. However, other authors

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

799

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

FABP2 displays a high specificity for LCFAs, while other
isoforms, such as FABP4 and -5, bind FA with high affinity
and also eicosanoids and retinoids but with much weaker
affinity. In contrast, FABP1 is able to bind multiple ligands
including FA, FA metabolites, bile acids, heme, and several
xenobiotics (543). It has been clearly established that
FABPs play important and tissue-specific functions in the
regulation of fatty acid metabolism, such as fatty acid catabolism in cardiac and skeletal muscles, lipid storage in
adipose tissue, or lipid assimilation in intestine (561).

increased nuclear FABP4 localization (6) and, also that interactions of FABP1 with PPAR␣ (648) and of FABP4 with
PPAR␥ (6) do not depend on the presence of ligands.
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reported much weaker affinities of ATRA for both proteins,
i.e., Kd within the 1 to 10 M range (276, 476), that argues
against a physiological relevance of an activation of the
PPAR␤ transcriptional pathway by ATRA. Finally, it has
been recently shown that in breast cancer cells, FABP5 is
not translocated to the nucleus upon ATRA binding, but on
the contrary, sequesters ATRA in the cytoplasm and
thereby reduces its effects mediated by activation of the
CRABP-II/RAR system (344).

Synthetic compounds with a very specific agonistic activity
on PPAR␥, such as thiazolidinediones, have proven their
efficacy to improve insulin sensitivity and blood lipids in
type 2 diabetic patients and to control inflammatory re-
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A very large variety of PPAR synthetic activators have been
described. However, only a restricted number of these molecules with agonistic activity on PPAR␣ and PPAR␥ have
been clinically used for treatment of metabolic disorders.
For instance, fibrates, such as gemfibrozil, fenofibrate, or
ciprofibrate, used in clinical practice for many years to improve blood lipid levels, exert a large part of their metabolic
actions by a selective activation of PPAR␣, while bezafibrate, which is a pan-PPAR activator, is playing additional
beneficial effects including cardioprotective action (188).
Briefly, fibrate activation of PPAR␣ regulates the expression
of genes implicated in fatty acid catabolism, lipoprotein
metabolism, and inflammatory responses in various tissues,
including liver, heart, and vascular tissue (170).

sponses. These actions implicate transcriptional regulation
of genes implicated in differentiation, lipid and carbohydrate metabolism, and inflammation in several cell types,
including adipocytes, macrophages, and vascular cells
(591). Despite their efficacy in diabetic patients, the three
marketed thiazolidinediones displayed a variety of adverse
effects, such as hepatotoxicity (Troglitazone), risks of myocardial infarction (Rosiglitazone), and bladder cancer development (Pioglitazone), leading to their withdrawal or
limitation of use in Europe and the United States (311).
However, it must be noted that some of these deleterious
side effects of thiazolidinediones remain controversial. For
instance, while several studies reported a modest increase of
bladder cancer incidence in diabetic patients after Pioglitazone administration (159, 331, 392, 600), other independent analyses showed that long-term use of thiazolidinediones is not significantly associated with increased risk of
bladder cancer (142, 548, 634). Derivatives of phenoxyacetic acid, L-165041 (43), GW501516 and GW0742
(569), and MBX-8025 (41) are very potent and selective
activators of PPAR␤ both in vitro and in vivo. EC50 values
for these compounds when assessed with human recombinant PPAR␤ are ⬃1 nM for GW501516 and GW0742, 2
nM for MBX-8025, and 50 nM for L-165041, with 250- to
1,000-fold selectivity over the human PPAR␣ and PPAR␥
isoforms (41, 43, 311) (FIGURE 2). Other specific and potent
PPAR␤ synthetic agonists (350, 494) and antagonists (200,
530) have been described more recently, and all these compounds have been very useful tools for elucidating the bio-
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Although no adverse effects were reported in these human
studies, further investigations with larger groups of individuals and longer period of treatment are required to fully
establish the safety of these PPAR␤ agonists.

C. Molecular Mechanisms of Transcriptional
Regulation by PPAR␤
1. Direct transcriptional regulation through binding
to PPRE
PPARs exert part of their transcriptional regulating actions
in the form of a heterodimer with RXRs, which binds to a
specific DNA sequence called PPRE located in the promoter
region or in the transcribed region of the target genes (FIGURE 1A). Even though some exceptions have been reported,
the general scheme for such type of transcriptional regulation can be described as follows (153).
The PPRE consists of an imperfect direct repeat of the nuclear receptor consensus recognition sequence AGGTCA
with one variable base spacing (direct repeat-1, DR-1)
(426). Functional PPREs have been identified in a large
number of genes involved in a variety of cellular functions,
such as metabolic regulation, cell proliferation, cell differentiation, and inflammation.
Both PPARs/RXRs heterodimerization and DNA binding
of the heterodimer are ligand independent, but ligand binding reduces the mobility of PPARs by increasing interactions with cofactors rather than DNA binding (154, 596).
Activation of the PPAR/RXR heterodimer is induced by
either PPAR ligands or RXR ligands (e.g., 9-cis-retinoic

acid or synthetic ligands), whereas simultaneous presence
of PPAR and RXR ligands leads to a synergistic induction
of target genes (298).
As previously mentioned, ligand binding promotes a conformational change in the NH2 terminus of PPAR that
modifies the interaction of the nuclear receptor with cofactors, i.e., corepressors and coactivators that respectively
reduce and enhance transcription of the target genes after
establishment of large multiprotein complexes (FIGURE 1, B
AND C).
In the absence of ligand, the PPAR␤/RXR heterodimer interacts with corepressors and other proteins, which results
in recruitment of histone deacetylases (HDACs) and subsequent changes toward tight chromatin structure and transcription repression (FIGURE 1B). The ligand binding-induced conformational change in the PPAR promotes a release of the corepressor complex and interaction with
coactivators that directly or through recruitment of coactivator-associated proteins induces a chromatin structure remodeling by histone acetylation or methylation (FIGURE 1C)
(483, 616). As for the other nuclear receptors, several corepressors and coactivators are known to play important
roles in PPAR␤-mediated gene transcription. For instance,
it has been shown that unliganded PPAR␤/RXR heterodimer is associated with silencing mediator for retinoic
acid and thyroid hormone receptor (SMRT) or nuclear receptor corepressor (NCoR) when bound to PPRE sequences
(309) and can, by this way, repress the transcriptional activity of the other PPAR isoforms (532). Another corepressor of a large number of nuclear receptors, the receptor
interacting protein 140 (RIP140), represses the transcriptional activity of PPAR␤ in skeletal muscle and uterine cells
(337, 524). The peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1␣) and steroid receptor
coactivator-2 (SRC-2) are important coactivators for the
PPAR␤ regulatory functions (337, 630). Although cofactors are not specific for PPARs, some of them display tissuedependent differences in their expression level and are physiologically regulated in a tissue-dependent manner, adding
a new step in the regulation of PPAR activity. For instance,
and as it will be discussed in more detail in section III, both
PGC1␣ and PPAR␤ display a similar pattern of regulation
in skeletal muscle, with upregulation during physical exercise and fasting, and a more abundant expression level in
oxidative than in glycolytic fibers (195, 460).
PPAR␤ activation can have secondary effects on a large
panel of genes that are not direct target genes of PPAR␤, by
directly regulating the transcription of other transcription
factors, or of proteins that modulate the activity of a given
transcription factor. For instance in myocytes, PPAR␤ activation increases the transcription and activity of forkhead
box protein O1 (FoxO1) (406), a transcription factor implicated in many cellular functions, by direct PPRE-driven
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logical roles of PPAR␤. Although PPAR␤ agonists are not
yet in clinical use, human studies have been performed to
test the efficacy of two compounds, GW501516 and MBX8025, providing very encouraging findings for the treatment of metabolic disorders in dyslipidemic obese individuals. Administration of GW501516 for 2 wk to healthy
sedentary subjects significantly decreased plasma triglyceride concentration, increased HDL-cholesterol concentrations, and enhanced in vivo lipid clearance (551), while in
moderately obese subjects, the treatment lowered triglyceride, nonesterified fatty acids (NEFA), LDL-cholesterol, and
insulin plasma fasting levels; improved insulin sensitivity;
reduced liver fat content; and increased fatty acid oxidation
(FAO) after a high-fat meal (477). More recently, it has
been reported that treatment with MBX-8025 for 8 wk of
dyslipidemic overweight patients results in reduction of
plasma triglycerides, NEFA, apolipoprotein B-100, and
LDL-cholesterol (41). In dyslipidemic, moderately obese
patients, administration of either GW501516 (421) or
MBX-8025 (101) for 6 and 8 wk, respectively, also exerts a
potent beneficial action on lipoprotein profile by reducing
the plasma concentrations of atherogenic particles.

JAAP G. NEELS AND PAUL A. GRIMALDI
transactivation mechanism. PPAR␤ also controls by a similar mechanism of action the expression of PGC1 (240), a
co-activator of several transcription factors, and of calcineurin A (623), a phosphatase that activates the nuclear
factor of activated T-cells (NFAT), which in turn regulates
the transcription of several genes implicated in metabolism,
differentiation, and immune functions. Similarly, PPAR␤
can directly regulate the transcription of the inhibitor-B␣
(IB␣), an important inhibitor of the transcription factor
nuclear factor B (NF-B) (81). More details of this and
other mechanisms by which PPAR␤ can interact with the
NF-B pathway is discussed in the next section.
2. Indirect transcriptional regulation by PPAR␤

For instance, several studies have reported a potent inhibitory action of PPAR␤ activation on the NF-B pathway in
various cell types and showed that PPAR␤ exerts its inhibitory effects on NF-B via multiple mechanisms depending
on the cell type and biological condition. NF-B is a ubiquitously expressed transcription factor implicated in the
regulation of various biological processes, including cell
division, cell survival and apoptosis, innate immunology,
and responses to inflammatory and metabolic stresses.
NF-B consists of a heterodimer of two subunits, p65 and
p50, in most cell types, which binds with the IB that sequestrates the complex in the cytoplasm of nonstimulated
cells. Exposition to various stimuli promotes phosphorylation of IB and its proteasomal degradation, allowing nuclear translocation of the p65/p50 heterodimer that transactivates the expression of several target genes (FIGURE 1D)
(36, 203).
NF-B activation plays a central role in inflammatory responses related to several cardiac pathologies, and the pharmacological modulation of this pathway is of great potential interest to manage heart diseases. Initial work showed
that pharmacological activation of either PPAR␣ or PPAR␤
reduces nuclear accumulation of p65 in human endothelial
cells (479). More recent studies elucidated this phenomenon by the finding that in cardiomyocytes, PPAR␤ activa-
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Another way by which PPAR␤ can indirectly affect transcription is by binding to the corepressor B-cell lymphoma 6
(BCL-6) (320). In this case, it is the inactive form of PPAR␤
that binds to BCL-6 and, as a result, BCL-6 is not available
to repress the transcription of its target genes (FIGURE 1F).
Activation of PPAR␤ leads to release of BCL-6, and the
corepressor is able to perform its function (FIGURE 1G).
Finally, it has been clearly shown that PPAR␤ activation
affects, by so far unexplored mechanisms, signaling pathways which control the activity of several transcription factors. For instance, in several cell type contexts, PPAR␤ activation results in activation of the phosphoinositide 3-kinase (PI3-K)/Akt pathway (123, 330, 482, 677) and
inhibition of the mitogen-activated protein kinase-extracellular-signal-regulated kinase1/2 (MAPK-ERK1/2) (108,
387) leading to reduction of NF-B and signal transducer
and activator of transcription 3 (STAT3) transcriptional
activities (282, 482, 522, 523). However, it should be mentioned that PPAR␤ agonist treatment did not activate the
Akt signaling pathway in several other studies (63, 64, 79).
Two studies combining genome-wide expression profiling
for the identification of PPAR␤-regulated genes and chromatin immunoprecipitation sequencing (ChIP-Seq) for
PPAR␤ occupancy analysis on the targeted promoter sequences have recently illustrated the large variety of PPAR␤
regulated genes and were very informative on the multiplicity of the molecular mechanisms implicated in the transcriptional regulation by PPAR␤. Human WPMY-1 myofibroblastic cells with normal or downregulated PPAR␤ expression and treatment with GW501516 were used by Adhikary
et al. (5), while Khozoie at al. (286) used primary keratinocytes from either wild-type or PPAR␤-deficient mice and
GW0742 as pharmacological PPAR␤ activator. Genome-
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Besides a direct transactivation mechanism, and like the
other members of the PPAR subfamily, PPAR␤ can affect
transcription of a very large panel of genes by changing the
activity of several transcription factors implicated in a variety of cellular functions including inflammation, differentiation, and metabolism (FIGURE 1, D–G). Such functional
interferences between the PPAR␤ pathway and the activities of other transcription factors occur through protein/
protein physical interaction between PPAR␤ and transcription factors within the nucleus, or modulation of signaling
pathways affecting the activity of transcription factors. The
physiological impact of these regulatory mechanisms will
be discussed in more details in the following part of the
review, and some examples of such PPAR␤ indirect transcriptional regulations are briefly presented in this section.

tion reduces IB protein degradation (128). In addition, as
mentioned above, PPAR␤ activation upregulates IB␣ protein amount by a direct transactivation mechanism involving the binding of PPAR␤/RXR heterodimer to a PPRE
sequence in the IB␣ promoter (81). Furthermore, coimmunoprecipitation studies demonstrated that upon ligand activation, PPAR␤ physically interacts with the NF-B p65
subunit leading to a decreased association of the NF-B
dimer to its responsive element on its target genes in cardiomyocytes (453) and microglial cells (510) (FIGURE 1E). A
recent study demonstrated a new mechanism of repression
of NF-B-dependent transactivation by pharmacological
PPAR␤ activation in a human keratinocyte cell line, HaCaT
(35). In these cells, PPAR␤ agonist treatment does not alter
IB cellular content and p65 nuclear translocation, but reduces acetylation of the p65 subunit, which is important for
the transcriptional activity of the NF-B heterodimer
(464). This effect of PPAR␤ agonist is due to activation of
AMPK that phosphorylates the transcriptional coactivator p300 decreasing its capacity to acetylate the p65
NF-B subunit (35).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

In agreement with this, ChIP-Seq experiments revealed that,
in primary keratinocytes, only 33% of the PPAR␤-dependent regulated genes display PPAR␤ occupancy within 10
kb of the transcription starting site (TSS) on motifs that
resembled the consensus PPRE sequence (286). However,
this percentage is strongly increased in the class of genes
activated or repressed by exogenous ligand, and it should
also be kept in mind that in some cases PPRE binding sites
have been located up to 140 kb from the TSS (5). Interestingly, binding sites for other transcription factors, such as
activating transcription factor 4 (ATF4), cAMP response
element binding protein (CREB), and E26 transformationspecific (ETS) were commonly associated near regions occupied by PPAR␤, suggesting cooperation between PPAR␤
and other transcription factors (286).
Collectively, these data showed that in both human and
mouse cells, PPAR␤ regulates the expression of a large number of genes by different mechanisms and that expression
level of PPAR␤, presence of agonists, cooperation with
other transcription factors and with coregulators strongly
influence the mode of action and transcriptional activity of
the nuclear receptor.
In summary, PPAR␤ shares structural and functional characteristics with the other PPAR isoforms and other nuclear
receptors. Like the other PPARs, PPAR␤ is activated by
fatty acids, but particular fatty acid metabolites act as selective activators of this PPAR isoform, while discriminating interaction with specific cellular transporter of fatty
acids provides a selective guiding of the activator to PPAR␤.
Moreover, ligand binding prevents ubiquitination-induced
degradation of PPAR␤, thereby contributing to the regulation of PPAR␤ protein levels. Despite a large pattern of
tissue expression, PPAR␤ is more abundant in some tissues
and cell types characterized by a high lipid catabolism, and

its abundance is physiologically regulated in a tissue-specific manner. PPAR␤ action is not only regulated by its level
of expression and ligand availability, but also by the expression level of cofactors that form the co-repressor/-activator
complexes that interact with PPAR␤. Likewise, chromatin
accessibility and number of available DNA binding sites
also play a regulatory role. Like the other PPAR isoforms,
PPAR␤ affects transcriptional expression of a large diversity of genes by several mechanisms of action through binding to specific responsive elements but also by modulating
other regulatory transcriptional pathways. Taken together,
the multiple levels and dynamic nature by which PPAR␤
action can be regulated, and how this can affect the expression levels of a very large panel of genes, explain the multiplicity of regulatory functions exerted by PPAR␤ on development, metabolism, and inflammation of several tissues
and cell types.

II. PPAR␤ AND CELL PROLIFERATION,
CELL DIFFERENTIATION, AND
DEVELOPMENT
As previously indicated, PPAR␤ mRNA levels can be detected early on during embryogenesis and in a large variety
of tissues and cell types in the adult (269, 296). Thus the
multiplicity of phenotypes promoted by PPAR␤ gene disruption in the mouse was not surprising, but manifested the
importance of this nuclear receptor in developmental regulations. Specifically, it was initially reported that, when
compared with their control littermates, homozygous
PPAR␤-null mice display reduced body weight both during
gestation and after birth (443) and defects in various tissues,
including placenta, adipose tissue, skin, and intestine (27,
443).
A large number of publications demonstrated the implication of the PPAR␤ pathway in regulation of proliferation
and differentiation of various cell types affecting development of several organs and revealed that activation of this
signaling pathway can result in either reduction or enhancement of both cell proliferation and differentiation depending on the investigated cellular system.

A. Regulatory Functions of PPAR␤ in
Placentogenesis
Lim et al. (336) showed that PPAR␤ expression is strongly
induced in stromal cells surrounding the implanting blastocyst and, when activated by prostacyclin or synthetic agonist, increases both the rate and the quality of blastocyst
implantation sites. Furthermore, germ line deletion of
PPAR␤ exon 4, which encodes an essential part of the DNA
binding domain, leads to placental defects and frequent
embryonic lethality at day 10 of gestation (27). Interestingly
enough, germ line deletion of PPAR␤ exon 8, the last
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wide expression profiling experiments showed that the
number of PPAR␤-regulated genes is very high, reaching
⬃4,300 in WPMY-1 cells and 612 in primary mouse keratinocytes and that the percentage of activated versus repressed genes by the PPAR␤ pathway is 65 versus 35%
approximately in both studies. Both studies also revealed
that the number of genes differentially regulated by PPAR␤
knockdown/deficiency is fourfold higher than the number
of genes differentially regulated by treatment with exogenous ligand, suggesting that the presence of PPAR␤ protein,
whether it is inactive or active (bound to endogenous ligand), is of major importance in PPAR␤-regulated transcription in both cell types. Interestingly, in the two experimental models, only a small fraction of genes (12–15%)
were both induced by PPAR␤ absence and activated by
PPAR␤ agonists, effects that are in agreement with a mode
of action involving direct transcriptional regulation (FIGURE 1), suggesting that the majority of PPAR␤ actions involve indirect transcriptional regulation.

JAAP G. NEELS AND PAUL A. GRIMALDI

B. Regulatory Roles of PPAR␤ in Adipose
Tissue Development
Genetic and pharmacological approaches definitely demonstrated that PPAR␥, which is maximally expressed in terminally differentiating preadipocytes, is a master gene of adipogenesis by controlling the expression of a large set of
adipose-related genes and is at the crossroad of several adipogenic signaling pathways (75, 649). PPAR␤ is not directly implicated in the control of adipogenesis, but plays a
role in the adaptive response of adipose tissue to dietary
fatty acid content. It is known for a long time that adipose
tissue development is controlled by the nutritional status,
and this is illustrated by the high fat feeding-induced hypertrophic development of adipose tissue by increase in both
number and size of adipocytes (151). In vivo studies have
revealed that high-fat diet (HFD) (299) and especially diets
containing saturated fatty acids (533) promote within days
preadipose cell proliferation that precedes terminal differentiation. This adaptive response of adipose tissue to the
dietary amount of fatty acids is physiologically important
for increasing the storage capacity of energetic substrates
when lipids are only occasionally available, but leads to
obesity in situations characterized by chronic and excessive
nutritional fatty acid supply.
It was shown that exposure of preadipose cells in culture to
long-chain fatty acids (LCFA) also exerts adipogenic action
by increasing both preadipocyte cell proliferation and ex-
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pression of the terminal differentiation program. This adipogenic action of LCFA is limited to the preadipose state, as
treatment of terminally differentiating cells is ineffective.
Furthermore, since nonmetabolized fatty acids also exerted
a potent adipogenic effect, it was proposed that the fatty
acid per se, rather than a fatty acid metabolite, is the trigger
for this adipogenic action (17).
Several experimental data showed that these actions of
LCFA on preadipocyte proliferation and differentiation are
mediated through activation of PPAR␤, which is expressed
during the early steps of adipose conversion (18). First, it
was shown that forced expression of PPAR␤ confers to
fibroblasts the ability to respond to LCFAs or PPAR␤ synthetic agonists by a resumption of cell proliferation after
confluence and by a rapid transcriptional activation of
genes implicated in fatty acid metabolism, such as FABP4
and acyl-CoA synthetase (ACS) and a delayed induction of
PPAR␥ mRNA (38, 207, 260). However, expression of a
complete terminal differentiation program still requires
treatment of these cells with natural or synthetic activators
of PPAR␥ (38, 207), demonstrating that PPAR␤ alone is not
able to promote actual adipogenesis. The implication of
PPAR␤ in the adipogenic action of LCFAs was also demonstrated by the finding that ectopic expression of a dominant
negative PPAR␤ mutant in preadipose cell lines seriously
impairs both LCFA-induced postconfluent cell proliferation
and PPAR␥ gene expression (39). Collectively, these data
strongly suggest that PPAR␤ is an essential actor in the
regulation by LCFAs of the first steps of adipocyte differentiation, i.e., clonal expansion by proliferation of preadipose
cells and increment of some adipose-related genes including
PPAR␥, but that its activation does not promote actual
terminal differentiation, which requires activation of
PPAR␥ by specific agonists.
Data coming from PPAR␤-null animals have confirmed
these observations obtained with cellular models. Specifically, it was reported that adult PPAR␤-null mice exhibit a
marked reduction in size of adipose stores, mainly due to a
decreased number of adipocytes and display a reduced expression of PPAR␥ mRNA in adipose tissue (27, 443). In
line with these observations, preadipocytes derived from
PPAR␤-null mice fail to differentiate to adipocytes in standard differentiation medium (367). Moreover, it has also
been reported that adipocyte-specific PPAR␤ deletion that
occurs only during the last step of terminal differentiation
does not affect adipose tissue development, demonstrating
the lack of regulatory action of PPAR␤ in terminally differentiating adipocytes (27).

C. PPAR␤ in Skin Physiology and
Pathologies
Epidermis is a stratified epithelium that is continuously regenerated. The basal layer of epidermis contains epidermal
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PPAR␤ exon, does not profoundly affect embryonic viability (443). Perhaps these discrepancies in phenotypes can be
explained by differences in genetic backgrounds of the mice
studied. In respect to the phenotype regarding embryonic
lethality, it should be kept in mind that in the studies described in this review, which use the aforementioned and
other knockout models of PPAR␤, mice are studied that, in
effect, have survived selection. By using both in vivo approaches and trophoblast cellular model, Nadra et al. (403)
demonstrated that the PPAR␤ pathway is directly involved
in the control of differentiation of trophoblast cells into
giant cells. Indeed, the authors showed that a functional
PPAR␤ pathway is required for normal placental giant cell
layer formation in vivo. In addition, expression of specific
markers of giant cells and morphological differentiation is
massively increased by treatment of Rcho-1 trophoblast
cells with a synthetic PPAR␤ agonist, while PPAR␤ silencing almost completely inhibited differentiation of Rcho-1
cells into giant cells. Further analysis revealed that the differentiating action of PPAR␤ on trophoblast cells involved
activation of the PI3-K/Akt signaling pathway and modification of the expression of proteins, like inhibitor of MyoD
family domain-containing protein (I-mfa) and inhibitor of
DNA binding-2 (Id-2), known to affect the activity of transcription factors that play crucial roles in giant cell differentiation (403).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
PPAR␤ genetic ablation does not result in important defects
in mouse skin formation, indicating that PPAR␤ is not required for keratinocyte differentiation in vivo (358, 381,
443). Moreover, PPAR␤ deficiency does not totally impair
increased expression of keratinocyte terminal differentiation markers, such as involucrin, transglutaminase I, and
small proline-rich (SPR) proteins 1A and 2H, induced by
topical application of phorbol ester to mouse skin (443,
579), or during the phorbol ester- or high Ca2⫹ concentration-induced differentiation of primary mouse keratinocytes (291). However, several studies from various laboratories have demonstrated that activation of the PPAR␤
pathway exerts a potent prodifferentiating action in keratinocytes.

The three PPAR isoforms are expressed in mammalian skin
but display a species-dependent expression pattern. In rodents, PPARs are expressed during fetal development and
are undetectable in normal skin in adults (380, 381). However, it is important to note, as we noted above, that PPAR␤
was found to be highly expressed in keratinocytes in the
skin (186). Interestingly, epidermal PPAR␤ expression is
reactivated in adult mice upon stimulation of keratinocyte
proliferation and differentiation by phorbol ester treatment
or hair plucking, while PPAR␣ is only weakly increased and
PPAR␥ remains undetectable (381). In contrast, PPAR␤
remains highly expressed in basal and suprabasal adult human epidermis layers, while PPAR␣ and PPAR␥ are confined to suprabasal layers (480, 638). Consistent with this
localization in the epidermis layer containing the proliferative cell compartment and where keratinocytes are engaged
in the differentiation process, numerous studies have demonstrated that PPAR␤ is implicated in the regulation of
these steps of epidermis formation and plays important
roles in skin physiology and diseases. Indeed, almost all the
studies performed with cellular and animal models concluded that activation of the PPAR␤ pathway leads to cessation of cell proliferation and promotion of keratinocyte
differentiation.

For instance, treatment of normal human keratinocytes,
mouse primary keratinocytes, and human keratinocyte cell
lines with specific PPAR␤ agonists leads to increased transcriptional expression of several markers of keratinocyte
differentiation, including involucrin, transglutaminase 1,
SPR1A, and SPR2H (63, 79, 291, 509, 579, 638). Similar
observations were made in vivo after topical administration
of PPAR␤ agonists on mouse skin (291, 509). Interestingly,
beside classical keratinocyte differentiation markers,
PPAR␤ activation also induces both in vitro and in vivo the
expression of proteins involved in lipid metabolism, such as
fatty acid translocase (FAT/CD36), angiopoietin-like 4
(ANGPTL4), and perilipin 2 (also termed adipose differentiation-related protein, ADRP), and promotes triglyceride
accumulation in keratinocytes (291, 509, 514, 638). Importantly, these transcriptional effects of PPAR␤ agonists are
mediated through PPAR␤ as they are blunted or dramatically decreased by ablation of the nuclear receptor (48, 291,
358, 399, 579).

For instance, treatment with specific PPAR␤ agonists inhibits cell proliferation of primary mouse keratinocytes (79),
normal human epidermal keratinocytes (638), and various
human keratinocyte cell lines, such as NCTC 2544 (364),
N/TERT-1 (79), and HaCaT (63). This antiproliferative
action of the chemical compounds involves PPAR␤, as it is
blunted in cells lacking the nuclear receptor (291, 364). The
regulatory function of PPAR␤ on epidermal cell proliferation was also demonstrated in vivo. PPAR␤-deficient mice
show increased epidermal thickness due to increased cell
proliferation in epidermal basal layer (358, 579) and display exacerbated epidermal hyperplasia in response of
phorbol ester treatment (381, 443). Furthermore, phorbol
ester-induced skin hyperplasia is prevented by topical application of GW0742 in wild-type mice, but not in PPAR␤deficient mice (48).

Consistent with these identified roles of PPAR␤ on keratinocyte proliferation and differentiation, perturbation of this
regulatory pathway notably impacts skin physiology especially in situations of challenges. For instance, a role for
PPAR␤ has been demonstrated in skin repair after injuries,
such as disruption of permeability barrier function or skin
wound healing.
The external layer of skin, the stratum corneum, which
consists of corneocytes surrounded by an extracellular matrix of insoluble proteins and lipids, plays a crucial role in
epidermal permeability barrier function, which regulates
transepidermal water loss and protects against xenobiotic
penetration and pathogen infections. When epidermal barrier is experimentally damaged by repeated administration
of solvents or detergents or by mechanical stripping, it is
reconstituted after a few days (156, 362). Schmuth et al.
(509) showed that a pretreatment with PPAR␤ agonist notably accelerates epidermal permeability barrier repair after
chemical or mechanical injury in adult mice and linked this
action with positive effects of PPAR␤ pathway activation
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stem cells, and their progeny are called transit amplifying
cells, which undergo a few rounds of mitosis and then withdraw cell cycle to initiate terminal differentiation characterized by sequential expression of specific proteins and migration to form the upper epidermis layers as well as squamous
and granular layers. The end of the process of keratinocyte
differentiation is the formation of corneocytes, cells which
have lost their nucleus and form the stratum corneum, the
upper layer of epidermis consisting of a network of insoluble proteins and lipids. The processes of keratinocyte proliferation, differentiation, migration, and cell death are controlled by several signaling pathways, including c-Myc,
transforming growth factor-␣ (TGF-␣), Notch, CCAATenhancer-binding proteins (CEBPs), and PPARs (172, 304).

JAAP G. NEELS AND PAUL A. GRIMALDI
on the expression of terminal differentiation markers such
as filaggrin and loricrin. In addition, PPAR␤-deficient mice
display a significant delay in epidermal barrier function repair after skin injury compared with control littermates
(358). Furthermore, a recent publication confirmed the involvement of the PPAR␤ pathway in permeability barrier
development as PPAR␤-deficient mouse embryos display a
delayed maturation of the barrier function, while intra-amniotic administration of a PPAR␤ synthetic agonist accelerates stratum corneum formation and fetal epidermal barrier
development in rat (266).

Some observations strongly suggest that the PPAR␤ pathway is also involved in some skin pathologies, such as psoriasis and cancers. Psoriasis is a relatively common skin
disorder characterized by hyperproliferation and disturbed
differentiation of keratinocytes with inflammation and improper immune response (412, 593). An initial study suggested an overexpression of PPAR␤ in skin from psoriatic
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Furthermore, the PPAR␤ pathway appeared to be fully effective in psoriatic epidermis as evidenced by the strong
upregulation of PPAR␤ target genes, such as FAT/CD36
and epidermal FABP, and it was proposed that lipoxygenase products, as 8-, 12-, and 15-HETE, that are accumulated in psoriatic epidermis, act as endogenous ligand to
activate PPAR␤ (637).
Some studies suggest that the upregulation of PPAR␤ expression is not only a marker of psoriasis, but that uncontrolled activation of the PPAR␤ signaling pathway may be
directly implicated in psoriasis pathogenesis. First, PPAR␤
was shown to control the transcription of the heparin-binding epidermal growth factor-like growth factor (HB-EGF)
in human psoriatic epidermis (484), a factor known to play
a central role in the keratinocyte hyperproliferation in psoriasis (670, 679). However, recent microarray and ChiP-seq
data showed that HB-EGF is not a PPAR␤ target gene in
keratinocytes (286). Second, PPAR␤ is overexpressed in T
lymphocytes from psoriatic skin, and its activation stimulates proliferation and increases survival of T cells through
the ERK1/2 signaling pathway, contributing to the maintenance of activated T cells in the lesional psoriatic epidermis
(9). Third, Romanowsla et al. (485) demonstrated that
combined epidermal overexpression of PPAR␤ and treatment with synthetic PPAR␤ agonist for 2–3 wk promotes
appearance of some psoriasis-like markers in mice, such as
keratinocyte hyperproliferation, dendritic infiltration, and
lymphocyte accumulation, while PPAR␤ overexpression
alone or treatment of control mice with the PPAR␤ agonist
do not induce these markers. In this model, the PPAR␤
transgene is specifically overexpressed in the sebaceous
glands, and ligand-mediated activation of PPAR␤ in the
sebaceous gland triggers sebocyte differentiation and delivery of sebum to the skin, containing lipoxygenase-derived
bioactive lipids that can subsequently mediate a secondary
induction of the PPAR␤ transgene in the epidermis (485).
The proinflammatory effects observed in this model of
PPAR␤ overexpression in the epidermis, that go against the
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The implication of PPAR␤ in the process of reepithelialization of the wounded skin has also been well documented
(383, 395, 578). The first evidence came with the finding
that expression of PPAR␣ and PPAR␤ are reactivated in the
wound boundaries of injured mouse skin with different
time courses. PPAR␤ expression is dramatically increased
very rapidly after skin injury and sustained at high level
during the overall wound healing process, e.g., during the
three successive phases of inflammation, proliferation, and
maturation, while the expression of PPAR␣ occurs late and
is only maintained during a short period of time corresponding to the inflammatory phase. Consistent with these
different patterns of reactivation for PPAR␣ and PPAR␤,
the authors observed that in PPAR␣-deficient mice, the process of wound healing is delayed only in the early phase,
while deletion of one PPAR␤ allele results in delay in all
phases of reepithelialization process and a differed final
wound closure (381). Further work performed by the same
group revealed that inflammatory cytokines, such as tumor
necrosis factor-␣ (TNF-␣) and interferon-␥, released at the
site of injury by both keratinocytes and inflammatory cells
activate the stress-associated protein kinase pathway that,
in turn, promotes the transcription of PPAR␤ gene via binding of the activator protein-1 (AP-1) transcription factor to
its promoter and reactivation of PPAR␤ expression in the
keratinocytes of the wound edges (579). High expression
level of PPAR␤ promotes enhanced differentiation and migration of keratinocytes (381, 579) and increased survival
of the keratinocytes both in vitro and in vivo (124, 579). It
remains controversial whether PPAR␤ has an antiapoptotic
role in keratinocytes or not. The group of Peters has published several publications that do not support an antiapoptotic role for PPAR␤ in keratinocytes (48, 63, 64, 79),
while the groups of Wahli and collaborators claim the opposite (122, 124, 514, 579). Therefore, further independent
studies are needed to clarify this issue.

patients (480). This observation was confirmed thereafter
in other studies showing upregulation of PPAR␤ mRNA (4to 10-fold increase) and protein (up to 4- to 5-fold increase)
levels in psoriatic lesions when compared with normal epidermis (484, 485, 637). Moreover, PPAR␤ mRNA expression levels are strongly reduced after correction of the psoriatic phenotype (637). This PPAR␤ overexpression is probably a consequence of the chronic inflammation status of
psoriatic epidermis, as PPAR␤ gene transcription is upregulated via activation of the stress-associated kinase cascade/
AP-1 pathway by inflammatory cytokines (484, 579). In
agreement with this hypothesis, treatments of psoriatic patients with methotrexate or psoralen plus UVA phototherapy, known to act primarily by decreasing inflammation
and/or immune disorders, notably reduce the levels of
PPAR␤ mRNA in psoriatic skin (141).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

On the basis of the observation of both PPAR␤ and COX-2
overexpression in some epithelial cancers (257, 413), it has
been proposed that the strong activation of the PPAR␤
pathway by COX-2-produced prostaglandins plays a

causal role in carcinogenesis. To date, a substantial amount
of data argue against this hypothesis for the occurrence of
chemically induced skin tumors and melanomas and, on the
contrary, strongly suggest that PPAR␤ pathway activation
could exert antitumorigenic action in skin (TABLE 1). As
previously cited, PPAR␤-null animals display exacerbated
response to tumor promoters (381, 443), suggesting an antitumorigenic function for PPAR␤ in skin. Further studies
showed that PPAR␤ deficiency leads to enhancement of the
onset, size, and number of skin tumors induced by phorbol
ester treatment when compared with control mice (290).
Moreover, ligand activation of PPAR␤ by topical administration of GW0742 notably reduces chemically induced
skin tumor formation and multiplicity in wild-type mice but
not in PPAR␤-deficient animals (48). The mechanisms by
which the PPAR␤ pathway tempers chemically induced
skin tumor development remain to be clarified. However, it
has been shown that PPAR␤ negatively regulates the expression of proteins known to contribute to keratinocyte
hyperproliferation and skin tumorigenesis, such as protein
kinase C-␣ (PKC-␣). PKC-␣ is activated by tumor promoters such as 12-O-tetradecanoylphorbol-13-acetate (TPA),
and one of the mechanisms of desensitization of the PKC-␣
pathway is its ubiquitin-dependent proteasome degradation
(329). Kim et al. (292) demonstrated greater TPA-induced
accumulation of PKC-␣ protein and subsequent enhanced
PKC-␣ signaling in skin from PPAR␤-null animals compared with control mouse skin and showed that PKC-␣
accumulation is related to a reduced ubiquitin-dependent
proteasome degradation of the protein in PPAR␤-deficient
animals. Indeed, they also demonstrated that PPAR␤ directly controls transcription of the ubiquitin C gene through
binding to a PPRE and that TPA-induced ubiquitin C
mRNA upregulation is almost totally blunted in PPAR␤deficient mouse skin leading to severe reduction in free intracellular ubiquitin levels (290). Thus, although it is not
yet established that PPAR␤ activation upregulates ubiquitin
C gene expression in skin, these data strongly suggest that
the ubiquitin-dependent proteasome desensitization of
PKC-␣ signaling during long-term treatment with tumor

Table 1. Role of PPAR␤ in skin cancer
Findings

PPAR␤-null mice display exacerbated epidermal hyperplasia to tumor promoters.
PPAR␤ deficiency leads to enhancement of the onset, size, and number of skin tumors induced
by phorbol ester treatment when compared with control mice.
Topical administration of GW0742 notably reduces chemically induced skin tumor formation
and multiplicity in wild-type mice but not in PPAR␤-deficient animals.
PPAR␤ promotes HRAS (Harvey rat sarcoma viral oncogene homolog)-induced senescence and
chemically induced skin tumor suppression by potentiating ERK and repressing Akt signaling.
Src is activated by PPAR␤ in ultraviolet (UV) radiation-induced skin cancer, and this is
accompanied by enhanced ERK signaling. In this model, fewer and smaller skin tumors were
detected in PPAR␤-deficient mice and a PPAR␤ antagonist prevented UV-dependent Src
stimulation.

Reference Nos.

Role in Cancer

358, 381, 443
290

⫺
⫺

48

⫺

681

⫺

394

⫹

-, PPAR␤ plays an antitumorigenic role; ⫹, PPAR␤ plays a pro-tumorigenic role.
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anti-inflammatory role that is attributed to PPAR␤ (discussed in detail in sect. IV), might be the consequence of the
lipoxygenase-derived bioactive lipids present in the sebum
that are very potent proinflammatory factors (448). Finally,
transcriptomic analysis revealed a large, although not totally overlapping, similarity between actual psoriasis and
PPAR␤-induced psoriasis-like phenotype. Noteworthy,
while interferon response genes are strongly induced in psoriasis, they are repressed in the skin disease induced by
activation of PPAR␤, in agreement with a PPAR␤-induced
anti-inflammatory response (485). Furthermore, in sharp
contrast to psoriasis disease characterized by reduced epidermal terminal differentiation, mice overexpressing
PPAR␤ treated with a PPAR␤ agonist display an augmentation of the number of terminally differentiated keratinocytes, leading to increased thickness of the upper epidermis
layers and enhancement of expression levels of various
genes of the keratinocyte terminal differentiation program
(485), that is in agreement with previous studies showing a
differentiating potential of PPAR␤ (121). Taken together,
these observations are not without controversy, and further
studies are needed to investigate in more detail whether
strong activation of the PPAR␤ pathway could favor psoriasis disease occurrence. To date, no skin effects have been
reported in the phase two trials for GW501516 and
MBX8025 (101, 421). However, a particular caution may
be given to such potential adverse effects of long-term
PPAR␤ agonist administration especially in patients with
epidermal inflammation or past history of psoriasis. Moreover, these observations also suggest that blocking the
PPAR␤ pathway could have beneficial actions in psoriatic
skin. Indeed, a recent publication reports that in keratinocyte-specific PPAR␤ overexpressing mice, topical administration of PPAR␤ specific antagonists reduces the psoriaticlike disease (200).
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promoters requires a functional PPAR␤ pathway. A recent
study described that PPAR␤ promotes Harvey rat sarcoma
viral oncogene homolog (HRAS)-induced senescence and
chemically induced skin tumor suppression by potentiating
ERK and repressing Akt signaling (681). However, another
recent study found Src to be activated by PPAR␤ in UV
radiation-induced skin cancer, and this was also accompanied by enhanced ERK signaling (394). The latter study
detected fewer and smaller skin tumors in PPAR␤-deficient
mice, and a PPAR␤ antagonist prevented UV-dependent Src
stimulation, suggesting that PPAR␤ promotes the development of UV-induced skin cancer in mice.

Collectively, and despite some conflicting findings, it can be
concluded that PPAR␤ is implicated in regulatory mechanisms of skin physiology and in skin pathologies. Although
dispensable for epidermal differentiation, PPAR␤ acts with
other factors, including the other PPAR isoforms, as a positive regulator of the expression of keratinocyte terminal
differentiation program resulting in enhancement of the
barrier functions of the epidermis. In normal skin, PPAR␤
exerts antiproliferative action during the differentiation
process of keratinocytes, and PPAR␤ activation efficiently
reduces both tumor promoter-induced skin hyperplasia and
melanoma cell proliferation. In addition, the PPAR␤ signaling pathway appears to be implicated in the control of the
wound healing process. In response to inflammatory stimuli
and through AP-1 stimulation, PPAR␤ is locally and
strongly overexpressed in injured skin and acts as a key
regulator of keratinocyte proliferation, survival, and differentiation during reepithelialization of the wounded skin.
Finally, PPAR␤ is also strongly overexpressed in psoriatic
lesions, probably in response to local inflammation, and
there is controversial experimental evidence suggesting that
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D. PPAR␤ in Intestine Physiology and
Pathologies
Several publications reported high expression levels of
PPAR␤ mRNA and protein in small and large intestines
from various species including human and rodents (1, 60,
71, 186, 229, 247, 389), suggesting important roles for this
nuclear receptor in intestine development and/or physiology. In reality, the knowledge on the regulatory roles of
PPAR␤ in intestinal functions remains quite limited, while
there are a considerable number of publications reporting
highly controversial data with evidence for either pro- or
antitumorigenic activity of PPAR␤ in intestine and particularly in colon.
1. Regulatory functions of PPAR␤ in intestinal
physiology
In situ hybridization experiments revealed that in adult
mouse small intestine, PPAR␤ is expressed in the entire
intestinal epithelium with a stronger expression level at the
bottom of the crypts than in the upper part of the intestinal
villi that mainly contains the differentiated enterocytes
(613). Consistently, the PPAR␤ pathway exerts regulatory
roles in the specific functions of various cell types of intestinal epithelium, namely, Paneth cells, enteroendocrine
cells, and enterocytes.
Varnat et al. (613) demonstrated an important regulatory
function of the PPAR␤ pathway in Paneth cell differentiation. These authors showed a decreased number of differentiated Paneth cells in duodenal epithelium of PPAR␤deficient mice with a reduced expression of Paneth cell
markers, such as lysozyme protein and ␣-defensin, and consequently a diminished bactericidal activity in the small intestine. Conversely, treatment of control mice with a
PPAR␤-specific agonist results after 12 days in increased
Paneth cell number and augmented expression of the specific Paneth cell markers. The PPAR␤ pathway notably impacts the functions of Paneth cells in enteric innate immunity as its activation leads to an increment in bactericidal
activity in small intestine, whereas disruption of the pathway results in the opposite phenotype and profound
changes in the composition of intestinal microbiota in
PPAR␤-deficient mice compared with control littermates.
Further investigations revealed that the effects of PPAR␤ on
Paneth cell differentiation implicate a reduced activity of
hedgehog signaling, which is one of the main signaling
pathways controlling intestinal epithelium development
(7), through a negative control of Indian hedgehog gene
transcription (613).
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Activation of the PPAR␤ pathway could exert beneficial
actions against melanoma progression. It was initially
shown that human melanocytes express the three PPAR
isoforms and that ligand activation of either PPAR␣ or
PPAR␥ exert growth inhibitory action and increase melanocyte terminal differentiation, while treatment with bezafibrate, used as PPAR␤ agonist, was ineffective (279). More
recent studies demonstrated the PPAR␤ expression in human melanoma cell lines, human normal melanocytes, and
melanomas in vivo and reported a growth inhibitory action
of specific PPAR␤ agonists on melanoma cells (185, 386).
Various gain- and loss-of-function experiments directly implicated the transcription factor Wilms’ tumor suppressor 1
(WT1) in the growth inhibitory effects of the PPAR␤ pathway in melanoma cells (386). Indeed, it was demonstrated
that PPAR␤ binds to a PPRE present in the WT1 gene
promoter and represses the transcription of the WT1 gene
in melanoma cells and subsequently downregulates the expression of WT1 target genes, such as nestin and zyxin,
previously shown to be required for malignant melanoma
cell proliferation (624).

its activation by lipidic ligands produced in situ plays a
causal role in the development and/or the progression of
psoriasis.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
PPAR␤-deficient transgenic models or specific PPAR␤ antagonists to exclude implication of other fatty acid-activated transcription factors such as PPAR␣ that also exerts
inhibitory action on intestinal cholesterol absorption by
downregulating NPC1L1 expression in mice (606).
Lastly, a recent publication described a regulatory role for
PPAR␤ in another cell type of the intestinal epithelium, the
enteroendocrine L cells. Enteroendocrine L cells of the small
and large intestine produce glucagon-like peptides (GLP),
GLP-1 and GLP-2, by alternative cleavages of preproglucagon. GLP-1 is released by enteroendocrine L cells in response to nutrient absorption, and the main actions of
GLP-1 are to stimulate the glucose-induced insulin secretion in pancreatic beta-cells, to inhibit glucagon secretion
by pancreatic alpha-cells, and to decrease appetite and food
intake by affecting the hypothalamic-pituitary function and
by delaying gastric emptying (180, 239). Daoudi et al. (110)
clearly established a role for PPAR␤ in the control of GLP-1
production by L cells. In this publication, the authors
showed that exposure of mouse and human L cell lines or ex
vivo human jejunum to PPAR␤ agonists increases expression of preproglucagon mRNA and promotes GLP-1 release. Moreover, administration of PPAR␤ agonists enhances intestinal preproglucagon mRNA expression level
by two- to threefold in wild-type mice, but not in PPAR␤deficient mice. Furthermore, a recent study demonstrated
that PPAR␤ activation stimulated GLP-1 receptor expression in pancreatic ␤ cells, thereby protecting these cells from
palmitate-induced apoptosis, and enhanced glucose-stimulated insulin secretion (668). Finally, pharmacological activation of PPAR␤ for 2–3 wk activates intestinal GLP-1
release restoring pancreatic insulin secretion in response to
glucose in the obese diabetic ob/ob mouse model. These
observations strongly suggest that the PPAR␤-promoted
GLP-1 secretion could be of therapeutic interest for diabetic
patients as various strategies aimed to activate the GLP-1
pathway have become well-established treatments for type
2 diabetes (411).
2. PPAR␤ in intestinal cancers
In recent years, the role of PPAR␤ in intestinal cancer has
attracted intense research efforts providing a large amount
of experimental data. However, as conflicting results have
been reported, it is still difficult to conclude whether PPAR␤
exerts either protumorigenic or antitumorigenic functions
in intestinal epithelium. In this section we focus only on the
main findings on this issue, and the reader will find more
complete description and discussion of the highly controversial results in several recently published reviews of the
abundant literature on this field of research (440 – 442,
657).
He et al. (221) reported the first evidence for a deregulated
PPAR␤ expression in colorectal cancer (CRC) cells showing
that, like other genes implicated in CRC development in-
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PPAR␤ is also implicated in the regulation of lipid metabolism in enterocytes. For instance, it has been demonstrated
that PPAR␤ plays a central role in the adaptive response of
lipid metabolism in the mouse small intestine to changes in
the lipid content of the diet by controlling the transcription
of the FABP1 gene by a PPRE-driven transactivation mechanism (455). Furthermore, PPAR␤ controls the expression
of intestinal proteins implicated in cholesterol trafficking in
enterocytes, and these regulations could explain at least
partly the improving actions of PPAR␤ agonists on lipoprotein profile in both primates and human (41, 101, 420,
477). Two independent groups reported that pharmacological activation of PPAR␤ resulted in a 2- to 2.5-fold increase
in fecal neutral cholesterol excretion in mouse but did not
affect hepatobiliary cholesterol secretion (72, 607). Although not totally elucidated, this effect of PPAR␤ activation appeared to be mainly related to modifications in the
intestinal cholesterol trafficking. First, PPAR␤ pharmacological activation reduces the intestinal cholesterol reabsorption efficiency in mice without modifications in total fat
absorption (72, 607). Examination of the effects of PPAR␤
agonists on intestinal gene expression did not reveal modifications in expression levels of proteins implicated in cholesterol metabolism, such as ATP-binding cassette a1, g5
and g8, but showed a notable downregulation (40 –50%
decrease) of the Niemann-Pick C1 Like 1 (NPC1L1) mRNA
level (72, 607). NPC1L1 plays a critical role in intestinal
cholesterol reabsorption and is directly involved in the effects of ezetimibe, a drug that inhibits cholesterol absorption (14). The similarity of the effects of either PPAR␤ agonist administration or ezemetibe treatment on intestinal
cholesterol absorption strongly suggests that the PPAR␤induced reduction in cholesterol absorption is related to the
downregulation of the intestinal NPC1L1 expression. In
addition to this reduced intestinal cholesterol absorption, it
has been shown that PPAR␤ activation increases fecal cholesterol excretion by stimulating the transintestinal cholesterol efflux (TICE) which is a major pathway for cholesterol
excretion in mouse (608). Vrins et al. (620) showed that 2
wk of PPAR␤ agonist administration stimulates TICE rate
by about twofold and that this effect coincides with upregulation of intestinal ras-related protein 9 (Rab9) and lysosome membrane protein II (LIMPII), two proteins linked to
intracellular trafficking of cholesterol (620). Further data
are clearly required to fully understand the molecular mechanisms implicated in these effects of PPAR␤ pathway activation on fecal cholesterol excretion. However, the already
available observations are of great interest given the role of
reverse cholesterol transport in atherosclerosis. Moreover,
as fatty acid-enriched diets reproduce the effects of PPAR␤
agonists on both intestinal NPC1L1 gene expression (16,
285) and TICE (609) in rodents, it can be proposed that
high concentrations of fatty acids in intestinal lumen are
acting as natural activators of PPAR␤ in regulation of fecal
cholesterol excretion. This hypothesis must be validated by
more direct experimental evidence based on the use of
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There are several experimental data arguing against a direct
control of PPAR␤ gene expression by the ␤-catenin/Tcf-4
transcriptional pathway as initially proposed (221). For instance, in Apcmin/⫹ mice, an animal model for familial adenomatous polyposis carrying an inactivating mutation of
APC and spontaneously developing intestinal adenomas
(563), independent laboratories reported that PPAR␤ expression levels are similar or reduced in adenomas when
compared with normal intestinal mucosa, while wellknown ␤-catenin/tcf4 target genes, such as cyclin D1, exhibited strong overexpression (92, 161, 162, 361, 389, 422,
468). Furthermore, the use of a mouse transgenic model for
conditional ablation of APC gene showed that loss of APC
in adult animals promotes ␤-catenin nuclear accumulation
and upregulation of c-Myc mRNA expression within days
in intestinal mucosa, while PPAR␤ mRNA and protein expression levels are reduced (468). Conversely, conditional
ablation of ␤-catenin in the intestinal epithelium of adult
mice notably reduced expression levels of the ␤-catenin/
Tcf4 target genes cyclin D1 and c-Myc but did not affect
PPAR␤ expression (160).
In sharp contrast to the initial studies showing an overexpression of PPAR␤ in a very limited numbers of human
intestinal tumor samples, more recent studies analyzing
larger numbers of patients, the amounts of PPAR␤ mRNA
and PPAR␤ protein in CRC samples, and paired adjacent
nontumoral tissues provided more mitigated results. Delage
et al. (116) reported a very modest (18%) higher PPAR␤
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mRNA expression level in a collection of 20 CRC samples
when compared with normal tissue, while in the same
study, the authors found a more robust overexpression of
COX-2 mRNA (850%), a well-known marker of intestinal
cancer, in tumoral samples (641). No statistical differences
were noted in PPAR␤ mRNA levels from tumoral versus
adjacent control tissue in three studies with, respectively,
17, 33, and 86 patients with colon or rectal cancer (161,
663). One study showed a reduced PPAR␤ mRNA expression in precancerous cells when compared with normal tissues for 10 patients with familial adenomatous polyposis
(389). In some of these studies, it was noted that the range
of values is very large and especially for the tumoral group,
suggesting high variability among samples. This is exemplified in the study by Feilchenfeldt et al. (155) that compared
PPAR␤ mRNA expression levels in tumor samples versus
control tissue in a population of 17 CRC patients and
showed no change for 12 patients, increased expression for
4 patients, and decreased expression for 1 patient (155).
Finally, several genome-wide expression profiling analyses
did not reveal overexpression of PPAR␤ mRNA in CRC
samples when compared with normal tissues (241, 271,
416, 489, 542).
Globally, data coming from immunoblotting quantification
of PPAR␤ protein expression confirmed the main conclusions made for PPAR␤ mRNA quantification with a very
diverse expression level of PPAR␤ among CRCs. A first
study showed that the amounts of PPAR␤ protein are very
diverse among CRC samples (573). Another study revealed
a significant lower expression of PPAR␤ protein in colonic
adenocarcinomas than paired normal tissue for 19 patients,
while, and as expected, cyclin D1 protein abundance displayed an opposite feature. Furthermore, in the same study,
no significant change in PPAR␤ protein expression was observed for 14 rectal cancers when compared with control
tissue (161), whereas another study showed that PPAR␤
protein was overexpressed by sevenfold in primary rectal
when compared with normal rectal mucosa, although the
number of analyzed samples was not clearly stated (661).
Furthermore, proteomic analyses revealed that PPAR␤ protein amounts are lower in human colon tumoral samples
than in control tissues (44, 601, 602).
Several reports based on the use of both transgenic and
pharmacological approaches have raised the fundamental
question of a causal role of PPAR␤ in intestinal tumorigenesis (summarized in TABLE 2). Park et al. (428) reported that
PPAR␤ gene disruption in the human CRC cell line
HTC116 only slightly reduces the growth rate of the cells in
vitro, but decreases their ability to promote tumor formation when injected into nude mice, with a twofold reduction
in tumor frequency and a considerable reduction in the
tumor size, suggesting that PPAR␤ is important for CRC
tumorigenesis mainly by its crucial role for in vivo growth
of tumoral cells. However, in a more recent study, Yang et
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cluding the protooncogenes cyclin D1 (587) and c-Myc
(222), PPAR␤ is a direct target of the ␤-catenin/T-cell factor
4 (Tcf-4) transcriptional pathway and consequently is upregulated by adenomatous polyposis coli (APC) deficiency.
The ␤-catenin/Tcf4 pathway plays a crucial role in the control of intestinal cell proliferation and differentiation. In the
normal situation, nuclear concentration of ␤-catenin is
maintained low by its interaction with a cytoplasmic complex with axin and APC that promotes phosphorylation by
glycogen synthase 3-beta (GSK3-␤), ubiquitination, and
degradation of ␤-catenin by the proteasome. Invalidating
mutations on APC or mutations that prevent ␤-catenin degradation lead to strong nuclear accumulation of ␤-catenin
and as a consequence overactivation of the ␤-catenin/Tcf-4
transcriptional pathway resulting in uncontrolled intestinal
cell proliferation and CRC. In humans, the majority of familial and sporadic CRC are linked to APC mutations
(535). Consistently, He et al. showed that PPAR␤ mRNA is
upregulated in colorectal carcinomas from four patients
versus paired normal colon tissue, a finding confirmed in
another study with six patients (197, 221). Overexpression
of PPAR␤ mRNA was also described in an experimental
models of CRC, i.e., azoxymethane (AOM)-induced colon
tumors in rats (197), while Shao et al. (527) showed that
PPAR␤ expression is upregulated by oncogenic Ras in rat
intestinal epithelial cells.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

Table 2. Role of PPAR␤ in intestinal cancer
Findings

Reference Nos.

Role in Cancer

Mouse studies

428

⫹

662

⫺

27

⫽

361

⫽/⫺

212

⫺

468

⫺

212, 230, 361

⫺

628

⫹

686

⫹

393

⫽

198

⫹

628

⫹

230, 361

⫺

361

⫽

573

⫽

671, 672

⫹

661

⫺

253

⫺
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PPAR␤ deficiency
PPAR␤ gene disruption in the human CRC cell line HTC116 only slightly reduces the growth rate
of the cells in vitro, but decreases their ability to promote tumor formation when injected into
nude mice.
PPAR␤ knock-down in human colon carcinoma cells KM12C stimulates their growth both in vitro
and in vivo in nude mice.
PPAR␤ gene disruption by deletion of exon 4 in the APCmin/⫹ genetic background does not
significantly affect both the number and the mean size of intestinal polyps but reduces the
number of largest polyps in the small intestine.
PPAR␤ gene disruption by deletion of exon 8 in the APCmin/⫹ genetic background does not
significantly affect both the number and the mean size of polyps in the colon but did lead to an
increase in the average number and size of small intestinal polyps (n ⫽ 10–11 per group).
PPAR␤ gene disruption by deletion of exon 8 in the APCmin/⫹ genetic background enhances the
number of colon polyps in both male and female mice and number of small intestine polyps in
female but not in male mice (n ⫽ 15–26 per group).
PPAR␤ gene disruption by deletion of exon 8 in the APCmin/⫹ genetic background enhances the
number of colon polyps in female but not in male mice, while polyp numbers in the small
intestine do not differ. The size of small intestine polyps is increased in both male and female
mice (n ⫽ 6–12 per group).
PPAR␤-deficient (exon 8) mice displayed an increase in the number of polyps following treatment
with azoxymethane (AOM) compared with wild-type control mice.
PPAR␤ deficiency by deleting exons 4 and part of 5 resulted in a reduction in the number of
polyps in small intestine and colon with a more marked reduction in the number of the largest
polyps in APCmin/⫹ mice.
Mice with an intestinal-specific PPAR␤ disruption by exon 4 deletion display a very marked
resistance to AOM-induced colonic tumorigenesis.
Mice with an intestinal-specific disruption of PPAR␤ by deletion of exon 4 did not exhibit any
change in colonic tumor formation when treated with AOM and DSS.
PPAR␤ activation
Treatment of adult APCmin/⫹ for 6 wk with GW501516 led to a twofold increase in the total
number of polyps and to enlargement of polyps in the small intestine, but did not change the
number of colonic polyps.
Treatment of adult APCmin/⫹ for 7 wk with GW501516 increased the number of polyps in both
small intestine and colon.
In the AOM-induced model of colonic tumorigenesis, long-term treatment (22 wk) with a high
dose of GW0742 decreased tumor incidence by approximately twofold, while treatment with
lower doses was not effective.
No effects on both number and size of polyps in small intestine and colon were observed after a
6-wk treatment of APCmin/⫹ mice with GW0742.
Human studies
No correlation between expression of PPAR␤ and Ki-67 and no correlation between expression
level of PPAR␤ and clinicopathological parameters of CRC.
Overexpression of both PPAR␤ and COX-2 in CRCs was associated with upregulation of the
angiogenic factor VEGF-A and increased tumor microvessel density and decreased survival
rate after resection of primary colon tumors, whereas no association was established
between the other phenotypes of PPAR␤ and COX-2 expression in CRCs and angiogenic
parameters.
High PPAR␤ expression in primary cancers exerts a protective action against transition toward
more aggressive phenotypes. No relationships were established between the level of PPAR␤
expression and COX-2 expression or apoptosis. Examination of the relationship between
PPAR␤ expression level in primary cancers and patient survival over a 15-yr follow-up period
supported the role of PPAR␤ as a tumor suppressor in CRC.
Patients who have higher tumor expression of PPAR␤ display improved overall postsurgery survival
than patients with low PPAR␤ tumor expression.

-, PPAR␤ plays an antitumorigenic role; ⫹, PPAR␤ plays a protumorigenic role; ⫽, no significant role for PPAR␤
demonstrated in tumorigenesis.
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colonic tumorigenesis (393). Interestingly, chronic inflammation induced by DSS was notably increased in PPAR␤deficient animals, indicating that intestinal PPAR␤ exerts
anti-inflammatory action in gut (393).

To explore the implication of the nuclear receptor in intestinal tumorigenesis, several laboratories have investigated
the impact of either global or intestine-specific genetic disruption of PPAR␤ in genetically induced (APCmin/⫹ mouse
model), or chemically induced (AOM-treated mice) models
of intestinal carcinogenesis. These experimental approaches
provided conflicting results. Barak et al. (27) showed with a
very limited number of animals that germline PPAR␤ gene
disruption by deletion of exon 4 in the APCmin/⫹ genetic
background does not significantly affect both the number
and the mean size of intestinal polyps but reduces the number of largest polyps in the small intestine, suggesting that
PPAR␤ is dispensable for colorectal polyp formation in
APCmin/⫹ mice. This contrasts with data obtained with
PPAR␤-deficient mice generated by deletion of exon 8. Harman et al. (212) reported that such a PPAR␤ germline genetic disruption significantly enhances the number of polyps in colons of both females and males in APCmin/⫹ mice
(by 6- and 3-fold, respectively), while the number of polyps
is less affected in the small intestine of females (⬃2-fold)
and not significantly changed in the small intestine of males.
Interestingly, APCmin/⫹/PPAR␤-deficient mice displayed
earlier mortality than APCmin/⫹ control mice (212), but this
was not confirmed in a later study (468). Moreover, PPAR␤
deficiency resulted in an enhanced number of colon polyps
upon AOM treatment compared with wild-type control
mice (212, 230, 361). Collectively, these data suggest that a
functional PPAR␤ pathway exerts protective action in both
genetic and chemical mouse models of intestinal tumorigenesis. However, another study performed with PPAR␤ null
mice generated by deletion of exon 4 and part of exon 5 led
to the opposite conclusion. Indeed, PPAR␤ deficiency by
deleting exon 4 and part of exon 5 resulted in a reduction in
the number of polyps in small intestine (3-fold) and colon
(2-fold) with a more marked reduction in the number of the
largest polyps in both male and female APCmin/⫹ mice
(628).

Pharmacological approaches aimed to explore pro- or antitumorigenic potential of synthetic PPAR␤ agonists also
provided mixed results. Treatment of adult APCmin/⫹ for 6
wk with GW501516 led to a twofold increase in the total
number of polyps and to enlargement of polyps in the small
intestine, but did not change the number of colonic polyps
(198). Another study with a similar experimental protocol
concluded that pharmacological activation of PPAR␤ increased the number of polyps in both small intestine (2-fold
increase) and colon (3- to 4-fold increase) with particular
augmentation of large tumor number (628). In contrast, no
effects on both number and size of polyps in small intestine
and colon were observed after a 6-wk treatment of APCmin/⫹
mice with GW0742, another potent and specific PPAR␤
agonist (361). In the AOM-induced model of colonic tumorigenesis, long-term treatment (22 wk) with a high dose
of GW0742 decreased tumor incidence by approximately
twofold (361), while treatment with lower doses was not
effective (230, 361).

To further elucidate the role of PPAR␤ in intestinal tumorigenesis, animal models for an intestinal epithelium-specific
disruption of PPAR␤ gene were generated by deleting exon
4 (393, 686). Zuo et al. (686) reported that mice with an
intestinal-specific PPAR␤ disruption by exon 4 deletion display a very marked resistance to AOM-induced colonic tumorigenesis, with reduction of tumor incidence of 33-fold
in heterozygous PPAR␤⫹/⫺ mice and 65-fold in homozygous PPAR␤-deficient mice. In contrast, mice with an intestinal-specific disruption of PPAR␤ by deletion of exon 4 did
not exhibit any change in colonic tumor formation when
treated with AOM and sodium dextran sulfate (DSS), suggesting that intestinal PPAR␤ expression is dispensable for
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Given the large disparities in the results obtained with animal models, no clear picture emerges about the role of
PPAR␤ and of its pharmacological activation on intestinal
tumorigenesis. The reasons for these disparities remain uncertain, although several explanations could be proposed.
For instance, for some authors, the inconsistent or contradictory results obtained with PPAR␤-deficient mouse models, i.e., targeted deletion of either exon 4/5 or exon 8, could
be the consequence of the synthesis of a truncated protein
remaining at least partly functional in animals with a targeted deletion of exon 8 in PPAR␤ gene (628, 686). This
hypothesis appears incorrect as no immunoreactive protein
(with normal or low molecular weight) can be detected by
Western blotting analysis with an antibody raised against
the NH2-terminal PPAR␤ peptide in small intestine and
colon of mice carrying PPAR␤ gene disruption by deletion
of exon 8 (212). A more plausible explanation for these
disparities among the diverse studies is the variability in the
genetic backgrounds of the animal models used. For instance, some of the studies have been performed with
PPAR␤-deficient animals on a mixed genetic background
(27, 628), while other studies were performed with PPAR␤deficient mice on a pure C57BL/6 genetic background (212,
361). Such differences in genetic background are especially
important when these animals are crossed with APCmin/⫹
mice as it has been clearly demonstrated that the genetic
background strongly influences the penetrance of the Min
phenotype due to strain-specific impact of loci, called modifiers of the Min phenotype (Mom), that strongly modify the
severity of Min phenotype (132, 369). Indeed, APCmin/⫹
mice on the C57BL/6J background develop more intestinal
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al. (662) demonstrated that PPAR␤ knockdown in human
colon carcinoma cells KM12C stimulates their growth both
in vitro and in vivo into nude mice, suggesting an antitumorigenic function for the nuclear receptor.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
tumors than APCmin/⫹ mice on mixed genetic backgrounds.
Other differences in animal housing conditions that might
influence other pathways involved in intestinal tumorigenesis, such as inflammatory status or COX-2 enzymatic pathway, could also explain the disparities among the diverse
studies with animal models.
To date, three studies performed by different laboratories
have examined the relationships between PPAR␤ expression level in intestinal tumors and morphological or clinical characteristics of human CRCs, by using immunohistochemical (IHC) analyses coupled or not with quantitative measurements of PPAR␤ protein abundances in
CRC samples and in normal intestinal mucosa.

In contrast, these IHC studies differ in the relationship between expression level of PPAR␤ and clinicopathological
characteristics of the tumors. Takayama et al. (573) reported that cells expressing high amounts of cytoplasmic
PPAR␤ often exhibit features of highly malignant morphology with loss of cellular polarity and large nucleus, while
low-expressing cytoplasmic PPAR␤ cancer cells display
more normal morphology, but the authors did not find
significant correlation between the cytoplasmic expression
of PPAR␤ and Ki-67, a cell proliferation marker. Moreover,
no significant correlation was found between expression
level of PPAR␤ and clinicopathological parameters of CRC
in this report (573). Yoshinaga et al. (671) investigated by
IHC analysis the expression of PPAR␤ and COX-2 in CRC
samples from 52 patients with diverse clinical characteristics and matched normal adjacent tissues. This study allowed a distinction between CRC with overexpression of
PPAR␤ alone (8 patients), COX-2 alone (16 patients), both
PPAR␤ and COX-2 (17 patients), and normal expression
of PPAR␤ and COX-2 (11 patients) and revealed that the
overexpression of both PPAR␤ and COX-2 in CRCs was
associated with upregulation of the angiogenic factor
VEGF-A and increased tumor microvessel density, whereas

Collectively, the substantial amount of data provided by
these studies clearly shows that dysregulation of PPAR␤
expression is not a general feature of CRCs, but remains
insufficient to establish the role of PPAR␤ signaling in pre-
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An unexpected observation of these IHC analyses is that the
PPAR␤ antibodies reveal a signal predominantly located in
the cytoplasm of tumoral cells with little expression in nuclei, while the protein is more abundant in nuclei than in
cytoplasm in normal mucosa (573, 661, 671). Further analyses, as Western blot comparing nuclear extracts with cytoplasmic fractions, are needed to confirm that the detected
cytoplasmic signal corresponds to the PPAR␤ protein.
However, confirmation of such a differential cellular location of PPAR␤ between normal and tumoral intestinal mucosa would raise the question of the functionality and the
role of cytoplasmic PPAR␤ in CRC development. In addition, all these studies also revealed a great disparity of the
PPAR␤ protein levels among CRCs with high expression
level of cytoplasmic PPAR␤ protein in approximately half
of the tumors and low expression PPAR␤ protein amounts
in the other half (573, 661, 671).

no association was established between the other phenotypes of PPAR␤ and COX-2 expression in CRCs and angiogenic parameters (671). More recently, the same group
reported that expression of both PPAR␤ and COX-2 in
CRCs is associated with liver metastasis and with decreased
survival rate of the patients after resection of primary colon
tumors (672). This study suggesting that overexpression of
both PPAR␤ and COX-2 in cancer cells is associated with
poor prognosis is of interest but not totally conclusive as it
is based on a quite limited number of patients per group
and, more importantly, this study is only based on IHC
determination of PPAR␤ overexpression without any accurate certification of the specificity of the antibody used. This
is a great limitation of the research as it is known that
several commercially available PPAR␤ antibodies display a
large degree of nonspecific immunoreactivity and react not
only with PPAR␤ protein but also cross-react with several
other proteins (186). To date, the more convincing analysis
on the association between PPAR␤ expression level and
human CRC development was reported by Yang et al.
(661). Importantly, this study included a large number of
well-characterized resected CRCs with examination of several biological and clinical parameters, and the PPAR␤ expression level was determined by both quantitative immunobloting and IHC analyses. This study showed that primary cancers with high expression of PPAR␤ when
compared with those with low expression exhibited higher
frequency of stage 1 (40 vs. 10%), lower frequency of stages
2– 4, and lower frequency of lymph node metastases. High
PPAR␤ expression in primary cancers was related to low
expression of the proliferation marker Ki-67 and to better
differentiation index, while no relationships were established between the level of PPAR␤ expression and COX-2
expression or apoptosis. All these observations suggested
that high expression level in primary cancers exerts a protective action against transition toward more aggressive
phenotypes. Examination of the relationship between
PPAR␤ expression level in primary cancers and patient survival over a 15-yr follow-up period supported the role of
PPAR␤ as a tumor suppressor in CRC. Indeed, the authors
showed that high expression level of PPAR␤ in primary
cancers was significantly related to an impressive increase
(3- to 4-fold) of postoperative survival in patients for a
period of observation of 15 yr (661). Noteworthy, nearly
similar observations showing that patients who have higher
tumor expression of PPAR␤ display improved overall postsurgery survival than patients with low PPAR␤ tumor expression were previously reported by Ishizuka et al. (253) in
a study carried out with a smaller number of patients (26
CRC cases) and within a shorter period of observation (32
mo postsurgery).
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venting or promoting colonic tumorigenesis as illustrated
by the opposite conclusions of recently published reviews
on this issue (440, 444, 657).

For other authors, several data support the idea that activation of the PPAR␤ pathway could have procarcinogenic
action in intestinal mucosa through anti-apoptotic and angiogenic effects, and various signaling pathways have been
proposed for these actions of PPAR␤. For instance, some
studies have suggested a positive feedback loop between
COX-2 and PPAR␤ in which on the one hand PPAR␤ activates COX-2 expression in CRC cells (312), cholangiocarcinoma cells (656), and human lung carcinoma cells (182)
and, on the other hand, PGE2, the main metabolite of
COX-2 in CRC cells, enhances the transcriptional activity
of PPAR␤ through the PI3K/Akt pathway (628, 629). However, another group did not confirm such a PPAR␤-promoted upregulation of COX-2 in hepatocellular and CRC
cell lines and did not observe enhancement of COX-2 expression in intestinal polyps from APCmin/⫹ mice or AOMtreated mice after administration of a synthetic PPAR␤ agonist (230, 231). In addition, the finding that PPAR␤ overexpression in human CRC is not always associated with
COX-2 upregulation does not support such a model (661,
671).

Further studies are clearly required to establish a clear picture on the actual role of PPAR␤ in CRC initiation and
progression. To date, data on the effects of specific PPAR␤
agonist on human CRC development are lacking as the
studies performed with administration of specific PPAR␤
agonists GW501516 or MBX-8025 are not informative due
to the short duration of treatment. However, it is interesting
to note that a preventive effect of bezafibrate, a pan-PPAR
ligand (439), on the development of colon cancer has been
reported for patients who received the compound for up to
6 yr (583). Indeed, this study showed that administration of
bezafibrate at a dose known to fully activate both PPAR␤
and PPAR␣ (642) to patients with coronary heart disease
(1,506 patients in the bezafibrate group versus 1,505 patients in the placebo group) exerts a protective effect on
colon cancer development (8 cases in the bezafibrate group
versus 17 cases in the placebo group after 6 yr of treatment).
Although it is not possible to attribute this preventive effect
to the sole activation of PPAR␤, such an observation does
not favor the hypothesis of a protumorigenic potential of
activation of this transcription factor.

Another mechanism proposed to explain the protumorigenic action of PPAR␤ in CRC cells is a functional antagonism between PPAR␤ and PPAR␥ (687), leading to suppression of the anti-apoptotic effect of PPAR␥ related to downregulation of survivin and caspase-3 (627).

In summary, PPAR␤ exerts regulatory functions in several
cell types of intestinal epithelium, i.e., enterocytes, Paneth
cells, enterocrine L cells, and colonocytes. In these cell
types, PPAR␤ activation results in enhancement of their
specific and diverse physiological functions such as absorp-
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For some authors, several data support the idea that activation of the PPAR␤ pathway is protective against intestinal
tumorigenesis by acting at various steps. First, the activation of the PPAR␤ pathway leads to augmented expression
of colonocyte differentiation markers both in vivo (230,
361) and in CRC cells (161), while knockdown of PPAR␤
in CRC cells results in increased cell proliferation (664),
reduction of terminal differentiation, and exacerbation of
several malignant phenotypes (660). Second, PPAR␤ activation could also reduce intestinal tumorigenesis by reduction of inflammation that has been described as an important factor in initiation, progression, and metastasis of colon tumorigenesis (586, 603). As it will be presented in a
next section, PPAR␤ exerts anti-inflammatory action by
multiple mechanisms in various tissues including intestine
(37, 232, 393). Third, as previously discussed, PPAR␤ activation results in enhancement of the protective functions
of Paneth cells and thereby could reduce infection-induced
intestinal inflammation (423). Finally, pharmacological
PPAR␤ activation could also prevent colon carcinogenesis
by reduction of insulin resistance, obesity, and lipid disorders that have been associated with high risk of CRC (30,
144, 424, 595).

A link between the 15-lipoxygenase-1 (15-LOX-1) enzymatic pathway and its primary product, the oxidative metabolite of linoleic acid 13-S-hydroxyoctadecadienoic acid
(13-S-HODE) and dysregulated PPAR␤ expression in CRC
cells was also proposed to explain the beneficial action of
NSAIDs on colon tumorigenesis. It has been reported that
downregulation of 15-LOX-1 and decrease in 13-S-HODE
production that take place early in CRCs is linked to reduced apoptosis, enhanced angiogenesis, and increased tumorigenesis and that NSAIDs exert part of their antitumorigenic action by transcriptional upregulation of 15-LOX-1
(251). Shureiqi et al. (534) showed that both 15-LOX-1
forced expression and treatment with 13-S-HODE downregulate PPAR␤ expression and activity in CRC cells and
that functional 15-LOX-1 enzymatic pathway is required
for the NSAID-promoted PPAR␤ downregulation, NSAIDinduced cell apoptosis, and NSAID-promoted inhibition of
tumor formation in a nude mouse xenograft model with
CRC cells. It must be noted that other studies did not confirm such an implication of the PPAR␤ pathway in the anticarcinogenic action of NSAIDs and indeed showed that
NSAIDs have no effect on PPAR␤ expression in normal
colon tissue and colon tumors from APCmin/⫹ mice, that
both NSAIDs and PPAR␤ agonist attenuated proliferation
of colon cancer cells and that the NSAID-promoted antitumorigenic effect in AOM-induced model of colonic tumorigenesis is still occurring in PPAR␤-deficient mice (161,
162, 230).
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tion of lipids, cholesterol excretion, secretion of proteins
involved in enteric innate immunity, or secretion of intestinal hormones. Collectively, these effects of PPAR␤ should
be considered as beneficial in the context of metabolic disorders and could explain, at least partly, the improvement
of several metabolic parameters, such as lipoprotein profile
or insulin sensitivity, promoted by PPAR␤ agonist administration to obese rodents or to moderately obese patients.

E. PPAR␤ in Endothelial Cell Physiology

Indeed, it was reported that the specific PPAR␤ agonist
GW501516 exerts dose-dependent positive effects on the
expression of VEGF-A and its receptor VEGF-R1, and increases proliferation rate in human umbilical vein endothelial cell (HUVEC) cultures (559). Moreover, PPAR␤ activation also induces an actual VEGF-dependent angiogenic
response as demonstrated in various in vitro and in vivo
models of endothelial tube formation in a process that requires PPAR␤ as forced expression of a PPAR␤ dominant
negative form impairs such a process (450). As it will be
discussed in more details in a following section, transgenic
or pharmacological activation of the PPAR␤ signaling pathway promotes upregulation of VEGF-A expression and angiogenesis in skeletal muscle and heart leading to an enhancement of capillary density (178, 623).
There are also some data that do not support a potential
angiogenic role for PPAR␤. A recent publication described
an anti-angiogenic effect of GW501516 and L-165041
PPAR␤ agonists on HUVECs by a potent repressive action
on VEGFR2 expression (377). However, such effects observed only at very high doses of agonists appeared to be
PPAR␤-independent as they were not affected by PPAR␤
silencing and therefore could be related to the lack of specificity of these agonists when used at very high concentrations (429). It was also reported that ligand activation of
PPAR␤ exerts suppressive effects on cathepsin B expression
and activity in HUVEC by a process that requires functional
PPAR␤ pathway and implicates a posttranslational mode of
action (471). Although it has been shown that cathepsin
downregulation is associated with reduced VEGF expression (357) and inhibition of angiogenesis (458), the authors
did not provide direct evidence that PPAR␤-promoted cathepsin B downregulation actually reduces VEGF expression and angiogenesis in HUVECs (471). Moreover, Yang
et al. (662) reported that treatment of the human colon cell
line KM12C with a PPAR␤ agonist reduces VEGF expression, while PPAR␤ knockdown has the opposite effect.

How PPAR␤ regulates VEGF-A gene expression remains
unclear. A PPRE consensus element was identified in the
VEGF promoter and implicated in the repressive effect of
PPAR␥ on transcriptional activity of VEGF gene in endometrial cells (434). However, another study concluded that
the PPAR-driven activation of VEGF gene expression in
bladder cancer cells is an indirect mechanism requiring de
novo protein synthesis and involving the MAPK pathway
(150). In addition, Genini et al. (182) showed that treatment of human lung carcinoma cells with PPAR␤ agonists
induces VEGF gene expression through both direct transcriptional activation via binding to the VEGF promoter
and nontranscriptional mechanism involving interaction
between PPAR␤ and the PI3K regulatory subunit p85␣
leading to PI3K activation and Akt stimulation.
PPAR␤ pathway activation also results in protection
against endothelial cell apoptosis. Liou et al. (341) demonstrated that PPAR␤ activation by augmented PGI2 production, carbaprostacyclin (cPGI2) or specific synthetic agonist,
suppresses H2O2-induced apoptosis in HUVECs. This antiapoptotic action of PPAR␤ activation appeared to be due
to a direct transactivation of the 14-3-3 gene through interaction of PPAR␤ with a PPRE consensus sequence. Indeed,
the PPAR␤-driven induction of 14-3-3 protein is functionally efficient as it was shown that pretreatment of HUVECs
with cPGI2 or specific PPAR␤ agonists blocks the H2O2induced Bad translocation into mitochondria and apoptosis
(341).
Interestingly, PPAR␤ expression is modulated by H2O2
treatment in endothelial cells as exposure of HUVECs to
high concentrations of H2O2 provokes a strong reduction
of PPAR␤ protein (263), while repetitive treatments of
HUVECs with low H2O2 concentration promotes upregulation of PPAR␤ protein and protection against H2O2-induced apoptosis (262).
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The three PPAR isoforms are expressed in endothelial cells
(53, 652), and it has been shown that, while activation of
PPAR␣ and PPAR␥ exert antiproliferative effect in endothelial cells and antiangiogenic actions both in vitro and in
vivo, PPAR␤ activation displays opposite effects at least in
physiological conditions (51, 396).

Interestingly, the work from Muller-Brusselback et al. (399)
revealed a more complex role of the PPAR␤ pathway in
regulation of endothelial cell proliferation and angiogenesis. The use of a tumor xenograft model and a Matrigel plug
assay in control and PPAR␤⫺/⫺ mice showed that PPAR␤
deficiency resulted in uncontrolled proliferation of endothelial cells and reduction of microvessel maturation and tumor vascularization while retroviral transduction of
PPAR␤ in deficient cells restores arrest of cell proliferation
and microvessel maturation. These observations suggest
that complete abolition of PPAR␤ signaling leads to deregulation of angiogenesis resulting in appearance of hyperplastic undifferentiated microvascular structures and that
PPAR␤ plays a crucial role in growth arrest and subsequent
differentiation of endothelial cells. Further analysis identified the cell cycle inhibitor p57KIP2 as a PPAR␤ target gene
and suggested that p57KIP2 is directly involved in PPAR␤dependent inhibition of cell proliferation (399).
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In addition to its effects on endothelial cell proliferation and
survival and subsequent proangiogenic action, PPAR␤ is
also involved in endothelial progenitor cells (EPCs) physiology and in vasculogenesis. EPCs are circulating bone marrow-derived cells able to proliferate, migrate, and differentiate into endothelial cells. EPCs play a crucial role in formation of new vessels in adult and have a great therapeutic
potential in tissue ischemia (22, 433).

Pharmacological approaches have suggested that PGI2,
which is the main metabolite of prostaglandin synthesis in
vascular tissue, could exert its proangiogenic action by
PPAR activation (456). He et al. (220) established a central
role for PPAR␤ in the regulatory control by PGI2 of EPCs
physiology by the findings that EPC-produced PGI2 from the
arachidonate/COX metabolic pathway activates PPAR␤ that,
in turn, enhances EPC proliferation and proangiogenic
functions both in vitro and in vivo.
An earlier study suggested that EPCs may also induce angiogenesis by producing and secreting unidentified angiogenic growth factors (470). A recent publication described a
new aspect of PPAR␤ action on angiogenesis and myogenesis by inducing a paracrine effect from the EPCs toward
endothelial cells and myoblasts. Indeed, Han et al. (205)
found that PPAR␤ activation induces metalloproteinase-9
(MMP9) gene expression by a direct transcriptional mechanism in human EPCs. In vitro and in vivo experiments
revealed that the PPAR␤-induced MMP9 synthesis and secretion by EPCs affects the insulin growth factor (IGF) signaling pathway in target cells, such as endothelial cells and
myoblasts, by proteolysis of IGF-binding protein 3 and subsequent increase in unbound IGF and demonstrated that
this PPAR␤/MMP9/IGF signaling pathway is involved in
the activation of endothelial cells and myoblasts and the
angiogenic/myogenic response taking place in the ischemic
hindlimb mouse model (205).
Except for a few studies that would argue against a proangiogenic role for PPAR␤, the majority of findings suggest
that PPAR␤ plays a central role in angiogenesis and vasculogenesis and that its activation by naturally occurring molecules, such as PGI2, stimulates the proliferation, survival,
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III. PPAR␤ AND MUSCLE
A. PPAR␤ in skeletal muscle physiology and
metabolism
Both RNA protection and quantitative-PCR assays showed
that in rodent and human skeletal muscles, PPAR␤ expression is greater than that of PPAR␣, while PPAR␥ mRNA
level is very low (112, 400). During the last decade, a large
number of experimental evidence based on the utilization of
pharmacological tools, cellular and animal models, including transgenic mouse models, have demonstrated that
PPAR␤ plays a central role in the control of muscle metabolism, muscle functions, and adaptive response to environmental changes. These findings have quite important outcomes in muscle physiology and development of new pharmacological strategies for the treatment of metabolic
disorders linked to physical inactivity and bad nutrition
habits.
In the next section we present the main conclusions of the
large body of literature on the topics of skeletal muscle
structure, metabolism, functions, and adaptive responses to
nutrition and physical activity behaviors.
1. Metabolic and functional diversity of skeletal
muscle
The generic term skeletal muscle covers a large diversity of
structural entities with different shapes and used for different tasks in an organism, such as ventilation, postural functions, sustained submaximal contractions, or short-term
high-intensity workouts. To achieve these different physiological functions, mammalian skeletal muscles comprise a
variety of muscle fiber types with different contractile and
metabolic properties and, subsequently, diverse functional
capacities (507). Muscle fibers display a specific expression
pattern of the components of the contractile apparatus, and
the distribution of these diverse fiber types within a specific
muscle greatly affects its contractile performance. Among
the major components of contractile apparatus are the myosin heavy chains (MHC) that contain the ATPase activity
generating the energy required for contraction and determining the velocity of shortening of muscle fibers (472).
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Han et al. (206) reported that treatment of human EPCs
with specific PPAR␤ agonists induces their proliferation
and protects them from apoptosis. Such a treatment also
enhances EPC functions, such as transendothelial migration
and in vitro tube formation. These effects appeared to be
related to activation of the PI3K/Akt pathway. Furthermore, PPAR␤ activation displays an actual provasculogenic
effect as demonstrated in two different in vivo mouse models, the hindlimb ischemic model and corneal neovascularization in which systemic administration of PPAR␤ agonist
notably ameliorate EPC mobilization and vasculogenesis
(206).

and angiogenic functions of both EPCs and endothelial cells
through changes in the expression levels of several proteins
directly or indirectly implicated in the control of proliferation, apoptosis, or differentiation of these endothelial cell
types. This PGI2/PPAR␤ signaling pathway is clearly implicated in physiological angiogenic responses, such as physical training-induced or ischemic-induced angiogenesis.
Pharmacological activation of PPAR␤ may be a novel therapeutic intervention in pathological situations requiring angiogenesis, such as limb or cardiac ischemia.
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Based on the determination of predominant MHC isoforms, it has been established that rodents have four fiber
types termed I, IIa, IIx, and IIb, while the majority of large
mammal muscles, including human, contain three fiber
types, I, IIa, and IIx (507). A significant percentage of fibers
expressing more than one MHC isoform and termed “hybrid” fibers was observed in rodent (275, 555, 678) and
human (86, 427) muscles. Other components of the contractile apparatus, such as myosin light chain isoforms, tropomyosins, or troponins (50, 495, 621) and proteins implicated in Ca2⫹ sequestering (196, 354) also display a fiber
type-specific expression.

Mechanical contractile activity of sarcomeres requires energy that is provided by the hydrolysis of ATP to ADP and
inorganic phosphate catalyzed by the MHC ATPase activity. The energy must be delivered to the contractile apparatus in a well-appropriated manner in terms of amounts and
duration of ATP supply to allow the different kinds of muscle efforts, such as high-intensity exercises that need huge
amounts of ATP for a limited time and endurance exercises
requiring less ATP for a longer period of time. Muscle fibers
display huge differences in their energy consumption during
contraction. For instance, during maximal isometric contraction, mouse extensor digitorum longus (EDL) muscle
which contains mainly IIb myofibers, utilizes about fivefold
more ATP than soleus muscle which consists mainly of type
I fibers (29), while human type IIa and type IIx fibers utilize,
respectively, 2.5 and 4 more ATP than type I fibers (493,
560). To comply with these energetic commitments, fibers
utilize two main metabolic pathways for ATP provision of
myofibrils.
Anaerobic glycolytic metabolism generates ATP by the catabolism of glucose to lactate. Energetic yield of anaerobic
glycolysis is quite poor with the production of two molecules of ATP for one molecule of glucose used. Despite such
a poor energetic yield, as the enzymes of anaerobic glycolysis are expressed at high levels, this metabolic pathway can

ATP supply for sustained muscle contraction is provided by
aerobic oxidative phosphorylation that takes place in mitochondria and consists of two coupled metabolic pathways,
i.e., the citric acid, also known as the tricarboxylic acid
cycle (TCA cycle) or Krebs cycle, and the electron transport
chain. In skeletal muscle, carbohydrates and fatty acids are
the major sources of acetyl-CoA for aerobic oxidative metabolism. Carbohydrates enter oxidative metabolism by decarboxylation of pyruvate, the end product of anaerobic
glycolysis, to acetyl-CoA in an irreversible reaction catalyzed by the pyruvate dehydrogenase complex (PDC) (430,
469). Fatty acids activated into acyl-CoA provide acetylCoA to the citric cycle via breakdown by the fatty acid
␤-oxidation process that takes place in mitochondria. Aerobic oxidative phosphorylation is very efficient because
when oxidative phosphorylation is totally effective (474),
one molecule of either glucose or palmitate produces 38 and
129 molecules of ATP, respectively.
To cope with their energetic commitments for their contraction, type IIb and IIx mainly function on anaerobic metabolism, while type I and IIa display an oxidative metabolism.
This metabolic fiber diversity is linked to higher mitochondrial content in type I and IIa fibers than in type IIb and IIx
(179, 243, 432). From a large number of publications, it has
been concluded that type I fibers display higher oxidative
enzymatic activities [e.g., citrate synthase (CS) or succinate
dehydrogenase (SDH)] and lower glycolytic enzymatic activities [e.g., lactate dehydrogenase (LDH) or phosphofructokinase (PFK)] than type IIb and IIx fibers, while type IIa
fibers display an intermediate phenotype (145, 349, 549,
550). Transcriptomic analyses revealed a fiber-differential
expression of several hundreds of genes, including those
encoding key metabolic markers (90, 454). Fibers also differ in their ability to manage adequate oxygen availability
for the oxidative metabolism. Indeed, muscles where type I
and IIa are predominant contain high myoglobin amounts,
while myoglobin contents are very low in muscles comprising a majority of type IIb fibers (294, 308, 378, 614). The
microcirculation network is another important determinant
for oxygen delivery, and several histological studies demonstrated that the capillary-to-fiber ratio is higher in oxidative
muscles than in glycolytic muscles from several animal species (4, 74) and humans (252, 540). Fibers also differ by
their content of substrate stores in the form of glycogen and
triglycerides. Fast fibers contain more glycogen than slow
fibers (194, 618) and, in contrast, neutral lipid content is
2–3 times higher in type I fibers than in type II fibers (145,
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In vitro studies on rodent and human skinned muscle fibers
revealed clear mechanical differences among the various
fiber types (68, 507). It is generally thought that both maximal contractile velocity and peak force are increasing in the
following order: type I, type IIa, type IIx, type IIb in rodents
(67, 174) and type I, type IIa, type IIx in humans (65, 66,
318, 640). As a consequence, muscles with a preponderance
of type I fibers, such as postural muscles, have lower contractile force and velocity than muscles with more type IIa
and IIx or IIb fibers, such as muscles implicated in resistance
work. The fiber composition of rat hindlimb muscles illustrated this aspect since the soleus, which is implicated in
postural and low-intensity workouts, is rich in type I fibers,
while extensor digitorum longus, plantaris, and tibialis anterior muscles, who are employed for high-intensity work,
consist mainly of type IIa, IIx, and IIb fibers (117).

rapidly provide important amounts of ATP required for
high-intensity exercises (210, 211). However, anaerobic
glycolysis rapidly leads to muscle fatigue due to depletion of
glycogen stores and production of deleterious metabolites
and is ineffective to support muscle contraction for more
than a few minutes (192, 414, 481).
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167, 610, 611) and ⬃1.5-fold higher in type IIa fibers than
in type IIb fibers (356).
Adult skeletal muscles display an extraordinary high ability
to adapt their morphological, functional, and metabolic
capacities to prolonged changes in physical activity behaviors. There has been considerable effort to study this muscle
remodeling process that appears as of considerable interest
in sport science for performance improvement and, more
recently, in the field of metabolic disorders and type 2 diabetes with the demonstration of beneficial effects of regular
aerobic physical activity (23, 604).

Skeletal muscle metabolism undergoes an adaptive response to decreased usage as shown in various models of
muscle disuse, such as hindlimb suspension, space flight,
and bed rest. Globally, this adaptive response is characterized by a reduction of fatty acid utilization and increased
glucose utilization in rodent and human muscles (25, 54,
158, 315, 478). This shift in fuel metabolism from lipids
toward glucose is related to augmented expression and activity of several glycolytic enzymes, such as PFK, hexokinase, and pyruvate kinase (47, 96, 536, 558, 574, 646), and
decreased expression and activity of enzymes of FAO (227,
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2. Regulatory functions of PPAR␤ in skeletal muscle
physiology
Based on the findings that PPAR␣ was involved in the transcriptional activation of genes implicated in hepatic and
cardiac FAO, it has been proposed that this isoform was
playing such a role in all tissues characterized by high fatty
acid catabolism capacities, including skeletal muscle. To
establish the requirement of PPAR␣ in the control of lipid
metabolism in skeletal muscle, Muoio et al. (400) investigated the impact of PPAR␣ gene disruption on metabolism
and gene expression in mouse in normal conditions or during metabolic challenges. The results of this study were
surprising as PPAR␣ ablation did not affect FAO and expression of metabolic-related genes in muscles from mice
maintained in standard conditions and did not change the
metabolic and genic responses of skeletal muscles after 24 h
of fasting or 2 h of treadmill running.
The use of both cellular models (mouse C2C12 and rat L6
myogenic cell lines, differentiated primary human myoblasts) and animal models (pharmacological treatment of
rodents with specific PPAR␤ agonists and transgenic mouse
models for muscle-specific overexpression or disruption of
PPAR␤) revealed that the PPAR␤ signaling pathway plays a
central regulatory role in skeletal muscle metabolism and
especially in the adaptive responses of this tissue to metabolic challenges, including fasting and sustained physical
exercise, which are characterized by a shift toward lipid
utilization for energetic metabolism.
A) PHYSIOLOGICAL REGULATION OF PPAR␤ EXPRESSION IN SKELETAL

MUSCLE. The level of PPAR␤ expression in skeletal muscle is
influenced by the nutritional status and level of physical
activity. Holst et al. (238) reported a two- to threefold accumulation of PPAR␤ mRNA and protein in mouse gastrocnemius muscle after 24 and 48 h fasting, while PPAR␣
expression remained unchanged. This upregulation of
PPAR␤ expression is totally reversed within 24 h of refeeding and does not occur in heart. A time course study by De
Lange et al. (111) showed that in rat gastrocnemius muscle,
PPAR␤ upregulation peaks at 6 h of fasting (6-fold increase)
and then progressively declines for longer periods of time.
This elevation of PPAR␤ expression is concomitant to that
of PGC1␣ and is followed by enhancement of the mitochon-
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Several strategies, aimed to increase or decrease muscle activity, have been used to establish the physiological adaptive
responses of skeletal muscle to modifications in physical
activity behaviors. Although adaptive responses are very
different among species, type of muscle and experimental
protocol, these studies showed that adaptive responses of
skeletal muscle to physical activity are characterized by the
modification in the expression profile of a very large panel
of proteins, including key metabolic players and components of the contractile apparatus (507). In rodent and human muscles, long-term increase in physical activity, such
as endurance training for several weeks, enhances oxidative
metabolism with increased reliance on fat metabolism, lowered blood lactate concentration, and sparing of muscle
glycogen during exercise (226, 234, 235). This metabolic
remodeling is characterized by an increase in mitochondrial
content, increment of enzymatic activities involved in the
TCA cycle and in fatty acid and ketone oxidation pathways
(32, 189, 233, 390, 644), and upregulation of the steadystate levels of mRNAs coding for the oxidative phosphorylation pathway (401, 402, 461) and fatty acid catabolism
(397, 676). The metabolic adaptations to sustained increase
in physical activity are accompanied by a progressive reduction of MHCIIb and IIx expression, and upregulation of
MHCIIa expression and, only in some circumstances, of
MHCI (326, 327, 517). These adaptive responses of metabolism and contractile properties are more pronounced in
severe models of muscle contraction, such as the chronic
low-frequency electrical stimulation model (537, 538) or
very robust endurance training paradigms (19, 208, 475),
than in voluntary running rodent models (11, 225).

536, 558, 646). In contrast, mitochondrial oxidation capacity and expression of enzymes in the TCA cycle, such as CS,
malate dehydrogenase, and SDH, are not (or only moderately) affected by hindlimb suspension or space flight (25,
47, 264, 574). In rodent models, reduction of neuromuscular activity is associated with a MHC remodeling characterized by downregulation of MHCI and concomitant upregulation of MHCIIx or MHCIIb (82, 419, 576, 577). MHC
isoform remodeling appeared to be very limited in human
muscles after reduced muscle activity by spaceflight (639,
680) or bed rest (26, 227).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
drial FAO rate. Data concerning PPAR␤ regulation in human skeletal muscle during fasting remains limited. One
publication reported that a 48-h fasting reduces the expression of both PPAR␤ and PPAR␣ in healthy subjects, while
expression of PGC1 and of several fatty acid metabolismrelated genes remains unchanged (594).

Noteworthy, some publications reported a decreased expression of PPAR␤ and other transcriptional regulators of
lipid catabolism-related genes, such as PGC1␣ and PPAR␣
in muscles after space flight, hindlimb suspension, or spinal
cord injury (10, 305, 405).
The molecular mechanisms and signals behind such modulations of PPAR␤ gene expression in skeletal muscle still
remain mysterious. Clearly, the increase in fatty acid availability that occurs during fasting and physical exercise is not
directly implicated as a signal, which is suggested by the
lack of PPAR␤ gene induction upon treatment of myocytes
in culture with a variety of saturated and unsaturated fatty
acids (238), and as demonstrated in vivo by the findings that
the blunting NEFA elevation by high-carbohydrate diet
(488) or by nicotinic acid ingestion before a single bout of
sustained high-intensity exercise (633) do not affect PPAR␤
upregulation.
Recent publications have described mechanisms resulting in
PPAR␤ mRNA upregulation in various cellular contexts,
including skeletal muscle. First, chromatin immunoprecipitation sequencing (ChIP-seq) and genome-wide trancriptional profiling have recently revealed that PPAR␤ binds to
its promoter and activates in a ligand-independent manner
the expression of PPAR␤ mRNA in mouse keratinocytes
and human myofibroblats (5, 286). The existence of such a
positive regulatory loop in PPAR␤ expression in skeletal
muscle during metabolic and physical exercise challenges
remains to be directly demonstrated. Second, another publication provides very interesting observations linking the
acute transcriptional activation occurring during physical
exercise with changes in DNA methylation (34). Barres et
al. (33) found that, in human muscle, the induction of
PGC1, PDK4, and PPAR␤ mRNA expression during or just

B) PPAR␤-REGULATED SIGNALING PATHWAYS IN SKELETAL MUSCLE
METABOLISM. There are several direct experimental demonstrations of the implication of PPAR␤ in metabolic regulations in skeletal muscle.

Data obtained from myoblastic cell lines and skeletal muscle cells in primary culture revealed that treatment with
specific PPAR␤ agonists leads within 8 –24 h to increased
expression of several genes implicated in fatty acid uptake,
such as FAT/CD36 (238, 551, 581), fatty acid handling and
activation, such as FABP (135, 238) and ACS (135, 581),
fatty acid mitochondrial uptake, such as carnitine-palmitoyl transferase 1 (CPT1) (135, 400, 551, 581) and fatty
acid ␤ -oxidation, such as acyl-CoA dehydrogenase
(ACAD), 3-ketoacyl-CoA thiolase and 3-oxoacyl-CoA
thiolase (581). Robust increases in uncoupling protein 2
and 3 (UCP2 and UCP3) mRNA (95, 135, 400) and in
PDK4 mRNA (135, 400, 551, 581) were also reported by
several authors in muscle cells exposed to PPAR␤ agonists.
Treatment of myogenic cells with a PPAR␤ agonist promotes the expression of two transcriptional regulators that
play important roles in muscle oxidative metabolism,
PGC1␣ (127, 240, 581) and Foxo1 (406). Not surprisingly,
the metabolic impact of upregulation of these genes is an
enhancement of FAO rate after treatment of myogenic cells
with PPAR␤ agonists (238, 400, 581).
In vivo pharmacological activation of PPAR␤ confirmed
these observations. The first study describing the genetic
and metabolic impacts of pharmacological activation of
PPAR␤ was carried out in mice fed a normal diet or a
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As previously mentioned, physical exercise affects PPAR␤
expression in rodent and human muscles. The contents in
PPAR␤ protein are notably increased in mouse tibialis anterior after swimming training for 3 or 6 wk (353) and in
human vastus lateralis muscle after 4 mo of moderate walking training (168). It has also been found that one bout of
high-intensity and sustained exercise leads to an increase in
PPAR␤ mRNA content within hours (355, 488, 633), while
when high-intensity interval training is used such an augmentation of PPAR␤ mRNA muscular content becomes
detectable only after several training sessions (437). However, it must be noted that these data should be confirmed at
protein level to establish their physiological relevance.

after an acute bout of high-intensity exercise is accompanied or preceded by a marked, rapid, and transient reduction of methylation of the respective promoter, while the
methylation remains unchanged for genes that are not induced by acute physical exercise, such as CS. Furthermore,
the authors describe similar hypomethylation of PPAR␤,
PGC1, and PDK4 promoter both in isolated mouse soleus
during electrical stimulation and in rat L6 myotubes treated
with caffeine, e.g., through changes in cytosolic Ca2⫹ concentrations. Noteworthy, the alteration of cytosine methylation promoted by physical exercise is not occurring in the
classical CpG context, but concerns cytosine located within
a CpA, CpT, or CpC context. Rapid and reversible changes
in non-CpG methylation have been already shown to play a
role in gene reprogramming during differentiation of stem
cells (342) and in the control of PGC1␣ gene expression in
myoblasts exposed to fatty acids or TNF-␣ (33). Future
studies are needed to appreciate the real importance of this
epigenetic mechanism in the global modulation of gene expression in response to physical exercise, to identify the
mechanisms and signals involved in the hypomethylation of
specific genes in such physiological conditions, and to verify
the impact of this regulatory mechanism at the protein level
for the different markers.

JAAP G. NEELS AND PAUL A. GRIMALDI

Further studies confirmed only partially these observations
by demonstrating that pharmacological activation of
PPAR␤ induces FAO and the expression of genes involved
in fatty acid catabolism but failed to show any change in
expression of PGC1␣ and mitochondrial biogenesis (45,
107, 295, 407). For instance, Kleiner et al. (295) showed
that treatment of mice with a PPAR␤ agonist for 3 wk
increases the mRNA levels of CPT1, UCP3, and PDK4 but
did not observe variations in expression levels of mitochondrial biogenesis markers, such as PGC1␣, PGC1␤, cytochrome c, and cytochrome c oxidase 5a. To further explore
the relationships between PPAR␤ and PGC1␣, these authors explored the genic and metabolic effects of pharmacological activation of PPAR␤ in primary myoblasts isolated from PGC1␣-KO, PPAR␤-KO, and control mice.
They demonstrated that PGC1␣ KO does not suppress the
PPAR␤-induced FAO and induction of fatty acid catabolism-related genes, but that PGC1␣ potentiates these effects
in a PPAR␤ ligand-dependent manner. Moreover, this
study showed that the PGC1␣-induced mitochondrial biogenesis does not require PPAR␤. However, a role in PPAR␤
in the control of PGC1␣ gene expression cannot be excluded as Schuler et al. demonstrated a direct transactivation of the PGC1␣ gene through binding to a PPRE identified in the PGC1␣ promoter sequence (516).
Globally, these studies revealed that PPAR␤ activation promotes in skeletal muscle an impressive remodeling of gene
expression known to result in a metabolic transition favoring lipid utilization and limiting carbohydrate oxidation.
The balance between carbohydrate and lipid utilization for
skeletal muscle aerobic metabolism is a physiological process controlled by several mechanisms to cope with both
demand of energy and substrate supply. Deregulation of
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this metabolic balance has been linked to muscle insulin
resistance (173). Noteworthy, PPAR␤ activation promotes
induction of several genes playing crucial roles in skeletal
muscle fuel preference, such as FAT/CD36, CPT1, and
PDK4.
FAT/CD36 was first identified as a fatty acid facilitating
transport protein in rat adipocytes (3) and in other tissues,
including skeletal muscle (59). Several studies have demonstrated that FAT/CD36 is an important actor in fatty acid
metabolism for several organs, and gain- and loss-of-function experiments demonstrated the relationship between
expression levels of FAT/CD36 and FAO capacity in skeletal muscle (102, 103, 250). The upregulation of PPAR␤
expression is parallel to that of FAT/CD36 in mouse skeletal muscle (238). Furthermore, muscle contraction promotes acute subcellular redistributions of FAT/CD36 protein that are important for FAO during muscle activity.
Muscle contraction promotes translocation of FAT/CD36
from the intracellular compartment to the surface membrane, increasing both fatty acid uptake and FAO (58). In
skeletal muscle, FAT/CD36 translocation to surface membrane is not related to AMPK signaling as demonstrated for
cardiomyocytes (261, 351), but may possibly involve the
calmodulin/Ca2⫹ signaling (314). Muscle contraction also
promotes relocation of FAT/CD36 to the outer mitochondrial membrane, and various approaches demonstrated
that mitochondrial FAT/CD36 plays a crucial role in fatty
acid uptake into mitochondria and FAO during physical
activity (85, 236, 544).
CPT1 is one of the components of a multienzymatic system
facilitating long chain acyl-CoA entry into mitochondria.
CPT1 is located at the outside of the outer mitochondrial
membrane and catalyzes the transformation of acyl-CoA
and carnitine to acyl-carnitine that is then translocated to
the inner mitochondrial membrane and converted by CPT2
into acyl-CoA and carnitine which relocates to the cytoplasm by diffusion (372, 465). CPT1 is considered as the
rate-limiting step of fatty acid entry in mitochondria (466),
and induction of its expression correlates with increased
FAO rate in skeletal muscle (111, 368, 449, 497). In addition to induction of its expression, PPAR␤ activation could
also regulate CPT1 activity by reduction of its inhibition by
malonyl-CoA. Several studies have shown that malonylCoA acts as a natural inhibitor of CPT1 (348, 372, 379,
492). In skeletal muscle, malonyl-CoA concentrations are
reduced in physiological situations in which fatty acids are
preferentially used as substrate for ATP synthesis, such as
fasting (373), glucose depletion (490, 491), or physical exercise (137, 491, 643). Conversely, malonyl-CoA accumulates in rat soleus muscle during inactivity induced by denervation or after incubation with high concentration of
glucose, situations favoring glucose utilization (490). Malonyl-CoA is synthesized by the decarboxylation of acetylCoA catalyzed by acetyl-CoA decarboxylase (ACC). Two
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high-fat diet (HFD) and receiving the specific PPAR␤ agonist GW501516 for several weeks (581). As previously described in myoblastic cell models, this study showed that
pharmacological activation of PPAR␤ results in overexpression of a variety of genes implicated in fatty acid catabolism, including FAT/CD36, ACS, CPT1, hydroxyacylCoA dehydrogenase (HAD), UCP3, and PDK4. This study
also revealed that pharmacological activation of PPAR␤
promotes after 1 wk a dose-dependent and robust (⬃2-fold
at the maximal dose) increase in palmitate oxidation in
skeletal muscle, but not in liver. Interestingly, treatments
with PPAR␣ and PPAR␥ agonists have no effects on FAO in
skeletal muscle, while treatment of mice with the PPAR␣
agonist elevates FAO in liver. Moreover, the authors also
found a net increase in PGC1 mRNA muscle content and
detected by electron microscopic analysis a notable augmentation of mitochondria number in skeletal muscle. Importantly, treatment with the PPAR␤ agonist reduced the
development of obesity, prevented lipid accumulation in
liver and skeletal muscle, and improved glucose tolerance
and insulin sensitivity in mice fed a HFD.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

PDC catalyzes the transformation of pyruvate into acetylCoA and is crucial for oxidative metabolism of carbohydrates. PDC activity is controlled by phosphorylation-dephosphorylation of the E1 subunit of the multienzymatic
complex. Phosphorylation, leading to inactivation of PDC,
is catalyzed by diverse pyruvate dehydrogenase kinases
(PDK) and dephosphorylation by pyruvate dehydrogenase
phosphatases (PDP) reactivates the multienzymatic complex (340). PDK4 is the predominant isoform expressed in
mammalian skeletal muscle (69), and it has been established
that its activity is controlled by metabolites and by transcriptional regulation. Several physiological situations in
which glucose oxidation for aerobic metabolism is low are
characterized by increased PDK4 mRNA expression (237,
552, 564). Thus the PPAR␤-induced expression of PDK4
can be a main cause of inhibition of glucose oxidation in
skeletal muscle.
Indeed, the PPAR␤-induced modifications in gene expression are very reminiscent of that occurring during metabolic
adaptive responses of skeletal muscle to long-term changes
in the nutritional status and changes in physical activity
behavior. For instance, situations characterized by reduction of glucose availability for a long period of time, such as
prolonged fasting or continuous reduced carbohydrate content of the diet, result after several hours or days in decreased glucose oxidation and increased FAO in skeletal
muscle (89, 513, 546). These metabolic adaptive responses
are physiologically important for the glucose conservation
and are related to modifications of expression levels of several genes encoding proteins implicated in metabolic regulations. For instance, PDK4 protein content (564) and
PDK4 mRNA levels (552) are enhanced in skeletal muscle
after several hours of fasting, while expression levels of the
other PDK isoforms remain unchanged. Moreover, fasting

promotes expression of a large panel of genes related to
fatty acid oxidative metabolism, such as lipoprotein lipase
(LPL), FAT/CD36, CPT1, ACAD, ACS, or UCP3 in rodent
and human muscles. These effects are robust (2- to 7-fold
induction depending on the studied gene) and take place
within a similar window of time (6 –24 h of food depletion)
in both rodent and human muscles (111, 112, 238, 449,
497, 598).
Increased availability of lipids by increasing the relative
percentage of fat versus carbohydrate in the diet also leads
to overexpression of lipid catabolism-related genes in skeletal muscle. Numerous studies demonstrated that feeding
an eucaloric high-fat/low-carbohydrate diet promotes induction of FAT/CD36, CPT1, ACAD, and HAD mRNA in
rodent (368, 459, 599) and human muscles (84, 157). These
inductions can be observed after 5 days (84) and are sustained for several months as long as high-fat feeding is
maintained (459). Similarly, PDK4 protein and mRNA contents are notably enhanced in human and rodent muscles
after a shift for several days or weeks on an eucaloric highfat/low-carbohydrate diet when compared with those detected with standardized diets (237, 445).
Aerobic physical training also results in upregulation of the
same set of genes in both human and rodent skeletal muscle.
For instance, training increases markedly the activity of
HAD, a rate-limiting enzyme of ␤-oxidation (288, 397,
505), and the expression levels of CPT1 (270, 397, 676) and
FAT/CD36 (302, 436, 575). Endurance exercise training
promotes upregulation of a set of genes encoding proteins
involved in triglyceride metabolism, including LPL implicated in hydrolysis of circulating triglyceride-rich lipoproteins (204, 521), adipocyte triglyceride lipase (ATGL) implicated in hydrolysis of intracellular triglycerides (13,
669), and perilipins 2 and 5 implicated in intracellular lipid
droplet structuration and lipolysis regulation (446, 528).
Upregulation of the expression of these proteins could explain the training-induced improvement of triglyceride synthesis and degradation observed in rodent and human muscles (190, 248, 288). Noteworthy, in muscle cells, PPAR␤
activation upregulates the expression of several proteins
involved in triglyceride metabolism, such as LPL (135), hormone-sensitive lipase (HSL) (553, 581), and perilipins (49,
114).
Several lines of evidence have suggested that these adaptive
responses of skeletal muscle to fasting and high-fat diet are
related to the concomitant increases in circulating concentrations of NEFA. Indeed, during intralipid infusion, the
induction of FAT/CD36 mRNA in rat muscle coincides
with the raise of NEFA circulating concentrations (147,
615). Moreover, in rat soleus, a strict parallelism exists
between PDK4 expression levels in soleus muscle and
changes in circulating NEFA concentrations during the
light (inactive) and dark (active) phases in animals fed either
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ACC isoforms, ACC1 and ACC2, encoded by separate
genes have been identified, and various loss-of-function experiments clearly indicated that malonyl-CoA from ACC1
is a substrate for lipogenesis, whereas malonyl-CoA from
ACC2, predominantly expressed in skeletal muscle, is implicated in CPT1 inhibition (2, 99, 501). ACC1 and -2 are
controlled by various mechanisms including phosphorylation on serine residue by AMPK (322) which almost totally
suppresses their activity promoting reduction of cytosolic
malonyl-CoA concentration and enhancement of FAO
(139, 284, 310, 645). AMPK is activated by several AMPK
kinases, such as the liver kinase B1 (217, 218, 347), which
is activated by high AMP/ATP ratio (209) or ADP/ATP
ratio (417, 650), and calcium/calmodulin kinase kinases
(CAMKK) (219, 249) sensitive to Ca2⫹ concentration
change. As several studies have demonstrated that PPAR␤
stimulation promotes activation of AMPK and phosphorylation of ACC2 in skeletal muscle (306, 307, 328), it can be
proposed that this results in reduction of malonyl-CoA concentration and enhancement of CPT1 activity.

JAAP G. NEELS AND PAUL A. GRIMALDI

Collectively, these findings strongly suggest that the activation of the PPAR␤ signaling pathway, occurring through
upregulation of PPAR␤ protein and/or PPAR␤ activation
by endogenous ligands, plays a central role in the adaptive
metabolic responses of skeletal muscle to the nutritional
status, e.g., fasting or high-fat feeding and to enhanced
physical exercise (FIGURE 3).
In addition to direct actions in skeletal muscle, PPAR␤ can
affect muscle lipid utilization by modifying gene expression
in other organs. The work by Liu et al. (345) illustrates such
kind of PPAR␤-dependent interorgan metabolic regulations. It was previously shown that PPAR␤ activation leads
to upregulation of several genes involved in lipogenesis in
liver (346) and that PPAR␤ expression was in a diurnal
rhythmic cycle with a maximum during the dark phase
(665). The utilization of a mouse model with liver-specific
PPAR␤ gene disruption confirmed these observations but
also revealed that these mice display a defective lipid utilization in skeletal muscle related to decreased expression of
proteins implicated in fatty acid uptake and handling, such
as FAT/CD36 and FABP3, only at night, i.e., when hepatic
PPAR␤ expression is maximal. The authors provided some
experimental data suggesting that PPAR␤ activates during
the dark phase the hepatic production and secretion of
1-stearoyl-2-oleoyl-sn-glycerol-3-phosphocholine (18:0/
18:1-GPC) which acts as a specific activator of PPAR␣ in
skeletal muscle leading to upregulation of FAT/CD36 and
FABP3 and subsequently increased fatty acid uptake and
utilization in this tissue. Very interestingly, it was also
shown that treatment with 18:0/18:1-GPC improves metabolic parameters in db/db mice, while high-fat feeding reduced diurnal production of 18:0/18:1-GPC (345). Although many issues still remain to be clarified to fully validate such a model, this integrated regulatory pathway
involving two different tissues and two different PPAR isoforms could have important implications for understanding
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FIGURE 3. Regulatory functions of PPAR␤ activation in energetic
metabolism in skeletal muscle. PPAR␤ activation enhances fatty acid
catabolism by upregulation of the expression of several proteins
involved in fatty acid availability, handling, activation, entry into mitochondria, and ␤-oxidation (red symbols). PPAR␤ activation also reduces carbohydrate oxidation by induction of PDK4 expression,
which limits this metabolic pathway by decreasing PDC activity
(green symbols). The metabolic impact of these regulations is an
enhancement of fatty acid utilization for the oxidative metabolism of
skeletal muscle.

the diurnal physiological regulation of lipid metabolism in
the body and for optimizing treatment of metabolic diseases
by PPAR␤ and PPAR␣ activators.

B. Regulatory Functions of PPAR␤ During
Adaptive Responses of Skeletal Muscle
to Endurance Exercise
1. Regulatory roles of PPAR␤ on fiber type transition
and endurance performances
Studies based on the utilization of transgenic animal models
for muscle-specific overexpression or invalidation of
PPAR␤ gene have confirmed the role of the nuclear receptor
on the regulation of muscle metabolism, but also revealed
that PPAR␤ is a central player in the regulation of the train-
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chow or high-fat diets (556). To directly address the question of a causal role of NEFA in the transcriptional adaptive
response of skeletal muscle, experimental approaches
aimed to ablate elevation of NEFA levels during fasting
have been carried out and provided mitigated results demonstrating huge differences between oxidative and glycolytic muscles. Indeed, treatment of fasting rats with nicotinic acid, that prevents the elevation of NEFA circulating
concentration by inhibiting adipose tissue lipolysis (88),
results in a total blunt of the fasting-induced expression
levels of mRNA for UCP2, UCP3, CPT1, and mediumchain acyl-CoA dehydrogenase in oxidative muscle (soleus), while the responses are not modified in more glycolytic muscles (496, 497). Taken together, these observations
indicate that elevation in circulating fatty acid concentration is a major signal for the transcriptional adaptive response toward lipid utilization, although some differences
could exist between oxidative and glycolytic fibers.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
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ing-promoted muscle remodeling and of muscle performance during endurance exercise.
The first mouse model for muscle-specific overexpression of
PPAR␤ (353) was obtained by the Cre/Lox-promoted transcriptional Stop excision strategy previously described by
Lakso et al. (313). Briefly, mice harboring a transgene consisting of the ubiquitously active CAG promoter followed
by a transcriptional Stop cassette flanked by two LoxP sites
and the mouse PPAR␤ coding sequence were crossed with
mice harboring the bacteriophage P1 Cre recombinase under the control of human skeletal actin (HSA) promoter that
exhibits stringent muscle-restricted expression. As expected, due to the presence of the transcriptional Stop cassette, no expression of transgenic PPAR␤ was detected in
animals harboring only the CAG-Stop-PPAR␤ transgene,
while PPAR␤ overexpression was found in skeletal muscles
from double transgenic animals (i.e., harboring both Cre
and PPAR␤ transgenes) and expressing in their muscles
high amounts of Cre recombinase. Indeed, the abundances
of PPAR␤ mRNA and protein are much higher (⬃20- and
6-fold, respectively) in oxidative, glycolytic, or mixed skeletal muscles from double transgenic animals than in muscles from control animals (wild-type and harboring either
the HSA-Cre or CAG-Stop-PPAR␤ transgene), whereas no
Cre expression and thereby no PPAR␤ overexpression were
detected in adipose tissue, liver, or heart from double transgenic mice (353). Biochemical analyses of these transgenic
mice revealed that overexpression of the native PPAR␤ results in increased oxidative capacities of skeletal muscle due
to a mild enhancement of oxidative enzyme activities, such
as CS and HAD (47 and 58%, respectively) with no detect-

able change in glycolytic enzyme activities and a twofold
elevation in steady-state levels of mRNA encoding proteins
implicated in fatty acid catabolism, such as FABP and
UCP2. However, the levels of FAT/CD36 and PGC1␣
mRNA were not affected in PPAR␤-overexpressing animals
compared with their control littermates. Histological analyses showed that PPAR␤ overexpression promotes a remodeling of the fast-twitch muscles characterized by an
impressive increased number of SDH-positive fibers and
parallel decrease in SDH-negative fibers and a net augmentation of total fiber number, mainly in tibialis anterior muscle. However, PPAR␤ overexpression did not promote appearance of actual type I fibers in these muscles. This remodeling of skeletal muscle was very reminiscent of that
promoted by voluntary running in fast-twitch mouse muscles (11) and much milder than those promoted by severe
endurance training (119) or overexpression of calcineurin
(410) or PGC1 (338) characterized by appearance of type I
fibers (FIGURE 4). Another phenotype induced by musclespecific PPAR␤ overexpression is the important reduction
of adipose mass primarily due to a decrease of adipocyte
volume. As the transgene was not observed in adipose tissue
and as food intake is not changed in transgenic animals, this
observation demonstrated that the metabolic (increased
fatty acid flux toward muscles) and/or the signaling
(changes in myokine secretion) cross-talk between skeletal
muscle and adipocytes are profoundly modified.
Wang et al. (631) developed a transgenic mouse model harboring a transgene consisting of the VP16 transactivation
domain fused with the PPAR␤ coding sequence placed under the control of the muscle-specific HSA promoter. It was
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FIGURE 4. Interaction between PPAR␤, AMPK,
and exercise-induced signaling pathways in muscle
remodeling and modulation of endurance performance. In sedentary mice, activation of the PPAR␤
pathway promotes a muscle remodeling reminiscent
of that taking place after several weeks of moderate
training. In exercised mice or mice treated with an
AMPK activator, PPAR␤ activation promotes a stronger muscle remodeling and acquisition of a “long distance running” phenotype.

JAAP G. NEELS AND PAUL A. GRIMALDI

The effects of overexpression of the activated VP16-PPAR␤
are clearly stronger than those observed after overexpression of the native PPAR␤ (353) and mirrors the effects of
severe endurance training with fiber type transition toward
type I fibers and active mitochondrial biogenesis (FIGURE 4).
For the authors, these differential effects of overexpression of the native form and the activated form of PPAR␤
demonstrated the importance of endogenous activators
of the signaling pathway on the muscle remodeling and
suggested that severe endurance training more strongly
affects the concentration and/or the nature of such endogenous activators than mild endurance training. However, it cannot be excluded that the phenotypes promoted
in the muscles of the VP16-PPAR␤ mice are not only
related to PPAR␤ overexpression but also related to the
expression of the VP16 transactivation domain. Indeed,
protein-protein cross-linking experiments have demonstrated that this VP16 transactivation domain interacts in
vivo with several proteins implicated in transcriptional
regulation, such as TATA-binding protein, TFIIB, and
the SAGA histone acetylase complex (202) and also interfers with the muscle determination factor myogenin
(519).
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Wang et al. (631) also reported that, while VP16-PPAR␤
muscle-restricted overexpression does not affect daily physical activity, it results in enhancement of physical performance in animals submitted to physical challenges, such as
treadmill running. In these conditions, transgenic mice are
able to run more (67% in running time and 92% in running
distance) than controls. Later on, such a “long-distance
running” phenotype associated with high mitochondrial
density and high number in type I and type IIa fibers in
skeletal muscles was described in other mouse transgenic
models for muscle-restricted overexpression of either phosphoenolpyruvate carboxykinase (201), PCG1␣ (83), calcineurin A (265), or estrogen receptor-related receptor ␥
(ERR␥) (408) and for muscle-specific knockout of calsarcin-2 (165).
Studies based on transgenic animals with PPAR␤ gene disruption have also demonstrated the important role of the
nuclear receptor in skeletal muscle metabolism, fiber composition, and functions. For instance, Schuler et al. (516)
showed that muscle-selective PPAR␤ ablation in mice results in a strong decrease in muscle oxidative capacities due
to global reduction in expression levels of mitochondrial
enzymes of the TCA cycle, such as CS and NADH-tetrazolium reductase, and of several components of the respiratory chain. Although gastrocnemius mitochondria density
was not affected by PPAR␤ ablation, mRNA levels of mitochondrial transcription factor A and PCG1␣, which are
master regulators of mitochondrial genes, were reduced. A
general decrease in the expression levels of proteins implicated in fatty acid uptake, handling, activation, and beta
oxidation was also observed as well as a slow to fast fiber
transition characterized by a reduced expression of markers
of type I fibers, such as MHCI and slow-troponin and a
parallel increase in type IIb markers, MHCIIb and fasttroponin. Muscle-specific PPAR␤ knockout animals display
reduced endurance performance during treadmill running
tests, but do not show changes in their spontaneous physical activity. These transgenic mice display adipose tissue
hypertrophy with age and gain more weight than control
littermates in response to high-fat diet. Metabolic tests
showed that muscle-ablated PPAR␤ mice develop an agedependent insulin resistance and glucose intolerance. This
impact of muscle-restricted PPAR␤ ablation on metabolic
parameter was recently confirmed as PPAR␤ gene disruption induced in muscle progenitor cells also results in obesity and insulin resistance at the adult age (20).
Collectively, the data coming from the utilization of transgenic animal models for gain-of-function or loss-of-function have established an important regulatory function of
PPAR␤ in the control of transcriptional regulation of genes
involved in oxidative metabolism and lipid catabolism.
Muscle-restricted PPAR␤ gene disruption induces a phenotype that mimics the effects of long-term and severe physical
inactivity both on metabolic and functional parameters in
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previously shown by the same laboratory that the VP16PPAR␤ protein displays a strong ligand-independent transcriptional activity (630). Muscle-specific overexpression of
the VP16-PPAR␤ protein promoted a stronger remodeling
of the fast skeletal muscles compared with what was previously observed by overexpression of native PPAR␤ (353),
with a twofold elevation in type I fibers, evidenced by histological analysis and overexpression of the slow troponin
isoform, and a mitochondrial biogenesis characterized by
increased mitochondrial DNA content (2-fold) and enhanced expression of mitochondrial markers, such as those
of the electron transfer cytochrome c and cytochrome c
oxidase II and IV (1.5- to 2-fold increase). However, this
mitochondrial biogenesis appeared to be not related to
PCG1␣ overexpression as PGC1␣ mRNA amounts remained unchanged in muscles from VP16-PPAR␤ transgenic mice. As previously described for pharmacological
PPAR␤ activation in wild-type mice (581), muscle-specific
overexpression of the activated VP16-PPAR␤ form results
in protection against diet-induced obesity with reduction of
weight gain by 50% after 7 wk of high-fat diet in transgenic
animals compared with their control littermates. It must
also be noted that overexpression of the VP16-PPAR␤ protein promoted by somatic gene transfer in adult rat EDL
muscle leads after 2 wk to an impressive shift from type IIb
toward oxidative type I/IIa and type IIa fiber (352), demonstrating that, to exert its action on muscle remodeling,
VP16-PPAR␤ overexpression is not required during early
steps of muscle differentiation but is also able to promote a
fiber transition toward oxidative metabolism in preexisting
fibers.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
skeletal muscle and in the whole body with augmented adiposity and impairment of insulin response, while PPAR␤
overexpression imitates the effects of exercise training and
its beneficial action on metabolic parameters.

AMPK is a heterotrimeric kinase comprising a catalytic subunit and two regulatory subunits ␤ and ␥. Various isoforms
of each subunits, namely, ␣1 and ␣2, ␤1 and ␤2, ␥1, ␥2, and
␥3 have been described in mammals, but of the 12 potential
trimers, only 3 active AMPK heterotrimers, ␣1/␤2/␥1, have
been found in human muscle (169, 647). AMPK acts as a
sensor of cellular energy homeostasis and has been implicated in the switch between anabolic to catabolic metabolism in several tissues. The ␥ AMPK-subunit contains sites
for reversible binding of ATP or AMP and binding of AMP
promotes moderate activation of the kinase (87, 567).
Stronger activation of AMPK is obtained by AMP and
ADP-controlled phosphorylation at threonine residue
within the activation loop in the ␣ subunit. It has been
established that binding of AMP (567) and more recently of
ADP (417, 650) to specific domains called Bateman modules of the ␥ subunit both increases the phosphorylation of
the ␣ subunit by several AMPK kinases and protects against
dephosphorylation by phosphatases.
It has been reported that treatment of mice with GW0742
leads to downregulation of the ␥3 subunit and upregulation
of ␥1 subunit leading to a notable and sustained shift between ␥3-containing AMPK toward ␥1-containing AMPK
trimer in skeletal muscle (328). In that respect, PPAR␤ activation mimics the effects of training (169, 328, 647) and
fasting (328) on AMPK subunit composition in skeletal
muscle. To date, the physiological impact of such remodeling of AMPK trimers on AMPK activation remains largely
unknown. However, this remodeling could result in a differential sensibility to AMP as it has been reported that the
␥1-containing trimer displays greater AMP-dependence
than the ␥3-containing trimer (94).
PPAR␤ and AMPK pathways also converge to regulate glucose utilization during high-intensity exercise. Recently,
Gan et al. (177) confirmed that the muscle-specific overexpression of PPAR␤ activates the expression of several genes
involved in fatty acid metabolism but also increases the
expression of genes implicated in glucose metabolism, including those for lactate dehydrogenase B (LDHB or
LDH2), which converts lactate to pyruvate providing substrate for the mitochondrial TCA cycle, for the glycolytic
enzymes fructose-biphosphatase aldolase A and B, and for
the glucose transporter Glut4. The metabolic consequence
of these upregulations is an enhanced capacity for glucose
oxidation in muscles from PPAR␤ overexpressing animals
during high-intensity exercise, and the functional consequence is an improvement of the sprint running performance by coupling glycolysis to glucose oxidation and enhancing the energetic yield of glucose catabolism. Molecular analyses revealed that transcriptional activation of
LDHB by PPAR␤ is ligand independent and involves an
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Narkar et al. (407) showed that the treatment of mice with
a PPAR␤ agonist (GW501516) does not promote a shift
toward type I fibers and mitochondrial biogenesis in skeletal muscles and does not augment running performance,
while when combined with 4 wk of endurance training,
pharmacological activation of PPAR␤ results in augmentation of all of these parameters. Indeed, combination of
training and PPAR␤ pharmacological activation copies the
phenotypes induced by muscle-restricted overexpression of
the activated VP16-PPAR␤ as confirmed by metabolic tests,
physical performance measurements, and transcriptomic
analyses. These authors also reported that pharmacological
activation of AMPK by treatment with the cell-permeable
AMP analog AICAR (5-aminoimidazole-4-carboxamide ribonucleotide) can substitute for endurance training, as cotreatment of sedentary wild-type mice with GW501516 and
AICAR for 6 days reproduces the effects of combined training/GW501516 or VP16-PPAR␤ overexpression. Treatment of sedentary mice with AICAR alone for 4 wk increases the expression of genes related to lipid metabolism
and increases moderately endurance performance. These
effects of AICAR are dependent on PPAR␤, as they are
totally lost when the PPAR␤ gene is disrupted. Collectively,
these data strongly suggest that a strong activation of
AMPK induced by AICAR treatment (407) acts in a synergistic manner with pharmacological PPAR␤ activation to
promote a genetic muscle reprogramming mimicking the
adaptive responses of skeletal muscle to severe endurance
training, with mitochondrial biogenesis, transition toward
type I fibers, and increased endurance performances (FIGURE 4). The molecular mechanisms leading to a synergistic
action of AMPK and PPAR␤ are not yet fully characterized,
but multiple cross-talks between the two signaling pathways have been experimentally demonstrated. For instance,
AMPK physically interacts with PPAR␤ in nuclei of muscle
cells and, despite no evidence of change in PPAR␤ phosphorylation, such an interaction stimulates both basal and
ligand-dependent PPAR␤ transcriptional activity (407).
Moreover, AMPK can stimulate the activity of PPAR␤ by
acting on its transcriptional coactivator PGC1␣. Indeed,
AMPK activation leads to increased expression of PGC1␣
mRNA and protein in rat muscle (568, 585) and enhances
PGC1␣ cotranscriptional activity by phosphorylation
(258). Reciprocally, PPAR␤ activation can promote
changes in AMPK signaling pathway. Treatment of both
skeletal muscle cells (258, 306) and sedentary mice (328)
with PPAR␤ agonist induces a transitory activation of the
AMPK pathway, although to a lesser extent compared with
AICAR treatment. Furthermore, pharmacological PPAR␤
activation results in a very rapid remodeling of skeletal

muscle AMPK, by affecting the expression level of AMPK ␥
subunit isoforms.

JAAP G. NEELS AND PAUL A. GRIMALDI

To date, the effects of PPAR␤ pharmacological activation in
human muscle have been poorly described. However, some
data strongly suggested that, as described for rodents, the
nuclear receptor is also involved in metabolic regulation in
human muscle. For instance, metabolic explorations revealed that treatment of moderately obese men with
GW501516 for 2 wk enhances skeletal muscle fatty acid
catabolism and increases the expression of CPT1 mRNA in
muscle biopsies (477). Moreover, genetic association studies also suggested an implication of PPAR␤ in the metabolic
and functional adaptive responses of human skeletal muscle
to physical training. Several single-nucleotide polymorphisms (SNPs) in various introns and exons of PPAR␤ gene
(PPARB) have been identified, but the functional impacts of
such SNPs remain largely unknown. However, transfection
studies showed that the ⫹294T/C polymorphism (SNP
rs2016520) located in the exon 4 of PPARB results in
higher transcriptional activity for the minor C allele (541),
suggesting, despite the lack of direct evidence, an overexpression of PPAR␤ mRNA in tissues of carriers of this SNP.
Hautala et al. (216) reported that, within a healthy and
sedentary subject cohort, carriers of the minor C allele for
the SNP rs2016520 display a reduction of training-induced
increases in maximal oxygen consumption and maximal
power output compared with carriers of the major allele
(216). Other genetic association studies were conducted
within the Tuebingen Lifestyle Intervention program cohort. This study aimed to investigate the effects of 9 mo of
dietary changes and moderate increase of aerobic physical
activity on metabolic and morphological phenotypes in
subjects with an increased risk for type 2 diabetes. A first
study showed that carriers of the minor SNP allele in
PPARB exon 3 (rs1053049) exhibit a reduced enhancement
of anaerobic threshold and insulin sensitivity induced by the
lifestyle intervention when compared with homozygous
carriers of the major allele. Very interestingly, in vitro anal-
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yses revealed that young and healthy carriers of the minor
SNP rs1053049 allele display a 40% reduction of complex
II respiratory chain activity in skeletal muscle mitochondria
when compared with carriers of the major allele (557). A
second study showed that carriers of the minor allele for
SNPs in intron 2 (rs6902123), intron 3 (rs2267668), or
exon 9 (rs1053049) of the PPAR␤ gene exhibited reduced
responses to lifestyle intervention, i.e., reduction of fat mass
and hepatic lipids and increment in muscle mass (588). As
the impacts of these SNPs on the expression level and functionality of the PPAR␤ protein remain totally unexplored, it
is not possible to propose any molecular explanation for the
associated metabolic phenotypes. However, these various
observations strongly suggest that such SNPs in the PPAR␤
gene can be used as genetic markers to predict the efficacy of
physical training in the prevention of type 2 diabetic disorders. There are also some interesting observations suggesting an association between PPAR␤ rs2016520 polymorphism and endurance performance. A first study in a Russian population revealed a higher frequency of the minor C
allele for SNP rs2016520 in endurance athletes than in control individuals (8). A second study conducted in an Israeli
population did not find statistical differences in the frequency distribution of SNP rs2016520 alleles between
groups of endurance athletes, sprinters, and healthy control
subjects or between the subgroups of elite level and national
level of endurance athletes. However, the genotype combining the minor C allele of PPARB rs2016520 polymorphism
and the Gly482 allele of SNP rs8192678 in the PGC1␣ gene
was more frequently found in the elite-level endurance athlete group (20%) than in the national-level endurance athlete group (2%) and in the control group (3%), suggesting
that the genotype PPARB CC ⫹ PPARGC1A Gly/Gly is
determining elite endurance performance capacity (146).
Since it was reported that the PPARGC1A Gly/Gly genotype is associated with higher levels of PGC1 mRNA (339),
and since it is supposed that the CC PPARB rs2016520
genotype results in higher transcriptional activity of the
PPAR␤ gene, it could be proposed that over-activity of these
pathways in human muscle is the molecular explanation for
such a predisposition to endurance performance. These observations are in good agreement with the data that showed
a convergence of these two signaling pathways in the stimulation of muscle oxidative metabolism and endurance performance in rodents.
2. PPAR␤ and muscle angiogenic responses
Aerobic training and voluntary exercise promote an angiogenic response leading to a marked increase in muscle capillarity (140, 632). This physiological angiogenic response
to sustained changes in the physical activity behaviors is
controlled by several signaling pathways (199, 625), and it
is now clear that PPAR␤ is involved in this regulatory network. Indeed, activation of the PPAR␤ pathway phenocopies the effects of physical training by inducing an enhancement of capillary density of mouse skeletal muscle. We re-
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interaction between PPAR␤, AMPK, and the transcription
factor myocyte-specific enhancer factor 2A (MEF2A), resulting in enhanced binding capacity of MEF2A to its responsive element within LDHB promoter. Further studies
are clearly required to have a complete molecular understanding of these changes in skeletal muscle metabolism and
to demonstrate the physiological importance of this regulatory mechanism that is to date restricted to transgenic overexpression of PPAR␤, which is much stronger than that
taking place during adaptation to physical training. Moreover, pharmacological activation of PPAR␤ does not promote similar effects. In fact, it has been shown that treatment of rats with GW0742 for 6 days notably reduces tension development during sustained contraction at exercise
intensities requiring glucose oxidation that is an expected
consequence of the PPAR␤-driven activation of PDK4 expression on limitation of carbohydrate oxidative metabolism (106).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

C. PPAR␤ Activation and Muscle
Pathologies
1. Myogenic functions of PPAR␤
Several lines of evidence support the notion that the PPAR␤
signaling pathway is implicated in the regulation of myogenesis and that its activation could have beneficial action
on muscular pathologies.
We have reported that both muscle-restricted overexpression of PPAR␤ and treatment of adult mice with specific
PPAR␤ agonist promote the appearance of new myofibers
in hindlimb muscles. This hyperplasia is mainly observed in
tibialis anterior muscle with a 37% increase in total fiber
number (178, 353). The appearance of these new fibers is a
fast phenomenon since it is fully established in adult animals treated for 48 h with the synthetic PPAR␤ agonist.
Hyperplasia is preceded by a sequential and transitory upregulation of two regulatory transcription factors of myogenesis, myogenic factor 5 (Myf5; 70% increase after 5 h
and back to control value after 24 h) and myogenic determination factor 1 (MyoD1; 3-fold increase from 8 to 48 h of
stimulation and back to control values at 96 h). In that
respect, it must be noted that activation of the PPAR␤ pathway copies the effects of several weeks of a voluntary exercise training program that also promotes appearance of new
fibers in mouse hindlimb muscles, such as tibialis anterior
and soleus (11). Another muscle phenotype induced by
PPAR␤ activation is an augmentation of myonuclear number in fibers. Myonuclear density is a tightly controlled
parameter that is affected by physiological situations such
as aerobic training with an enhancement of myonuclear
number per fiber (487, 545) and aging with decreased myo-

nuclear density (70, 76). Specifically, it was shown that
treatment of adult mice with a PPAR␤ agonist promotes
within 2 days an increase in myonuclear density. Interestingly enough, in 19-mo-old mice displaying both reduced
myonuclear density and PPAR␤ expression, a 4-day treatment with a synthetic PPAR␤ agonist almost totally restored a myonuclear density identical to that found in
young adult animals, indicating that PPAR␤ activation
compensates the age-related loss of myonuclei (184).
Fiber hyperplasia and myonuclear accretion require proliferation and activation of satellite cells that fuse to form new
fibers or incorporate into a preexisting fiber to increase
myonuclear number. Such a process has been observed during electrostimulation, training, and voluntary running
(334, 462, 547). Adult muscle contains quiescent satellite
cells located between the basal lamina and the sarcolemma
of the muscle fiber. In certain circumstances, these satellite
cells are able to reinitiate proliferation and myogenic commitment to provide myoblasts for myofiber growth, repair,
and maintenance. The processes controlling activation,
proliferation, and differentiation of satellite cells are complex and implicate a highly orchestrated expression and
repression of transcription factors (77, 547, 658). Briefly,
stimulation by growth factors, such as fibroblast growth
factor and hepatocyte growth factor, activates the proliferation of quiescent satellite cells, often characterized as expressing the paired box transcription factor 7 (Pax7), that
start to express MyoD1 and Myf5. Terminal differentiation
requiring cell-cycle withdrawal is characterized by expression of myogenin and concomitant decline of Pax7 and
Myf5 expression and leads to myoblast fusion into multinucleated myotubes or with preexisting fibers. The observed increase in expression of Myf5 and MyoD1 preceding the fiber hyperplasia in PPAR␤ agonist-treated adult
mice (178) suggested a possible regulatory role of PPAR␤ in
the control of satellite cell proliferation and/or activation.
Indeed, two recent publications report strong evidence for
such a direct implication of the nuclear receptor in these
regulatory processes. Angione et al. studied the physiological impact of satellite cell-restricted PPAR␤ ablation in mice
by using a Myf5-Cre/Lox strategy (20). Animals with
PPAR␤ ablation in Myf5 expressing cells do not display
changes in muscle composition up to 3 wk of age but show
a 40% reduction of satellite cells and myonuclear density in
both glycolytic EDL and oxidative soleus muscles at the
adult age. Moreover, animals with satellite cell-PPAR␤
gene disruption display a delayed muscle regenerative response after muscle injury by cardiotoxin injection. In vitro
experiments with myoblasts from transgenic and control
mice showed that invalidation of the PPAR␤ pathway seriously reduces satellite cell proliferative capacities, while
conversely pharmacological PPAR␤ activation of myoblasts from control animals stimulates their proliferation.
Furthermore, Bonala et al. (57) reported that pharmacolog-
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ported that treatment of adult mice with a specific PPAR␤
agonist promotes a modest but significant (1.5-fold) augmentation of capillary number in tibialis anterior muscle.
This PPAR␤ agonist-induced angiogenesis is a very fast process taking place within 2 days and is preceded by robust
and transient increases in expression levels of VEGF-A (⬃7fold increase at 8 h) and other angiogenic markers (178).
This angiogenic response is probably due to the capacity of
PPAR␤ agonists to stimulate both proliferation and differentiation of endothelial cells as discussed in section IIE.
However, activation of PPAR␤ in muscle cells appeared to
be also involved in this angiogenic response as illustrated by
the finding that myofiber-restricted PPAR␤ overexpression
also results in enhanced muscle capillarity even at a lesser
extent compared with PPAR␤ agonist-treated mice (178).
This suggests that activation of the PPAR␤ pathway in myofibers generates angiogenic signals able to drive a capillary
network remodeling. Moreover, it was demonstrated that
the PPAR␤-induced angiogenesis is restricted to specific tissues since it is taking place in skeletal muscle and heart, but
not in other organs, such as retina or kidney (623).

JAAP G. NEELS AND PAUL A. GRIMALDI
ical activation of PPAR␤ enhances the proliferation and
differentiation of C2C12 myoblasts, while primary myoblasts from PPAR␤-null mice display reduced proliferation
and myogenesis capacities (57).

Another alternative or complementary mechanism of action
of PPAR␤ on proliferation and differentiation of satellite
cells through modulation of the myostatin pathway has
been recently proposed. Myostatin is a secreted factor of the
TGF-␤ superfamily that acts as a potent inhibitor of skeletal
muscle growth, partly through binding to activin receptors
and activation of the Smad protein complex, which in turn
represses the transcription of genes involved in myogenesis,
such as MyoD1 (12, 325). Myostatin represses myoblast
proliferation (582, 589) and differentiation (316) and is a
potent negative regulator of satellite cell in vivo (370).
These combined negative actions exerted by the myostatin
pathway explain the impressive hypertrophic and hyperplasic muscle development observed in transgenic myostatinnull mice (375) and in cattle and dogs that carry loss-of-

828

These experimental data clearly demonstrate a regulatory
role for PPAR␤ in satellite cell physiology by activation of
multiple myogenic signaling pathways and suggest that
pharmacological activation of PPAR␤ may have therapeutic potential for the treatment of muscle wasting, such as
age-related sarcopenia, and muscle repair after injury.
2. PPAR␤ activation in the treatment of genetic
myopathies
In addition, PPAR␤ activation could also have beneficial
effects in correction of metabolic and biochemical disorders
that occur in certain genetic myopathies, as demonstrated
for myopathies caused by defects in FAO or mitochondrial
respiratory chain and by dystrophin mutations.
Inherited defects in FAO are characterized by abolition
(loss-of-function mutations) or partial reduction (mutations resulting in enzyme with residual activity) in the activity of enzymes involved in fatty acid transfer into mitochondria, including CPT 1 and 2, and in fatty acid beta
oxidation, such as acyl-CoA and 3-hydroxyacyl-CoA dehydrogenases. The symptoms of this class of diseases depend
on the severity and the nature of the genetic defect and are
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PPAR␤ could exert positive actions on satellite cell activation by several complementary pathways. The Ca2⫹/calcineurin/NFAT signaling pathway is implicated in the
PPAR␤-driven hyperplasia and myonuclear accretion in
adult animals. Ca2⫹ signaling plays a central role in the
coupling between neuronal excitation and fiber contraction
and also in adaptive responses of skeletal muscle to changes
in muscle use and disuse. Ca2⫹ signaling involves a large
number of proteins regulating sarcoplasmic Ca2⫹ release
and reuptake, Ca2⫹ handling, and Ca2⫹-sensitive phosphatases and kinases that couple prolonged changes in Ca2⫹
cytosolic concentrations to transcriptional modulations.
Among them, the Ca2⫹-dependent protein phosphatase calcineurin promotes dephosphorylation and nuclear translocation of the nuclear factors of activated T cells (NFATs)
that, in turn and in collaboration with other transcription
factors, stimulate expression of genes implicated in skeletal
muscle metabolism and fiber typing (42, 384, 385). The
calcineurin/NFAT signaling pathway is also important for
satellite cell activation and myogenesis (166, 242, 520). We
found that inhibition of the calcineurin phosphatase activity by cyclosporine A almost totally blunts the PPAR␤induced expression of MyoD1 mRNA and increases in both
fiber number and myonuclear density in adult mouse tibialis
anterior muscle (178, 184). Importantly, PPAR␤ stimulates
calcineurin activity as demonstrated by the rapid dephosphorylation and nuclearization of NFATC1 and NFATC2
in skeletal muscles of PPAR␤ agonist-treated adult mice
(184). As PPAR␤ activation does not change the expression
level of calcineurin, it can be hypothesized that another
upstream step of the Ca2⫹ signaling cascade is affected by
the nuclear receptor. The demonstration of a PPAR␤-driven
stimulation of the CAMKK, another protein sensitive to
cytosolic Ca2⫹ concentrations is in favor of this hypothesis
(177).

function mutations in the myostatin gene (376). Importantly, myostatin also plays a regulatory role in adult
skeletal muscle physiology. For instance, short-term inhibition of myostatin increases satellite cell activation in aged
mice (539). Furthermore, myostatin is also potentially involved in adaptive responses to physical exercise, as both
endurance (303, 365) and resistance (467, 486) trainings
reduce myostatin mRNA expression in skeletal muscles.
The activity of circulating myostatin is controlled by direct
interaction with proteins that prevent association with cellular receptors. The growth and differentiation factor-associated serum protein-1 (GASP-1) was identified as inhibiting myostatin cellular action in muscle cell (228). Expression levels of GASP-1 are increased during physical training
leading to muscle growth (21, 500). Bonala et al. (57) reported that treatment of C2C12 and primary human myoblasts with a specific PPAR␤ agonist does not affect expression of myostatin but induces both mRNA and protein
levels of GASP-1 through interaction with a PPRE consensus sequence within the proximal promoter region of the
corresponding gene. Moreover, reduced expression of
GASP-1 was observed in skeletal muscles from PPAR␤-null
animals compared with their control littermates. The functional impact of this GASP-1 overexpression in response to
PPAR␤ activation on myoblast proliferation capacity was
demonstrated by the fact that immunological blockade of
GASP-1 totally prevents the PPAR␤-induced stimulation of
human primary myoblasts proliferation. From these data,
these authors proposed a model in which the positive effects
of PPAR␤ activation on satellite cell proliferation involves
an inhibition of the myostatin signaling pathway by an
increased expression of the regulatory protein GASP-1.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
intensified in situations requiring oxidative fatty acid catabolism, such as fasting, prolonged physical exercise, or stress.
The clinical presentations of these diseases are cardiomyopathy, liver dysfunctions, rhabdomyolysis, myalgia, and exercise intolerance (301, 554).

Pharmacological activation of the PPAR␤ pathway appeared to also have beneficial action in mitochondrial disorders. Mitochondrial disorders are relatively common inherited neuromuscular diseases due to defects in oxidative
phosphorylation related to deficient activity of enzymes or
assembly components of the mitochondrial respiratory
chain (98, 504). Inborn mitochondrial dysfunctions are
caused by mutations or epigenetic factors affecting both
nuclear genome and mitochondrial genome mutations (97,
359). The clinical presentations of mitochondrial disorders
are very diverse with multisystemic or tissue-restricted
forms, any age of onset, and ranging from severe lethal to
mild forms (447, 502).
Bastin et al. (659) explored the effects of the pan-PPAR
agonist bezafibrate or of specific agonists for the PPAR
isoforms on the activity and mRNA expression levels of
various components of the mitochondrial respiratory chain
in fibroblasts from both control individuals and patients
deficient in complex I, III, and IV of the respiratory chain
(659). These authors reported that exposure to bezafibrate

Collectively, these findings clearly indicate that activation
of the PPAR␤/PGC1␣ pathway is a promising therapeutic
intervention for certain forms of metabolic myopathies related to inherited FAO defects or mitochondrial respiration
alterations by increasing directly or indirectly the expression of a large number of proteins involved in these metabolic pathways and consequently by stimulation of the residual capacity of mitochondrial oxidative metabolism.
However, these beneficial actions are depending on the nature of the genetic defect and, not surprisingly, activation of
PPAR␤/PGC1␣ is inefficient to correct metabolic disorders
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Given the established role of PPARs in the control of genes
involved in fatty acid metabolism, the effects of bezafibrate,
a pan-PPAR agonist clinically used as lipid-lowering treatment (584, 642), were first investigated on FAO in fibroblasts isolated from patients with partial or severe deficiencies of either CPT2 (130, 343) or very long chain acyl-CoA
dehydrogenase (VLCAD) (129, 187). These experiments
revealed that treatment with high dose of bezafibrate almost
totally normalize FAO in fibroblast from patients with partial deficiency in CPT2 and VLCAD, but not in fibroblast
from severely affected patients. These corrective effects are
related to increases in mRNA and protein levels of FAOrelated genes, including CPT2 and VLCAD. In myoblasts,
very low doses of PPAR␤ agonist phenocopies the effect of
bezafibrate, while PPAR␣ agonist is not efficient, demonstrating a crucial role of PPAR␤ isoform in correction of
FAO deficiency in these specific inborn metabolic disorders
(129, 438). Very encouraging results were obtained in a
pilot trail designed to test the efficacy of bezafibrate on
correction of metabolic and functional disorders in six adult
patients with a mild form of CPT2 deficiency. Specifically,
bezafibrate administration for 6 mo promoted a normalization of the FAO capacity in skeletal muscle coupled with
important enhancement of CPT2 mRNA and protein expression levels. The treatment also notably reduced number
and gravity of rhabdomyolysis episodes and improved
physical activity and quality of life for all the included patients (343).

or to a PPAR␤ specific agonist stimulates the expression of
several components of the mitochondrial respiratory chain
and increases respiration rates in fibroblasts from control
individuals. Importantly, these treatments result in partial
or total correction of respiratory chain functions in fibroblasts from 9 of 14 patient cell lines tested, while both
PPAR␣ and PPAR␥ agonists are ineffective. To date, there is
no evidence for the presence of functional PPAR-responsive
elements in the promoter sequences of respiratory component genes, an indirect implication of PPAR␤ in transcriptional regulation of such genes should be envisioned. Some
observations strongly suggest an implication of PGC1␣ in
this regulatory pathway. By its actions on transcription factors and networks that govern the expression of mitochondrial proteins encoded by both nuclear and mitochondrial
genomes, PGC1␣ is considered as the master regulator of
mitochondrial biogenesis and oxidative phosphorylation
system (503, 635). It was found that bezafibrate treatment
stimulates the expression of PGC1␣ and of transcription
factors playing a crucial role in the oxidative phosphorylation metabolic pathway, such as nuclear respiratory factor
1 (NRF1), nuclear respiratory factor 2␣ (NRF2␣), and transcription factor A (Tfam) in fibroblasts from control individuals and respiratory chain-deficient patients (40). Moreover, Wens et al. (636) showed that transgenic PGC1␣ overexpression or bezafibrate treatment similarly result in a
marked stimulation of the residual oxidative phosphorylation system and in prolonged life span in a mouse mitochondrial myopathy model caused by ablation of the COX10
gene encoding heme A:farnesyltransferase, an enzyme required for cytochrome c oxidase activity. However, two
recent publications reported more mitigated data regarding
the correcting effects of bezafibrate treatment in other
mouse mitochondrial myopathy models provoked by constitutive ablation of Surfeit locus protein 1 (Surf-1), an important cytochrome oxidase assembly factor (77), and expression of a mutated dominant form of Twinkle-helicase,
which is a protein involved in mammalian mitochondrial
DNA maintenance and organization (658). In contrast to its
effects in the COX10-KO animals, bezafibrate administration does not promote mitochondrial biogenesis and increase in mitochondrial respiration capacities in Surf1-KO
mice (178) or mutated-Twinkle helicase-mice (20).

JAAP G. NEELS AND PAUL A. GRIMALDI
problems, could be proposed as a nonexpensive pharmacological therapy for DMD.

Activation of the PPAR␤ signaling pathway has also been
proposed for treatment of the Duchenne muscular dystrophy (DMD). DMD is a fatal recessive form of muscular
dystrophy caused by mutations in the gene coding for dystrophin, a protein implicated in the linkage between the
subsarcolemmal cytoskeleton and extracellular matrix via
the dystroglycan complex. DMD is characterized by severe
muscle wasting (42, 57) with a higher susceptibility of degeneration for oxidative than glycolytic fibers both in human (77) and in mdx mouse, a model of DMD (658). This
fiber difference is probably due to many reasons, including
greatest protection of oxidative fibers against oxidative and
inflammatory stresses. In the DMD context, a very relevant
difference between oxidative and glycolytic fibers is the expression level of utrophin A that is three to four times more
abundant in type I and IIa fibers than in type IIx and IIb
fibers in mouse skeletal muscle (20, 178). As utrophin A is
considered as a dystrophin homolog in developing and regenerating muscles, it has been proposed that a high level of
utrophin expression exerts a compensatory role for dystrophin deficiency in oxidative fibers and that strategies leading to high level of expression of utrophin A in skeletal
muscle could compensate for dystrophin loss. Indeed, utrophin delivery using viral or transgene administration improves dystrophic phenotypes in mdx mice (42, 57), and
upregulation of utrophin A gene expression by transgenic
activation of the calcineurin/NFAT (385) or PGC1␣ (384)
signaling pathways improves muscle structure and function
in mdx mice.

In summary, PPAR␤ is a central regulator of the use of
lipids as an energetic substrate in skeletal muscle first by
activating the expression of several proteins involved in
rate-limiting steps of fatty acid catabolism and, second, by
reducing the glucose oxidation through upregulation of
PDK4 expression and PDC inhibition. These metabolic regulations are physiologically important to adapt the fuel utilization of skeletal muscle in particular situations such as
fasting, characterized by high amounts of NEFAs and low
glucose availability, or prolonged moderate physical activity, which requires a low rate of ATP synthesis sustained
during a long period of time. PPAR␤ appears to be a central
player in the metabolic and contractile adaptive responses
of skeletal muscle to aerobic physical training. Activation of
the pathway mimics the remodeling adaptation to moderate
endurance training by an increase in type IIa metabolic and
contractile phenotypes and promotion of angiogenesis,
while abolition of PPAR␤ promotes a muscle remodeling
resembling that induced by long-term inactivity, i.e., shift
toward fiber IIb phenotype. Very interestingly, pharmacological activation of PPAR␤ also recapitulates the improving effects of regular aerobic exercise on metabolic dysfunctions in prediabetic subjects (178), including glucose intolerance, insulin resistance, and ectopic lipid accumulation.
Such improvements of metabolic disorders upon PPAR␤
agonist administration have been observed in moderately
obese humans and in various animal models of obesity,
highlighting the usefulness of these molecules in the treatment of diabetic obese patients. Another impressive effect of PPAR␤ agonist treatment when coadministrated
with AICAR, an AMPK activator, or combined with endurance training is a muscle remodeling reminiscent to
what was obtained after long-term and intense aerobic
exercise with huge mitochondrial biogenesis, increased
number of type I myofiber, and enhancement of endurance exercise performances in mice. Based on these observations, and since GW501516 is available from online
retailers, often under the name of Endurobol, the compound has been added since 2009 to the prohibited list
of substances by the World Anti-Doping Agency
(www.wada-ama.org). Despite this interdiction, at least
five cyclists have been provisionally suspended by sporting authorities for suspicion of use of GW501516 in
2013.

Miura et al. (388) demonstrated that PPAR␤ is implicated
in the transcriptional regulation of the utrophin A gene by a
direct transactivation mechanism through interaction with
a PPRE consensus sequence in the utrophin A promoter and
that treatment of mdx mice with a specific PPAR␤ agonist
increases utrophin A expression and leads to improvement
of structural and functional muscle parameters. These conclusions were confirmed by a more recent study showing
that pharmacological activation of PPAR␤ reduces fiber
degeneration and inflammation in skeletal muscles of mdx
mice (166). Interestingly, AMPK activation, which stimulates the PPAR␤ pathway as previously discussed, exerts
similar beneficial actions (242, 520).
Taken together, these data demonstrate that PPAR␤
pharmacological activation alleviates several structural
and functional muscle disorders in the mdx mouse by
increasing utrophin A expression and possibly by other
mechanisms, such as reduction of metabolic and inflammatory stresses. Although these experimental observations must be confirmed in humans, they indicate that
PPAR␤ synthetic agonists, such as bezafibrate that has
been clinically used for many years without any safety
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Finally, there is experimental evidence to support the idea
that activation of the PPAR␤ pathway could be helpful in
the treatment of several muscle disorders by its capacity to
induce myonuclear accretion in ageing muscles, to boost the
expression of genes implicated in some metabolic myopathies or to promote compensation for dystrophin mutation
by utrophin A overexepression in DMD.
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caused by total abolition of an obligatory protein of the
FAO and oxidative phosphorylation metabolic pathways.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

D. PPAR␤ in Heart Physiology and
Metabolism
Cardiomyocytes express high amounts of both PPAR␣ and
PPAR␤, while PPAR␥ is barely detectable in this cell type
(184). During the past two decades, several studies have
demonstrated that the two major cardiac PPAR isoforms
play either redundant or different roles in the control of
heart metabolism and in protection against inflammatory
and metabolic stresses.

Early work established that PPAR␣ controls heart FAO by
transcriptional regulation of several genes implicated in
fatty acid uptake, activation, mitochondrial import, and
mitochondrial and peroxisomal beta oxidation (589).
PPAR␣-null mouse hearts display a reduced FAO rate that
is compensated by increased glycolysis and glucose oxidation for ATP production (316, 582). PPAR␣ deficiency does
not affect cardiac functions under basal conditions (370),
but results in age-associated myocardial damage, fibrosis,
and impaired contractile function at high work load (375,
376). Conversely, cardiomyocyte-specific PPAR␣ overexpression leads to increased FAO and reduced glucose utilization for heart energetic metabolism, but surprisingly, promotes a phenotype that mimics that observed in the diabetic
state characterized by cardiomyopathy with left ventricular
hypertrophy and impaired cardiac functions (539). Several
lines of evidence suggest that lipotoxicity is a major determinant in these altered cardiac phenotypes and that PPAR␣
overexpression promotes in heart an imbalance between
fatty acid import and utilization leading to accumulation of
deleterious lipid species (365).

To further investigate the respective regulatory functions of
the two PPAR isoforms in mouse heart, Burkart et al. compared the effects of cardiomyocyte-specific overexpression
of either PPAR␣ or PPAR␤ on cardiac metabolism and
functions (79a). These experiments revealed several differences in the phenotypes induced by the respective PPAR
overexpression. First, in sharp contrast to PPAR␣ overexpression, PPAR␤ overexpression does not promote cardiomyocyte lipid accumulation and cardiomyopathy. This difference was explained by the finding that, while both models of PPAR overexpression display similar upregulation of
genes of peroxisomal and mitochondrial FAO, overexpression of PPAR␤ does not promote increased expression of
genes involved in fatty acid uptake, synthesis, and esterification as previously described for PPAR␣ overexpression
(500). Furthermore, it must be noted that PPAR␤, but not
PPAR␣, protects the heart against lipid overload by stimulation of the expression of ANGPLT4, which limits fatty
acid delivery by inhibition of the LPL activity (57). Second,
hearts from PPAR␤-overexpressing animals, and also
hearts from wild-type mice treated with a PPAR␤ agonist,
display increased expression of genes involved in glucose
metabolism, such as Glut4 and PFK and enhanced capacity
of glucose uptake and oxidation, while hearts from PPAR␣overexpressing mice display the opposite phenotype. The
molecular mechanism of the PPAR␤-induced expression of
glucose metabolism-related genes is not yet totally elucidated, but further analysis strongly suggests an indirect action through modification of transcriptional activity of
Mef2A on the Glut4 gene (79a). This PPAR␤-driven increase in glucose metabolism capacity has important potential therapeutic implications in pathological situations requiring an increased reliance on carbohydrate catabolism,
such as ischemia (554). Indeed, Burkart et al. found that
cardiac PPAR␤ overexpression exerts notable protective action against ischemia-reperfusion injury (79a), while cardiac PPAR␣ overexpression does not exert similar protective effects (301).

Implication of the PPAR␤ pathway in regulation of cardiac
FAO was initially demonstrated in vitro by the finding that
treatment of cardiomyocytes with specific PPAR␤ agonists
increases the expression of genes implicated in fatty acid
catabolism and FAO rates and can restore, at least partially,

Transgenic models for inducible and cardiac-specific
knockout or overexpression of PPAR␤ were used for the
study of short-term alterations of the PPAR␤ signaling
pathway in the adult mouse heart. These experimental approaches demonstrated that PPAR␤ plays a crucial role in
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Under normal conditions, mitochondrial oxidative phosphorylation is the major metabolic pathway for ATP synthesis, with a minor (⬃5%) contribution of anaerobic glycolysis. FAO is the main source of acetyl-CoA for cardiac
oxidative phosphorylation in basal conditions (⬃90%),
while in physiological situations that require maximal cardiac power, oxidation of glycolytic metabolites, pyruvate
and lactate, increase to account for up to 40% of ATP
formation (177). These fuel preference patterns are perturbed in pathological states, such as ischemic and idiopathic dilated cardiomyopathy characterized by an increased dependence on glucose as substrate (325) or diabetic cardiomyopathy characterized by a greater reliance on
fatty acids as energetic substrate (12). Evidence has emerged
showing that PPAR␣ and PPAR␤ play important and not
totally overlapping roles in adaptive transcriptional regulations of enzymes involved in heart fuel preference in response to physiological challenges and pathological states.

the altered metabolic phenotypes of PPAR␣-deficient
cardiomyocytes (467, 486). These observations were confirmed by the demonstration that cardiomyocyte-restricted
deletion of PPAR␤ reduces cardiac expression of FAO-related genes and FAO rate and promotes cardiomyocyte
lipid deposition, severe cardiomyopathy, and premature
death (21). Thus both PPAR␣ and PPAR␤ are obligatory
for appropriate cardiomyocyte FAO and for maintenance
of normal cardiac functions in mouse, and, interestingly,
the effects of PPAR␤ abrogation seem to be more detrimental to cardiac functions than that of PPAR␣ (228).

JAAP G. NEELS AND PAUL A. GRIMALDI

Activation of either PPAR␣ or PPAR␤ signaling pathways is
also exerting cardiac protective actions by suppression of
the NF-B proinflammatory and prohypertrophic pathway.
NF-B plays a central role in the control of cardiomyocyte
growth, and its activation mediates the effects of several
hypertrophic agents, such as phenylephrine, endothelin-1,
and angiotensin II (359). NF-B consists of a heterodimer of
two subunits, p65 and p50, which binds with the inhibitor-B (IB) in the cytoplasm of nonstimulated cells. Exposition of cardiac cells to various inflammatory and hypertrophic stimuli promotes phosphorylation of IB resulting
in its degradation and nuclear translocation of the p65/p50
heterodimer that transactivates the expression of several
target genes (97).
It was initially demonstrated that PPAR␣ expression is reduced and its activity altered during heart hypertrophy
(502). Moreover, it has been reported that pharmacological
activation of either PPAR␣ (447) or PPAR␥ (659) decreases
cardiomyocyte hypertrophy, at least partly by inhibiting the
NF-B signaling pathway. More recently, Planavila et al.
(453) showed that PPAR␤ activation by specific agonists
inhibits phenylephrine-induced and lipopolysaccharide-induced cardiomyocyte hypertrophy through physical interaction of the activated PPAR␤ with the p65 subunit of
NF-B and subsequent reduction of the NF-B heterodimer
binding on its DNA responsive elements. Interestingly,
treatment of cardiomyocytes with liposaccharide (LPS)
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strongly enhances the interaction between the NF-B p65
subunit and PPAR␤ and represses the transcriptional activation of PPAR␤-regulated genes (452), suggesting a reciprocal antagonism between the PPAR␤ and NF-B signaling
pathways in cardiac cells through direct physical interaction of the nuclear proteins. Antagonistic action of PPAR␤
on the NF-B pathway was shown to be involved in the
cardiac lipid-induced inflammatory responses in mice fed a
high-fat diet (15) and can also explain, at least partly, the
preventing effects of PPAR␤ specific agonists on angiotensin II-induced cardiac hypertrophy (435, 531). Although
other additional beneficial effects can be proposed in this
specific model, as PPAR␤ activation suppresses the angiotensin II-induced intracellular Ca2⫹ increase and subsequent focal adhesion kinase (FAK) activation that is implicated in cardiac hypertrophy (323). Moreover, PPARs can
also reduce the NF-B signaling pathway by stimulating
the transcriptional expression of the inhibitor IB as suggested in vitro for the three PPAR isoforms and in vivo
for PPAR␣ (81).
Finally, we have shown that PPAR␤ pharmacological activation promotes angiogenesis and moderate cardiomyocyte
enlargement in adult mouse heart by activation of the calcineurin/NFAT pathway through a direct transactivation of
calcineurin A gene. PPAR␤-induced angiogenic and moderate hypertrophic responses take place within days and copy
heart adaptation to several weeks of voluntary running
(623). These observations suggest an important role for
PPAR␤ in physiological adaptation of the heart to prolonged physical activity and also indicate that PPAR␤ pharmacological activation could have beneficial effects in pathological situations requiring cardiac angiogenesis.
In summary, intense research efforts have seriously improved our knowledge on the roles of PPARs in physiological control of cardiac metabolism and functions. As cardiomyocytes express high levels of both PPAR␣ and PPAR␤,
one of the main questions was to elucidate the respective
roles of these PPAR isoforms in cardiac physiology. Today,
it is clearly established that the two PPAR isoforms exert
both shared and distinct actions on cardiac metabolism and
on protection of the heart against inflammatory, ischemic,
and oxidative stresses. Both PPAR isoforms control FAO in
cardiomyocytes by exerting positive effects on the expression of proteins implicated in peroxisomal and mitochondrial fatty acid catabolism. PPAR␣ activation upregulates
the expression of a subset of genes involved in lipogenesis,
fatty acid uptake, and fatty acid esterification, while PPAR␤
activation leads to increased capacity of glucose uptake and
catabolism. From these observations, it can be hypothesized
that PPAR␣ has a predominant role in situations where
fatty acid is the major energetic substrate, such as basal
conditions or fasting, while PPAR␤ could be more important in situations requiring increased rates of ATP formation, such as enhanced heart work load, or in situations
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mitochondrial biogenesis in adult heart as short-term
PPAR␤ deficiency results in decreased expression of transcriptional regulators of mitochondrial biogenesis, such as
PGC1␣ and PGC1␤, nuclear respirator factors 1 and 2
(NRF1 and NRF2), and reduction of mitochondrial DNA
copy number, while short-term PPAR␤ overexpression
leads to opposite phenotypes; increased mitochondrial biogenesis and enhanced cardiac performance (343, 584, 642).
Moreover, PPAR␤ appears to be an essential determinant of
the enzymatic antioxidant defense systems in the heart. It
was initially shown that PPAR␤ activation inhibits the onset of oxidative stress-induced apoptosis by a direct transcriptional activation of catalase gene expression in H9c2
cells (438). Heart specific PPAR␤ loss- and gain-of-function
experiments confirmed this observation and also demonstrated an essential role for PPAR␤ in the control of full
expression of other key antioxidant enzymes, such as
Cu/Zn superoxide dismutase (SOD1) and manganese superoxide dismutase (SOD2), and the prevention of oxidative damages (129, 343). Interestingly enough, generation
of a mouse model for cardiac-specific PPAR␤ knockout in
the PPAR␣-null genetic background revealed that, while
PPAR␣ plays a predominant role in the adaptive response of
cardiac metabolic switch toward lipids during fasting,
PPAR␤ is responsible for the control of mitochondrial biogenesis and protection against oxidative stress in heart independently of PPAR␣ (98, 504).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
where oxygen is limited such as ischemia. Interestingly, activation of PPAR␤ promotes a cardiac remodeling, e.g.,
angiogenesis, and moderate hypertrophy that mimics the
adaptive response of heart to physical training and PPAR␤
also plays a crucial and specific role in the control of mitochondrial biogenesis and functions in cardiomyocytes.
PPAR␣ and PPAR␤ exert cardioprotective actions against
inflammatory and oxidative stresses by several modes of
action including impairment of the NF-B signaling and
stimulation of the enzymatic defense systems against oxidative stress, although each isoform can also exert specific
protective actions by affecting other signaling pathways.

Like PPAR␣ and PPAR␥, PPAR␤ has been shown to play a
role in a growing list of inflammatory conditions (FIGURE 5,
previously reviewed in Refs. 52, 100, 246, 287, 289, 333,
360, 396, 511, 612, 626, 667). These conditions vary from
acute to chronic inflammatory diseases and include several
autoimmune diseases. Furthermore, PPAR␤ has been implicated in both the innate and adaptive immune system. Below, we discuss the inflammatory diseases in which PPAR␤
has been shown to play a role and subsequently describe the
cellular and molecular mechanisms by which PPAR␤ is
thought to regulate inflammation.

A. Septic and Nonseptic Shock
Zymosan is a nonbacterial, nonendotoxic agent derived
from the cell wall of the yeast Saccharomyces cerevisiae.
Intraperitoneal injection of zymosan, in mice or rats, leads
to multiple organ failure in the course of 1 to 2 wk and is
considered to be a model for nonseptic shock (619). With

In another study using a cecal ligation and puncture (CLP)induced polymicrobial sepsis model in rats, GW0742 treatment also provided beneficial effects (reduced systemic release of proinflammatory cytokines and neutrophil infiltration in lung, liver, and cecum) (684). Furthermore, the same
study observed increased lethality in PPAR␤⫹/⫺ mice that
were subjected to CLP. These mice exhibited severe lung
injury and higher levels of circulating TNF-␣ and keratinocyte-derived chemokine (KC) than wild-type mice. The authors demonstrated that PPAR␤ activation inhibited NF-B
at the nuclear level but this time without affecting the upstream cytosolic IB␣ degradation, suggesting that the protective effects of PPAR␤ activation are due to the fact that the
initial sequence of inflammatory events, mainly production of
proinflammatory mediators and recruitment of neutrophils in
major organs, is interrupted through a negative modulation of
NF-B-mediated transcription. More specifically, the authors observed that pretreatment with GW0742 of LPStreated macrophages caused a dose-dependent reduction in
the binding of the p65 subunit to the NF-B recognition site
of the TNF-␣ promoter, in support of a mechanism described in more detail above and below where activated
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Inflammatory
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FIGURE 5. PPAR␤ in inflammatory diseases.
PPAR␤ activation diminishes inflammation in a
large variety of inflammatory conditions and is
therefore an attractive therapeutic target.

Kidney disease
Experimental autoimmune
encephalomyelitis
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IV. PPAR␤ AND INFLAMMATION

the use of this model, it was shown that GW0742 attenuates
the degree of zymosan-induced nonseptic shock in mice
(176). Treatment with GW0742 led to a reduction of neutrophil infiltration caused by zymosan. Other inflammatory
parameters measured, such as inducible nitric oxide synthase (iNOS) and its product nitric oxide, and the cytokines
TNF-␣ and interleukin (IL)-1␤, were also lowered with agonist treatment. Furthermore, GW0742 administration reduced apoptosis-induced cell death triggered by zymosan
treatment. Regarding a potential mechanism for these effects of PPAR␤ activation, the authors showed that
GW0742 treatment prevented zymosan-induced IB␣ degradation and led to reduced levels of NF-B in the lung.

JAAP G. NEELS AND PAUL A. GRIMALDI
PPAR␤ blocks NF-B action by binding to the p65 subunit
(FIGURE 1, D AND E).

In the BCL-6-dependent model of PPAR␤ action discussed
earlier and in more detail below (see FIGURE 1, F AND G),
BCL-6 remains free to act in the absence of PPAR␤, similar
to the ligand-induced dissociation of PPAR␤ from
BCL-6. Therefore, PPAR␤⫺/⫺ mice should show the same
phenotype as mice that were treated with PPAR␤ agonist.
Since in this study PPAR␤ deficiency and ligand activation did not mimic each other but instead had opposite
effects, the authors argued that PPAR␤ acts through other
anti-inflammatory pathways. In fact, they showed that the
protective effects of PPAR␤ activation against endotoxemia-induced effects in the heart may involve activation of
Akt and downstream inhibition of GSK-3␤ and NF-B.
In addition, endotoxemia-induced phosphorylation of
ERK1/2 and STAT-3 in the heart was decreased by
GW0742 treatment in wild-type mice. This agonist-induced
decrease in ERK1/2 and STAT-3 phosphorylation was
counteracted by pretreatment with antagonist. Furthermore, endotoxemia-induced phosphorylation of STAT-3
was increased in PPAR␤⫺/⫺ mice. Lastly, agonist treatment
attenuated the endotoxemia-induced increase of iNOS expression in the heart, and this again could be counteracted
by antagonist treatment.

B. Atherosclerosis
Several studies have reported a role for PPAR␤ in atherosclerosis in different mouse models using multiple approaches. In one study, PPAR␤⫺/⫺ bone marrow was transplanted into LDL receptor (LDLR) knockout mice, which
led to a decrease in atherogenic diet-induced atherosclerosis
development in these mice compared with wild-type bone
marrow recipient mice (320). Two other independent studies examined the effect of GW0742 treatment in LDLR⫺/⫺
mice fed an atherogenic diet and demonstrated contradictory results (191, 332). While both studies observed a de-
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C. Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal tract characterized by
the destruction of the gut mucosa by the mucosal immune
system (506). Two independent studies have shown that
PPAR␤⫺/⫺ mice exhibit increased sensitivity to DSS-induced colitis (37, 232). DSS-treated PPAR␤⫺/⫺ mice exhibited increased expression of mRNA levels of the inflammatory markers interferon (IFN)-␥, TNF-␣, and IL-6 in colon
epithelium compared with similarly treated wild-type mice
(232). Furthermore, mice deficient for PPAR␤ specifically in
intestinal epithelial cells that received DSS in combination
with AOM, a mouse model for inflammation-induced colon
carcinogenesis, had more severe colon injury compared
with wild-type mice (393). Interestingly, the latter study
showed that targeted deletion of intestinal epithelial cell
PPAR␤ alters T-cell populations and their activation status
locally and systemically. CD8⫹ T-cell recruitment into mesenteric lymph nodes (MLN), CD11a expression by MLN
CD4⫹ T cells, and splenic CD62L expression were downregulated in mice lacking PPAR␤ in intestinal epithelial cells
(393). Together, these studies suggest that PPAR␤ presence
in the gastrointestinal tract has a protective function against
IBD.
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A similar study published around the same time demonstrated a protective role for PPAR␤ in two murine models of
septic shock (LPS-induced organ injury and dysfunction
and CLP-induced polymicrobial sepsis) (282). This study
showed that complete PPAR␤ deletion worsened the cardiac and renal dysfunction, hepatic injury, and lung inflammation caused by endotoxemia. In contrast, GW0742 treatment attenuated organ dysfunction and inflammation in
wild-type mice. These beneficial effects of GW0742 were
weakened by the PPAR␤ antagonist GSK0660. Furthermore, treatment of PPAR␤⫺/⫺ mice with the PPAR␤ agonist
alone or together with the antagonist did not have any effect
on the cardiac dysfunction and lung inflammation caused
by endotoxemia, indicating that these ligand actions were
PPAR␤ dependent. Moreover, the effects of these ligands
were sex independent.

crease in inflammatory markers, one study did not observe
an effect on atherosclerotic lesion development (332), while
in the second study GW0742 treatment reduced the lesion
size (191). It was suggested that this discrepancy was due to
the high level of hypercholesterolemia achieved in the former study, which may have dampened the impact of antiinflammatory effects on lesion development (332). The latter notion was supported by another study that demonstrated that in LDLR⫺/⫺ mice fed an atherogenic diet,
where atherosclerosis was accelerated by angiotensin II
(ANG II) infusion, GW0742 treatment attenuated the extent of atherosclerosis (572). ANG II infusion has been
shown to profoundly increase inflammation in this accelerated atherosclerosis model (571). Furthermore, treatment
with the PPAR␤ agonist GW501516 reduced atherosclerotic lesions in apoE⫺/⫺ mice (31). Similarly, LDLR⫺/⫺
mice fed an atherogenic diet exhibited decreased lesions and
lesion macrophages when treated with GW501516 (56).
GW501516 treatment in this model also attenuated preestablished hyperlipidemia, hyperglycemia, and hyperinsulinemia, as well as glucose and insulin intolerance. What
was consistent throughout these studies was the observed
reduction in inflammatory gene expression in the vessel wall
upon PPAR␤ activation. Moreover, several of these studies
demonstrated in in vitro assays that PPAR␤ deletion or
activation repressed macrophage inflammatory responses
(31, 191, 320, 572). The fact that both PPAR␤ deletion and
activation result in the same macrophage phenotype would
suggest involvement of BCL-6. Indeed, PPAR␤ was shown
to control the inflammatory status in these macrophages in
part by its direct interaction with BCL-6 (320, 572).

PHYSIOLOGICAL FUNCTIONS OF PPAR␤

D. Experimental Autoimmune
Encephalomyelitis
Experimental autoimmune encephalomyelitis (EAE), in
which mice are immunized with the encephalitogenic myelin oligodendrocyte glycoprotein (MOG) peptide, is used
as a model of multiple sclerosis (MS) (268). MS is a T
cell-mediated autoimmune disease of the central nervous
system (CNS) that results in the expansion of pathogenic T
cells specific for myelin autoantigens associated with the
destruction of myelin sheets and the inflammatory activation of glial cells.
It has been shown that oral administration of GW0742
reduces clinical symptoms in a mouse model of EAE (457).
These protective effects were receptor dependent since no
amelioration of EAE clinical scores was observed in
PPAR␤⫺/⫺ mice treated with GW0742 (617). In addition,
PPAR␤ deficiency resulted in a similar disease incidence and
severity as wild-type mice, suggesting that PPAR␤ does not
play a significant role in the early stages of EAE (617). The
effects of GW0742 were only modest when the drug was
provided simultaneously with MOG immunization, but a
greater reduction was observed when GW0742 was administered during disease progression (457). Treatment of
splenocytes with GW0742 either in vivo or ex vivo did not
reduce IFN-␥ production induced by either MOG peptide
or concanavalin A (ConA) treatment, respectively. These
latter findings are in contrast to other studies that will be
discussed below. However, GW0742 reduced astroglial
and microglial inflammation, since both IL-1␤ and NOS2
activity were significantly reduced. Furthermore, treatment
with GW0742 reduced IL-1␤ levels in the EAE brain (457).
Two other PPAR␤ agonists, GW501516 and L165041,
were also effective at ameliorating EAE (273). These agonists did not affect MOG-induced T-cell proliferation, but

in vivo treatment with L165041 or GW501516 resulted in
a significant decrease in the expression of the cytokines
IFN-␥, IL-17, and the transcription factor T-bet in the
brains and spleens from EAE mice. In addition, the inhibition of EAE by PPAR␤ agonists was also associated with a
decrease in IL-12 and IL-23 and an increase in IL-4 and
IL-10 expression in the brain and spleen. IL-4 and IL-10 are
typical Th2 cytokines, and IL-12 and IL-23 are known to
drive Th1 and Th17 polarization, respectively. Furthermore, ex vivo and in vitro studies confirmed that these
PPAR␤ agonists inhibit the expression of IFN-␥, IL-17, and
T-bet in splenocytes. Together, these findings suggest that
PPAR␤ activation ameliorates EAE in association with the
inhibition of Th1 and Th17 responses in the CNS and lymphoid organs. Indeed, the same study showed that both
PPAR␤ agonists inhibited Th1 and Th17 polarization in
vitro, and the addition of L165041 also resulted in an increase in IL-4 secretion from spleen cells under Th2 polarizing conditions. The same investigators published a study a
year later in which they demonstrated that PPAR␤⫺/⫺ mice
develop EAE with similar day of onset and disease incidence
compared with control mice but show prolonged EAE with
resistance to remission and recovery (274). These findings
were in line with the study mentioned above that observed
no significant role for PPAR␤ in the early stages of EAE
(617). These PPAR␤ knockout EAE mice expressed elevated levels of IFN-␥, IL-12, and IL-23 in their brain and
spleen. Furthermore, MOG-induced secretion of IFN-␥, IL12, IL-17, and IL-23 was increased in splenocytes from
PPAR␤⫺/⫺ compared with wild-type mice. On the other
hand, IL-4 expression was significantly lower in brain and
spleen of PPAR␤⫺/⫺ compared with wild-type mice. These
differences were in some cases gender specific. Similar to
agonist treatment (273), PPAR␤ deficiency did not affect
splenocyte viability and proliferation in this study. Together, these results show that PPAR␤-deficient mice exhibit an augmented Th1/Th17 and an impaired Th2 response without affecting T-cell expansion in an EAE model.
Another study published just a few months before the latter
study also observed resistance to remission in the EAE
model in PPAR␤⫺/⫺ compared with wild-type mice (138).
Also, MOG-induced secretion of IFN-␥, IL-17, and TNF-␣
was increased in PPAR␤⫺/⫺ compared with wild-type
splenocytes, while no change was observed for IL-2, IL-12,
IL-4, and IL-10 secretion. Similar to the study above (274),
PPAR␤ deficiency led to an increase in IL-12 family cytokine expression in splenic cd11b⫹ cells and peritoneal macrophages. A common problem with the above-mentioned in
vivo studies that either use agonist treatment, PPAR␤
knockout mice, or both is that it is impossible to define the
specific contribution of specific cell types to a certain phenotype since the knockouts were global (i.e., in all cells) and
agonist treatment was systemic. In this respect, the last
study went further to analyze the specific role of CD4⫹
T-cell intrinsic effects of PPAR␤ signaling on EAE patho-
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However, treatment with GW0742 in the DSS-induced colitis model had no effect regardless of genotype while the
same agonist accelerated the onset of colitis in IL-10⫺/⫺
mice (232, 321). The latter mice spontaneously develop
colitis (73). In contrast, treatment with the pan PPAR agonist punicic acid protected wild-type mice against DSS-induced colitis, but its beneficial effects were abrogated in
PPAR␤⫺/⫺ mice, suggesting that activation of PPAR␤ with
punicic acid ameliorates intestinal inflammation (37). Punicic acid treatment increased the percentages of regulatory
T cells in the blood of wild-type mice but not in
PPAR␤⫺/⫺ mice (37). Together, these contradictory results from studies using PPAR␤ agonists demonstrate the
need for further studies on the precise role of PPAR␤ in
IBD. It is of interest to note that attempts to generate
double-knockout mice for PPAR␤ and IL-10 were unsuccessful due to increased embryonic mortality of mice
lacking both PPAR␤ and IL-10 (37).

JAAP G. NEELS AND PAUL A. GRIMALDI

On the basis of the studies discussed above, it has become
apparent that the role for PPAR␤ in the EAE model can, for
a large part, be attributed to its effects on T-cell biology.
However, some studies have also demonstrated a role for
PPAR␤ in EAE that are related to other cell types. For
example, in a study using a three-dimensional brain cell
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culture system consisting of microglial cells and astrocytes,
but devoid of T cells, it was demonstrated that while
GW501516 treatment had anti-inflammatory effects, it did
not protect against antibody-mediated demyelination
(115). Based on these findings, the authors concluded that
the protective effects of PPAR␤ agonists observed in vivo
can, in part, be attributed to their anti-inflammatory properties on microglial cells and astrocytes rather than to a
direct protective or trophic effect on oligodendrocytes.
Another study investigating the role of the steroid receptor
coactivator (SRC)-3 in the pathogenesis of MS suggested a
role for PPAR␤ in regulating the activation state of spinal
cord microglial cells in EAE mice (651). SRC-3 is a transcriptional coactivator that interacts with ligand-activated
nuclear receptors to enhance their transactivation through
its intrinsic histone acetyltransferase activity (655). In addition, SRC-3 has been reported to control the expression of
PPARs (382). SRC-3 deficiency attenuated the disease severity of EAE, and this was not caused by any differences in
T-cell reactivity and cytokine profile between SRC-3⫺/⫺
and wild-type mice (651). Instead, the SRC-3-deficient EAE
mice exhibited a decrease in spinal cord inflammation compared with their wild-type counterparts. The authors demonstrated that during EAE disease process, PPAR␤ mRNA
levels were increased in spinal cord but not in spleen of
SCR-3⫺/⫺ compared with wild-type mice. Furthermore, microglia seem to be induced to an alternative activation state
in SRC-3⫺/⫺ EAE mice. The investigators claimed, based on
these findings, that SRC-3 deficiency specifically upregulates CNS PPAR␤, which induces alternatively activated
microglia to counteract CNS inflammation during the process of EAE. However, on the basis of the data presented in
this study, it cannot be excluded that other (transcription)
factors than PPAR␤ play a role in the phenotypes observed.
Nonetheless, it has become clear from the studies discussed
above that PPAR␤ has been shown to play a significant role
in the pathogenesis of EAE, mostly by regulating the inflammatory state in T lymphocytes and microglial cells.

E. Liver Disease
PPAR␤ has been shown to be protective in both a model for
chemically induced liver toxicity and a HFD-induced model
of nonalcoholic fatty liver disease (NAFLD), predominantly by regulating the immune response in these mouse
models (280, 418, 525, 526). PPAR␤ knockout mice exhibit exacerbated hepatotoxicity in response to administration of AOM or carbon tetrachloride (CCl4) compared with
wild-type mice (525). In this study, a clear role for NF-B
signaling was demonstrated. In the absence of PPAR␤ expression, enhanced activity of NF-B signaling occurs in
response to CCl4, which is consistent with increased expression of a number of NF-B target genes that mediate liver
damage, such as TNF-␣. In a follow-up study, the same
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genesis by making chimeras by reconstituting T cell-deficient B6.RAG1⫺/⫺ mice with either wild-type or PPAR␤⫺/⫺
CD4⫹ T cells and subjecting these chimeric mice to the EAE
model. The authors could reproduce the major phenotypes
of global PPAR␤⫺/⫺ mice (higher IFN-␥ and IL-17 production by splenocytes, resistance to remission). Furthermore,
the investigators used in vitro reductive approaches to delineate the potential contribution of T cells to the observed
phenotypes. When naive (CD62⫹) CD4⫹ T cells were subjected to Th0 skewing conditions (anti-CD3 and anti-CD28
stimulation), a higher proportion of PPAR␤⫺/⫺ than wildtype cells were expressing IFN-␥. Furthermore, the authors
observed a more effective Th17 polarization in PPAR␤⫺/⫺
compared with wild-type naive CD4⫹ T cells. In addition,
IL-2 and IL-10 were also elevated in PPAR␤⫺/⫺ T-cell cultures under Th0 and Th17 skewing conditions, respectively.
At the level of transcription factors, the authors showed
that while ROR␥T expression was similar, T-bet transcripts
were enhanced in PPAR␤⫺/⫺ compared with wild-type Th0
cells. Regarding the role of PPAR␤ in T-cell proliferation,
the authors observed higher CD4⫹ T-cell proliferation in
PPAR␤⫺/⫺ compared with wild-type cells in response to
anti-CD3 and anti-CD28 stimulation. This contradicts the
two studies from one group of researchers described above
that did not observe an effect of activation or deficiency of
PPAR␤ on T-cell proliferation (273, 274). Perhaps this is
due to a difference in mechanism of action between MOGor anti-CD3/CD28-induced proliferation. Another contradiction mentioned above regarding the role of PPAR␤ in
T-cell IFN-␥ production might be explained by the observation that GW0742 treatment of wild-type Th0 triggered
an increase in IFN-␥ in the presence of 10% FCS but a
decrease in serum-free media. The authors blame this difference on the presence of endogenous PPAR␤ ligands in
bovine serum. Under serum-free conditions, the IFN-␥ expression was higher in PPAR␤-deficient than in wild-type T
cells, and no effect of GW0742 was observed in the
PPAR␤⫺/⫺ cells. The same was true for IL-12 expression by
macrophages. A similar inhibitory effect of GW0742 treatment on IFN-␥ expression was seen in human peripheral
blood mononuclear cells grown in serum-free media. Together, these findings suggest that the use of PPAR␤ agonistcontaining serum might explain the lack of effect of PPAR␤
activation on IFN-␥ production by splenocytes in the study
mentioned above (457). Lastly, the authors made the interesting observation that spleens from PPAR␤⫺/⫺ mice contain more memory (CD44highCD62L⫺) or activated
(CD69⫹) T cells compared with their wild-type counterparts.
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The results from two studies using a HFD-induced mouse
model of NAFLD would suggest that PPAR␤ activity in
Kupffer cells (liver macrophages) might be responsible for
many of the protective effects of PPAR␤ on liver inflammation (280, 418). In one study, Ppardflox/flox mice were
crossed with lysozyme Cre mice resulting in PPAR␤ deficiency in myeloid cells, including Kupffer cells (280). HFD
feeding of these mice led to several phenotypes, among
which was hepatosteatosis. In a second study, adoptive
transfer of PPAR␤⫺/⫺ bone marrow into wild-type mice,
resulting in the (partial) replacement of wild-type with
PPAR␤-deficient Kupffer cells, caused hepatic dysfunction
after HFD feeding (418). Both studies demonstrated that
PPAR␤ plays a crucial role in controlling the Th2 cytokineinduced alternative activation of macrophages. The incapacity of PPAR␤-deficient macrophages to polarize towards this anti-inflammatory alternative activation (M2)
state leads to impaired glucose tolerance and exacerbation
of insulin resistance provoked by a HFD, accompanied by a
fatty liver with increased lipogenesis and decreased oxida-

tive metabolism. Together, these studies suggest that the
protective role observed for PPAR␤ in liver disease can
largely be attributed to its function in liver macrophages
(i.e., Kupffer cells). In support for the role of PPAR␤ as a
modulator of Kupffer cell function, a transcriptional profiling study analyzing gene expression in liver from PPAR␤
knockout mice detected an elevation of Kupffer cell marker
gene expression (499). Furthermore, the latter study
showed that pathways upregulated in the liver by PPAR␤
deletion were connected to innate immunity and inflammation, including elevated expression of genes that are part
of the NF-  B pathway. In the Otsuka-Long-EvansTokushima-Fatty (OLETF) rat model of type II diabetes
and obesity, GW0742 treatment led to a reduction of liver
triglyceride content and expression of TNF-␣ and MCP-1
(324). Furthermore, overexpressing PPAR␤ in liver by
means of PPAR␤ adenovirus infection of normal diet fed
mice led to a reduction in liver expression of IL-1␤, TNF-␣,
IFN-␥, and MCP-1 and an upregulation of M2 macrophage
markers (346), again supporting a role for PPAR␤ in
Kupffer cell polarization. Interestingly, these differences in
inflammatory gene expression lost statistical significance
when the mice were put on a HFD, suggesting that high-fat
feeding suppressed the beneficial effect of PPAR␤ overexpression in the liver (346). Taken together, these studies
demonstrate that PPAR␤ has a protective function in liver
disease predominantly as a result of its anti-inflammatory
actions.

F. Other Inflammatory Conditions
Activation of PPAR␤ has also been shown to prevent the
development of streptozotocin-induced diabetic nephropathy by inhibiting inflammatory processes, including chemokine/cytokine expression and macrophage infiltration
(366). Treatment with GW0742 led to a reduction in macrophage infiltration into the glomeruli in this nephropathy
model and decreased the expression of MCP-1, TGF-␤, and
osteopontin but not TNF-␣ or ICAM-2. In vitro studies
with the RAW264.7 macrophage cell line suggest that the
GW0742-induced decrease in MCP-1 and osteopontin expression involves BCL-6 (366). When streptozotocin-induced diabetic rats were subjected to renal ischemia/reperfusion (I/R) injury, PPAR␤ activation with GW0742 attenuated the renal dysfunction, leukocyte infiltration, and
formation of IL-6 and TNF-␣ (105). These beneficial effects
of GW0742 were attenuated by pretreatment with the
PPAR␤ antagonist GSK00660. In another model of kidney
disease (protein overload), GW501516 treatment attenuated macrophage infiltration and resulted in decreased
MCP-1 and TNF-␣ mRNA levels (666). In vitro studies
using cultured proximal tubular cells suggest that the
GW501516-induced decrease in TNF-␣ and MCP-1 expression occurred through inhibition of the TGF-␤ activated kinase 1 (TAK1)-NF-B pathway (666).
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researchers showed that activation of PPAR␤ with
GW0742 attenuates CCl4-induced hepatotoxicity in wildtype mice but not in PPAR␤-deficient mice (526). Similarly,
GW0742 treatment resulted in lower expression of CCl4induced TNF-␣ and monocyte chemoattractant protein 1
(MCP-1) in wild-type mice, and these effects were not observed in PPAR␤ knockout mice. Furthermore, hepatocytes
and hepatic stellate cells do not appear to be the direct cell
types that mediate the protective effects of PPAR␤ activation. In contrast, enhanced CCl4-induced liver toxicity is
reported to occur in rats when administered in combination
with the PPAR␤ ligand L165041 (224). These discrepancies
might be explained by species differences or the ligand used.
In a similar model of CCl4-induced liver injury, PPAR␤
activation by KD3010, but not by GW501516, led to reduced hepatic inflammation (256). Similar observations
were made in a bile duct ligation (BDL) model of liver injury
(256). In this study, hepatocytes appeared to be the target
for PPAR␤ ligand activation. In contrast to these findings,
an earlier report demonstrated that administration of
GW501516 is protective against steatohepatitis induced by
methionine- and choline-deficiency which may be due to
anti-inflammatory effects including reduced hepatic expression of TGF-␤1, IL-6, IL-1␤, MCP-1, TNF-␣, and NF-B
(404). Furthermore, GW501516 inhibited hepatic steatosis
but not liver fibrosis in a choline-deficient, methionine-supplemental mouse model of steatohepatitis (300). In a model
of copper-induced acute liver damage, GW0742 treatment
led to reduced TNF-␣ and macrophage inflammatory protein 2 (MIP-2) expression (498). In the same study, the
opposite effect was observed after treatment with the
PPAR␤ antagonist GSK0660. Some of the discrepancies
between the above studies using the same PPAR␤ agonists
are probably due to the large differences (5-fold in some
cases) in the dosage of compounds used.
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Taken together, we think it is safe to conclude that PPAR␤
activation has protective effects in a large spectrum of inflammatory conditions. Next, we discuss the cellular and
molecular mechanisms by which PPAR␤ can exert these
anti-inflammatory effects.

G. Mechanisms at Cellular Level
Leukocyte extravasation from the bloodstream into inflamed tissue involves the rolling of these cells along the
vessel wall, their firm attachment to the endothelial cell
layer, and their subsequent transendothelial migration into
the target tissue. Therefore, endothelial cells play potentially an important role in inflammation. PPAR␤ is expressed in endothelial cells, and activation of PPAR␤ has
been shown to inhibit endothelial inflammatory responses
both in vitro and in vivo by reducing the expression of
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adhesion molecules (VCAM-1, ICAM-1, and E-selectin)
and chemokines (MCP-1 and Gro-␣) (53, 148, 335, 451,
479). As a result, PPAR␤ activation by GW501516 inhibits
TNF-␣-induced leukocyte rolling, adhesion, and transendothelial migration in vivo in the mouse cremasteric microcirculation (451). Similarly, in an in vitro assay, GW501516
treatment also inhibited rolling and adhesion of polymorphonuclear cells on TNF-␣-activated HUVECs under physiological flow (451). A more indirect way PPAR␤ can have
anti-inflammatory effects on endothelial cells is by protection against oxidative stress. PPAR␤ has been shown to
induce 14-3-3␣, superoxide dismutase-1, catalase, and thioredoxin in endothelial cells (148, 341). More recently,
activation of PPAR␤ was shown to prevent endothelial dysfunction by reducing NADPH oxidase-driven superoxide
production and increasing nitric oxide production (109,
267, 463).
After a monocyte has rolled along, attached, and crossed
the vessel wall, it will become a tissue macrophage. As discussed above, PPAR␤ has been shown to play a role in
several aspects of macrophage biology. Most of the knowledge on the role of PPAR␤ in macrophages comes from
studies on atherosclerosis. PPAR␤ activation inhibits the
development of atherosclerosis in mouse models, and this is
thought to occur predominantly through the inhibition of
macrophage expression of inflammatory cytokines/chemokines and adhesion receptors (31, 191, 320, 572). Furthermore, as mentioned above, PPAR␤ has been shown to play
an important role in the development of the alternatively
activated anti-inflammatory M2 phenotype in macrophages
(280, 418).
PPAR␤ was also shown to be expressed in T cells and, as
discussed above, its function in T cells has mostly been
studied in the context of EAE (138, 273, 274, 457, 512).
PPAR␤ activation inhibited Th1 and Th17 polarization and
augmented Th2 polarization, and the opposite was seen
when PPAR␤ was deleted. The results regarding the role of
PPAR␤ in T-cell proliferation are contradictory, and more
research is needed to resolve this question.
The role for PPAR␤ in other inflammatory cell types (e.g., B
lymphocytes and dendritic cells) has been largely unexplored. PPAR␤ is present at the mRNA level in human
CD19⫹ B cells, and there is one study reporting anti-inflammatory effects of PPAR␤ activation in monocyte-derived dendritic cells (259, 512).

H. Molecular Mechanisms
The anti-inflammatory models of action of PPAR␤ do not
often involve the induction of anti-inflammatory genes,
which goes against what one would expect from a transcription factor. TGF-␤ has been described as a direct
target gene of PPAR␤ in addition to several anti-oxidant
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In an I/R injury model in rat testis, PPAR␤ activation with
L165041 was shown to inhibit TNF-␣ and IL-6 expression
(387). Concomitant treatment with the PPAR pan-antagonist GW9662 reversed these protective effects of L165041.
Similarly, I/R injury in the rat heart induced expression of
IL-6, IL-8, ICAM-1, and MCP-1, which was attenuated by
treatment with GW0742 (675). In a similar study, looking
at I/R injury in the rat heart, GW0742 administration led to
a decrease in nuclear translocation of NF-B p65 (281).
GW501516 treatment was shown to abrogate HFD-induced expression of TNF-␣, MCP-1, and IL-6 and NF-B
activity in the mouse heart (15). In a mouse model of gut I/R
injury, administration of GW0742 prevented the I/R-induced IB-␣ degradation and reduced the levels of NF-B
p65, TNF-␣, and IL-1␤ in ileum tissue (126). Furthermore,
the activation of PPAR␤ in this model led to reduction of
neutrophil accumulation in the ileum. The same group later
showed that GW0742 treatment attenuates pancreatic
damage in two different experimental models of pancreatitis in mice: edematous pancreatitis induced by administration of cerulein at supramaximal doses, and a model induced by intraductal administration of sodium taurocholate (431). PPAR␤ activation resulted in a reduction in
cerulein-induced TNF-␣ and IL-1␤ expression and neutrophil infiltration in the pancreas. The same was true for
taurocholate-induced IL-6 expression and neutrophil infiltration in the pancreas. GW0742 treatment prevented cerulein-induced IB-␣ degradation and reduced the levels of
the p65 subunit of NF-B in the pancreas (431). In yet
another inflammatory mouse model, lung inflammation induced by bleomycin or carrageenan, the same researchers
demonstrated that treatment with GW0742 led to a decrease in cytokine production, leukocyte accumulation,
IB-␣ degradation, and NF-B nuclear translocation (125,
175). Similarly, in a model of LPS-induced pulmonary inflammation, GW0742 pretreatment resulted in a decrease
in leukocyte recruitment and IL-6, IL-1␤, and TNF-␣ expression (213).
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In addition to this transactivation of anti-inflammatory
genes, PPAR␤ is best known to inhibit inflammation
through transrepression of proinflammatory genes. In
one model of transrepression, inactive PPAR␤ binds to
the anti-inflammatory corepressor BCL-6 and, as a result, BCL-6 is not available to repress the transcription of
proinflammatory target genes (320) (FIGURE 1, F AND G).
Once PPAR␤ is activated (or in the absence of PPAR␤
protein), BCL-6 no longer binds to PPAR␤ and can perform its function as a corepressor. This means that in
both knockout models of PPAR␤ and in the presence of
PPAR␤ agonists, transcription of proinflammatory target
genes of BCL-6 is repressed.
In a second model of transrepression, activated PPAR␤
binds to the p65 subunit of NF-B, thereby blocking the
transcription of proinflammatory target genes of NF-B
(452) (FIGURE 1, D AND E). In the absence of ligand or
PPAR␤ protein, p65 is free and NF-B induced transcription of pro-inflammatory genes can occur. A big difference between this model and the transrepression through
BCL-6 is that in the absence of PPAR␤ there will be an
increase in transcription of proinflammatory genes (TABLE 3). In addition to the direct binding of PPAR␤ to P65,
there are other mechanisms through which PPAR␤ has
been shown to regulate NF-B. For example, it was

shown that PPAR␤ activation can inhibit NF-B activation through inhibition of ERK1/2 phosphorylation
(482). Furthermore, another model describes how
PPAR␤ activation leads to GSK-3␤ phosphorylation
through Akt activation, thereby inactivating GSK-3␤ resulting in the inhibition of NF-B (281, 282). In another
model, PPAR␤ activation leads to AMPK phosphorylation, which subsequently leads to inactivation of p300 by
phosphorylation and SIRT1 activation (35). The transcriptional coactivator p300 has intrinsic acetyltransferase activity and the sirtuin SIRT1 is a protein deacetylase. As a result, this leads to a marked reduction in
acetylation of p65 thereby inhibiting NF-B transcriptional activity. Taken together, a common feature of all
the different mechanisms by which PPAR␤ has been
shown to regulate NF-B is the fact that activation of
PPAR␤ leads to a decrease in NF-B activity.

I. Conclusion on the Role of PPAR␤ in
Inflammation
In almost all the inflammatory disease models discussed
above, PPAR␤ activation or overexpression leads to a
decrease in inflammation, and deletion of PPAR␤ leads to
an aggravation of the inflammatory state. One rare exception is the observation that MCP-1, IL-1␤, and
MMP-9 were downregulated in PPAR␤⫺/⫺ macrophages
and upregulated in RAW264.7 macrophages that overexpressed PPAR␤ by transfection (320). While the latter
findings are in support of a model of transrepression
through BCL-6, they, at the same time, are not compatible with the models of PPAR␤-mediated transrepression
of NF-B and PPAR␤-mediated M2 polarization. Hence,
the role of PPAR␤ in macrophage biology and, likewise,
the relevance of the different molecular mechanisms that
are supposed to be involved, remain unclear. However,
the fact that in a large majority of studies using PPAR␤
knockout models inflammation is aggravated, which goes
against the BCL-6 model of action (see TABLE 3), would
suggest that this molecular mechanism plays an irrelevant role in the protective effects of PPAR␤ against inflammation. What does however seem to be indisputable,
and is compatible with all the proposed mechanisms of
action, is the fact that PPAR␤ activation has anti-inflammatory effects. As a consequence, PPAR␤ presents an

Table 3. Effect of PPAR␤ activation or absence compared with presence of inactive PPAR␤ on inflammation according the different
mechanistic models of action

PPAR␤ activation
PPAR␤ absence

Transactivation of Anti-inflammatory Genes

Transrepression Through BCL-6

Transrepression Through NF-B

2Inflammation
1Inflammation*

2Inflammation
2Inflammation

2Inflammation
1Inflammation

*Taking into account that a moderate decrease in inflammation as a result of derepression effect is unlikely to
occur due to presence of endogenous ligand.
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genes (i.e., 14-3-3␣, SOD, catalase, and thioredoxin),
and regulators of G protein signaling-4 and -5 (31, 148,
293, 341). As discussed above, in the unactivated state
(no ligand bound) PPAR␤, in complex with RXR, is
bound to PPREs and represses gene expression via interactions with a corepressor complex. As a consequence,
absence of PPAR␤ (knockout models) would lead to a
(modest) increase in transcription of target genes (known
as derepression), which in the context of anti-inflammatory target genes would have an anti-inflammatory effect.
Activation of PPAR␤ would obviously also lead to an
increase in transcription of these anti-inflammatory target genes so in a sense both absence and activation of
PPAR␤ would be anti-inflammatory according to this
model. However, given the likely presence of endogenous
ligands, the occurrence of PPAR␤ in the unactivated state
probably is quite rare, and therefore, no anti-inflammatory derepression effect of knocking out PPAR␤ should
be expected.

JAAP G. NEELS AND PAUL A. GRIMALDI
interesting therapeutic target in a large variety of inflammatory conditions (FIGURE 5).

V. CONCLUDING REMARKS

The multiple effects of modulations of the PPAR␤ transcriptional pathway have been well exemplified in skeletal
muscle. In this tissue, PPAR␤ plays a crucial role in the
adaptive response to the nutritional status by adapting the
fuel preference to substrate availability and also in the response to physical activity behaviors to cope with the energetic demands for fiber contraction. These adaptive responses involve the modulation of a large set of genes in
several cell types, such as myofibers, myoblasts, and endothelial cells, and result in a pertinent remodeling of muscle
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GLP-1 production
Carcinogenesis ?
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A large majority of the experimental evidence from animal
models support the idea that treatment with PPAR␤ agonists
might have therapeutic usefulness in the treatment of several
metabolic syndrome-associated abnormalities. First, the potency of PPAR␤ to induce muscle fatty acid catabolism should
be beneficial in pathological situations typified by chronic high
circulating NEFA concentrations by a reduction of circulating
lipids and, as a consequence, by attenuation of ectopic lipid
accumulation that results in inflammation and insulin resistance in skeletal muscle and other insulin responsive tissues
(371, 565). Second, PPAR␤ agonism should reduce the lowgrade inflammatory status by a promotion of phenotypic
modifications in macrophages and other inflammatory cell
types and also by an inhibition of major proinflammatory
signaling pathways. Lastly, activation of PPAR␤ should improve cholesterol homeostasis by increasing intestinal cholesterol excretion. To date, the first pilot clinical studies have
confirmed some of these beneficial effects of activation of the
PPAR␤ signaling pathway in obese and/or dyslipidemic subjects. Moreover, the use of PPAR␤ agonists should also be
envisioned in other pathologies, such as inherited myopathies
and autoimmune diseases.
However, clinical trials are now required to demonstrate
the safety of long-term administration of potent PPAR␤
agonists as some of the experimental data have suggested
that, when fully activated, the PPAR␤ pathway could promote or accelerate the incidence of severe pathologies, such
as colorectal cancers and psoriasis.
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FIGURE 6. Summary of the main regulatory
functions of PPAR␤ in skeletal and cardiac
muscles, intestine, and skin. Activation of
PPAR␤ by natural or synthetic agonists affects
a large variety of different processes in skeletal
muscle, heart, intestine, and skin.
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Modulation of gene expression is one of the means for
the organism to adapt the physiological functions of the
tissues to environmental or internal signals. In this respect, PPAR␤ is a good example of a transcription factor
able to integrate multiple external and internal stimuli
and modify the expression of a very large set of genes in
several tissues to give an appropriate response to these
signals. As PPAR␤ displays a broad pattern of expression
among tissues, is activated by a great variety of natural
molecules, and is able to regulate transcription of a great
number of genes by different mechanisms of action, it is
implicated in the regulation of a variety of physiological
functions. Throughout this review, we presented the numerous experimental data illustrating the wide actions of
PPAR␤ in the regulation of metabolism, differentiation,
inflammation, angiogenesis, and other biological processes in a great diversity of tissues (FIGURE 6).

structure, muscle metabolism, and capillary network. Additionally, in skeletal muscle, PPAR␤ also enhances the defenses against oxidative stress and reduces inflammation.
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11. Allen DL, Harrison BC, Maass A, Bell ML, Byrnes WC, Leinwand LA. Cardiac and
skeletal muscle adaptations to voluntary wheel running in the mouse. J Appl Physiol 90:
1900 –1908, 2001.

JAAP G. NEELS AND PAUL A. GRIMALDI
33. Barres R, Osler ME, Yan J, Rune A, Fritz T, Caidahl K, Krook A, Zierath JR. Non-CpG
methylation of the PGC-1alpha promoter through DNMT3B controls mitochondrial
density. Cell Metab 10: 189 –198, 2009.
34. Barres R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz T, Caidahl K, Krook A,
O’Gorman DJ, Zierath JR. Acute exercise remodels promoter methylation in human
skeletal muscle. Cell Metab 15: 405– 411, 2012.
35. Barroso E, Eyre E, Palomer X, Vazquez-Carrera M. The peroxisome proliferatoractivated receptor beta/delta (PPARbeta/delta) agonist GW501516 prevents TNFalpha-induced NF-kappaB activation in human HaCaT cells by reducing p65 acetylation through AMPK and SIRT1. Biochem Pharmacol 81: 534 –543, 2011.
36. Basak S, Hoffmann A. Crosstalk via the NF-kappaB signaling system. Cytokine Growth
Factor Rev 19: 187–197, 2008.
37. Bassaganya-Riera J, DiGuardo M, Climent M, Vives C, Carbo A, Jouni ZE, Einerhand
AW, O’Shea M, Hontecillas R. Activation of PPARgamma and delta by dietary punicic
acid ameliorates intestinal inflammation in mice. Br J Nutr 106: 878 – 886, 2011.

39. Bastie C, Luquet S, Holst D, Jehl-Pietri C, Grimaldi PA. Alterations of peroxisome
proliferator-activated receptor delta activity affect fatty acid-controlled adipose differentiation. J Biol Chem 275: 38768 –38773, 2000.
40. Bastin J, Aubey F, Rotig A, Munnich A, Djouadi F. Activation of peroxisome proliferator-activated receptor pathway stimulates the mitochondrial respiratory chain and
can correct deficiencies in patients’ cells lacking its components. J Clin Endocrinol
Metab 93: 1433–1441, 2008.
41. Bays HE, Schwartz S, Littlejohn T, 3rd Kerzner B, Krauss RM, Karpf DB, Choi YJ,
Wang X, Naim S, Roberts BK. MBX-8025, a novel peroxisome proliferator receptordelta agonist: lipid and other metabolic effects in dyslipidemic overweight patients
treated with and without atorvastatin. J Clin Endocrinol Metab 96: 2889 –2897, 2011.
42. Berchtold MW, Brinkmeier H, Muntener M. Calcium ion in skeletal muscle: its crucial
role for muscle function, plasticity, and disease. Physiol Rev 80: 1215–1265, 2000.
43. Berger J, Leibowitz MD, Doebber TW, Elbrecht A, Zhang B, Zhou G, Biswas C,
Cullinan CA, Hayes NS, Li Y, Tanen M, Ventre J, Wu MS, Berger GD, Mosley R,
Marquis R, Santini C, Sahoo SP, Tolman RL, Smith RG, Moller DE. Novel peroxisome
proliferator-activated receptor (PPAR) gamma and PPARdelta ligands produce distinct biological effects. J Biol Chem 274: 6718 – 6725, 1999.
44. Berglund L, Bjorling E, Oksvold P, Fagerberg L, Asplund A, Szigyarto CA, Persson A,
Ottosson J, Wernerus H, Nilsson P, Lundberg E, Sivertsson A, Navani S, Wester K,
Kampf C, Hober S, Ponten F, Uhlen M. A genecentric human protein Atlas for expression profiles based on antibodies. Mol Cell Proteomics 7: 2019 –2027, 2008.
45. Bernardo BL, Wachtmann TS, Cosgrove PG, Kuhn M, Opsahl AC, Judkins KM, Freeman TB, Hadcock JR, LeBrasseur NK. Postnatal PPARdelta activation and myostatin
inhibition exert distinct yet complimentary effects on the metabolic profile of obese
insulin-resistant mice. PLoS One 5: e11307, 2010.

53. Bishop-Bailey D, Hla T. Endothelial cell apoptosis induced by the peroxisome proliferator-activated receptor (PPAR) ligand 15-deoxy-delta12, 14-prostaglandin J2. J Biol
Chem 274: 17042–17048, 1999.
54. Blanc S, Normand S, Pachiaudi C, Fortrat JO, Laville M, Gharib C. Fuel homeostasis during
physical inactivity induced by bed rest. J Clin Endocrinol Metab 85: 2223–2233, 2000.
55. Blanquart C, Barbier O, Fruchart JC, Staels B, Glineur C. Peroxisome proliferatoractivated receptor alpha (PPARalpha) turnover by the ubiquitin-proteasome system
controls the ligand-induced expression level of its target genes. J Biol Chem 277:
37254 –37259, 2002.
56. Bojic LA, Burke AC, Chhoker SS, Telford DE, Sutherland BG, Edwards JY, Sawyez
CG, Tirona RG, Yin H, Pickering JG, Huff MW. Peroxisome proliferator-activated
receptor delta agonist GW1516 attenuates diet-induced aortic inflammation, insulin
resistance, and atherosclerosis in low-density lipoprotein receptor knockout mice.
Arteriosclerosis Thrombosis Vasc Biol 34: 52– 60, 2014.
57. Bonala S, Lokireddy S, Arigela H, Teng S, Wahli W, Sharma M, McFarlane C, Kambadur R. Peroxisome proliferator-activated receptor beta/delta induces myogenesis by
modulating myostatin activity. J Biol Chem 287: 12935–12951, 2012.
58. Bonen A, Luiken JJ, Arumugam Y, Glatz JF, Tandon NN. Acute regulation of fatty acid
uptake involves the cellular redistribution of fatty acid translocase. J Biol Chem 275:
14501–14508, 2000.
59. Bonen A, Luiken JJ, Liu S, Dyck DJ, Kiens B, Kristiansen S, Turcotte LP, Van Der Vusse
GJ, Glatz JF. Palmitate transport and fatty acid transporters in red and white muscles.
Am J Physiol Endocrinol Metab 275: E471–E478, 1998.
60. Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM, Mangelsdorf DJ. Anatomical
profiling of nuclear receptor expression reveals a hierarchical transcriptional network.
Cell 126: 789 –799, 2006.
61. Borchers T, Unterberg C, Rudel H, Robenek H, Spener F. Subcellular distribution of
cardiac fatty acid-binding protein in bovine heart muscle and quantitation with an
enzyme-linked immunosorbent assay. Biochim Biophys Acta 1002: 54 – 61, 1989.
62. Bordewick U, Heese M, Borchers T, Robenek H, Spener F. Compartmentation of
hepatic fatty-acid-binding protein in liver cells and its effect on microsomal phosphatidic acid biosynthesis. Biol Chem Hoppe-Seyler 370: 229 –238, 1989.
63. Borland MG, Foreman JE, Girroir EE, Zolfaghari R, Sharma AK, Amin S, Gonzalez FJ,
Ross AC, Peters JM. Ligand activation of peroxisome proliferator-activated receptorbeta/delta inhibits cell proliferation in human HaCaT keratinocytes. Mol Pharmacol 74:
1429 –1442, 2008.
64. Borland MG, Khozoie C, Albrecht PP, Zhu B, Lee C, Lahoti TS, Gonzalez FJ, Peters
JM. Stable over-expression of PPARbeta/delta and PPARgamma to examine receptor
signaling in human HaCaT keratinocytes. Cell Signal 23: 2039 –2050, 2011.
65. Bottinelli R, Canepari M, Pellegrino MA, Reggiani C. Force-velocity properties of
human skeletal muscle fibres: myosin heavy chain isoform and temperature dependence. J Physiol 495: 573–586, 1996.

46. Berry DC, Noy N. All-trans-retinoic acid represses obesity and insulin resistance by
activating both peroxisome proliferation-activated receptor beta/delta and retinoic
acid receptor. Mol Cell Biol 29: 3286 –3296, 2009.

66. Bottinelli R, Pellegrino MA, Canepari M, Rossi R, Reggiani C. Specific contributions of
various muscle fibre types to human muscle performance: an in vitro study. J Electromyogr Kinesiol 9: 87–95, 1999.

47. Bigard AX, Boehm E, Veksler V, Mateo P, Anflous K, Ventura-Clapier R. Muscle
unloading induces slow to fast transitions in myofibrillar but not mitochondrial properties Relevance to skeletal muscle abnormalities in heart failure. J Mol Cell Cardiol 30:
2391–2401, 1998.

67. Bottinelli R, Reggiani C. Force-velocity properties and myosin light chain isoform
composition of an identified type of skinned fibres from rat skeletal muscle. Pflügers
Arch 429: 592–594, 1995.

48. Bility MT, Devlin-Durante MK, Blazanin N, Glick AB, Ward JM, Kang BH, Kennett MJ,
Gonzalez FJ, Peters JM. Ligand activation of peroxisome proliferator-activated receptor beta/delta (PPAR beta/delta) inhibits chemically induced skin tumorigenesis. Carcinogenesis 29: 2406 –2414, 2008.
49. Bindesboll C, Berg O, Arntsen B, Nebb HI, Dalen KT. Fatty acids regulate perilipin5 in
muscle by activating PPARdelta. J Lipid Res 54: 1949 –1963, 2013.
50. Biral D, Damiani E, Volpe P, Salviati G, Margreth A. Polymorphism of myosin light
chains. An electrophoretic and immunological study of rabbit skeletal-muscle myosins. Biochem J 203: 529 –540, 1982.
51. Bishop-Bailey D. PPARs and angiogenesis. Biochem Soc Trans 39: 1601–1605, 2011.

842

68. Bottinelli R, Reggiani C. Human skeletal muscle fibres: molecular and functional diversity. Prog Biophys Mol Biol 73: 195–262, 2000.
69. Bowker-Kinley MM, Davis WI, Wu P, Harris RA, Popov KM. Evidence for existence of
tissue-specific regulation of the mammalian pyruvate dehydrogenase complex.
Biochem J 329: 191–196, 1998.
70. Brack AS, Bildsoe H, Hughes SM. Evidence that satellite cell decrement contributes to
preferential decline in nuclear number from large fibres during murine age-related
muscle atrophy. J Cell Sci 118: 4813– 4821, 2005.
71. Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W. Differential expression of
peroxisome proliferator-activated receptors (PPARs): tissue distribution of PPARalpha, -beta, and -gamma in the adult rat. Endocrinology 137: 354 –366, 1996.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

38. Bastie C, Holst D, Gaillard D, Jehl-Pietri C, Grimaldi PA. Expression of peroxisome
proliferator-activated receptor PPARdelta promotes induction of PPARgamma and
adipocyte differentiation in 3T3C2 fibroblasts. J Biol Chem 274: 21920 –21925, 1999.

52. Bishop-Bailey D, Bystrom J. Emerging roles of peroxisome proliferator-activated receptor-beta/delta in inflammation. Pharmacol Ther 124: 141–150, 2009.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
72. Briand F, Naik SU, Fuki I, Millar JS, Macphee C, Walker M, Billheimer J, Rothblat G,
Rader DJ. Both the peroxisome proliferator-activated receptor delta agonist,
GW0742, and ezetimibe promote reverse cholesterol transport in mice by reducing
intestinal reabsorption of HDL-derived cholesterol. Clin Transl Sci 2: 127–133, 2009.

92. Chen LC, Hao CY, Chiu YS, Wong P, Melnick JS, Brotman M, Moretto J, Mendes F,
Smith AP, Bennington JL, Moore D, Lee NM. Alteration of gene expression in normalappearing colon mucosa of APC(min) mice and human cancer patients. Cancer Res 64:
3694 –3700, 2004.

73. Bristol IJ, Farmer MA, Cong Y, Zheng XX, Strom TB, Elson CO, Sundberg JP, Leiter
EH. Heritable susceptibility for colitis in mice induced by IL-10 deficiency. Inflamm
Bowel Dis 6: 290 –302, 2000.

93. Chen NN, Li Y, Wu ML, Liu ZL, Fu YS, Kong QY, Chen XY, Li H, Liu J. CRABP-II- and
FABP5-independent all-trans retinoic acid resistance in COLO 16 human cutaneous
squamous cancer cells. Exp Dermatol 21: 13–18, 2012.

74. Brown MD, Cotter MA, Hudlicka O, Vrbova G. The effects of different patterns of
muscle activity on capillary density, mechanical properties and structure of slow and
fast rabbit muscles. Pflügers Arch 361: 241–250, 1976.

94. Cheung PC, Salt IP, Davies SP, Hardie DG, Carling D. Characterization of AMPactivated protein kinase gamma-subunit isoforms and their role in AMP binding.
Biochem J 346: 659 – 669, 2000.

75. Brun RP, Kim JB, Hu E, Spiegelman BM. Peroxisome proliferator-activated receptor
gamma and the control of adipogenesis. Curr Opin Lipidol 8: 212–218, 1997.

95. Chevillotte E, Rieusset J, Roques M, Desage M, Vidal H. The regulation of uncoupling
protein-2 gene expression by omega-6 polyunsaturated fatty acids in human skeletal
muscle cells involves multiple pathways, including the nuclear receptor peroxisome
proliferator-activated receptor beta. J Biol Chem 276: 10853–10860, 2001.

76. Bruusgaard JC, Liestol K, Gundersen K. Distribution of myonuclei and microtubules in
live muscle fibers of young, middle-aged, and old mice. J Appl Physiol 100: 2024 –2030,
2006.

78. Budhu AS, Noy N. Direct channeling of retinoic acid between cellular retinoic acidbinding protein II and retinoic acid receptor sensitizes mammary carcinoma cells to
retinoic acid-induced growth arrest. Mol Cell Biol 22: 2632–2641, 2002.
79. Burdick AD, Bility MT, Girroir EE, Billin AN, Willson TM, Gonzalez FJ, Peters JM.
Ligand activation of peroxisome proliferator-activated receptor-beta/delta(PPARbeta/delta) inhibits cell growth of human N/TERT-1 keratinocytes. Cell Signal 19:
1163–1171, 2007.
79a.Burkart EM, Sambandam N, Han X, Gross RW, Courtois M, Gierasch CM, Shoghi K,
Welch MJ, Kelly DP. Nuclear receptors PPARbeta/delta and PPARalpha direct distinct
metabolic regulatory programs in the mouse heart. J Clin Invest 117: 3930 –3939, 2007.
80. Burns KA, Vanden Heuvel JP. Modulation of PPAR activity via phosphorylation.
Biochim Biophys Acta 1771: 952–960, 2007.
81. Buroker NE, Barboza J, Huang JY. The IkappaBalpha gene is a peroxisome proliferator-activated receptor cardiac target gene. FEBS J 276: 3247–3255, 2009.
82. Caiozzo VJ, Haddad F, Baker MJ, Herrick RE, Prietto N, Baldwin KM. Microgravityinduced transformations of myosin isoforms and contractile properties of skeletal
muscle. J Appl Physiol 81: 123–132, 1996.
83. Calvo JA, Daniels TG, Wang X, Paul A, Lin J, Spiegelman BM, Stevenson SC, Rangwala
SM. Muscle-specific expression of PPARgamma coactivator-1alpha improves exercise
performance and increases peak oxygen uptake. J Appl Physiol 104: 1304 –1312, 2008.
84. Cameron-Smith D, Burke LM, Angus DJ, Tunstall RJ, Cox GR, Bonen A, Hawley JA,
Hargreaves M. A short-term, high-fat diet up-regulates lipid metabolism and gene
expression in human skeletal muscle. Am J Clin Nutr 77: 313–318, 2003.
85. Campbell SE, Tandon NN, Woldegiorgis G, Luiken JJ, Glatz JF, Bonen A. A novel
function for fatty acid translocase (FAT)/CD36: involvement in long chain fatty acid
transfer into the mitochondria. J Biol Chem 279: 36235–36241, 2004.
86. Canepari M, Pellegrino MA, D’Antona G, Bottinelli R. Single muscle fiber properties in
aging and disuse. Scand J Med Sci Sports 20: 10 –19, 2010.
87. Carling D, Zammit VA, Hardie DG. A common bicyclic protein kinase cascade inactivates the regulatory enzymes of fatty acid and cholesterol biosynthesis. FEBS Lett
223: 217–222, 1987.
88. Carlson LA. Nicotinic acid and inhibition of fat mobilizing lipolysis. Present status of
effects on lipid metabolism. Adv Exp Med Biol 109: 225–238, 1978.

97. Chinnery PF, Elliott HR, Hudson G, Samuels DC, Relton CL. Epigenetics, epidemiology and mitochondrial DNA diseases. Int J Epidemiol 41: 177–187, 2012.
98. Chinnery PF, Turnbull DM. Epidemiology and treatment of mitochondrial disorders.
Am J Med Genet 106: 94 –101, 2001.
99. Choi CS, Savage DB, Abu-Elheiga L, Liu ZX, Kim S, Kulkarni A, Distefano A, Hwang YJ,
Reznick RM, Codella R, Zhang D, Cline GW, Wakil SJ, Shulman GI. Continuous fat
oxidation in acetyl-CoA carboxylase 2 knockout mice increases total energy expenditure, reduces fat mass, and improves insulin sensitivity. Proc Natl Acad Sci USA 104:
16480 –16485, 2007.
100. Choi JM, Bothwell AL. The nuclear receptor PPARs as important regulators of T-cell
functions and autoimmune diseases. Mol Cell 33: 217–222, 2012.
101. Choi YJ, Roberts BK, Wang X, Geaney JC, Naim S, Wojnoonski K, Karpf DB, Krauss
RM. Effects of the PPAR-delta agonist MBX-8025 on atherogenic dyslipidemia. Atherosclerosis 220: 470 – 476, 2012.
102. Coburn CT, Hajri T, Ibrahimi A, Abumrad NA. Role of CD36 in membrane transport
and utilization of long-chain fatty acids by different tissues. J Mol Neurosci 16: 117–121,
2001.
103. Coburn CT, Knapp FF Jr, Febbraio M, Beets AL, Silverstein RL, Abumrad NA. Defective uptake and utilization of long chain fatty acids in muscle and adipose tissues of
CD36 knockout mice. J Biol Chem 275: 32523–32529, 2000.
104. Coleman JD, Prabhu KS, Thompson JT, Reddy PS, Peters JM, Peterson BR, Reddy CC,
Vanden Heuvel JP. The oxidative stress mediator 4-hydroxynonenal is an intracellular
agonist of the nuclear receptor peroxisome proliferator-activated receptor-beta/
delta (PPARbeta/delta). Free Radic Biol Med 42: 1155–1164, 2007.
105. Collino M, Benetti E, Miglio G, Castiglia S, Rosa AC, Aragno M, Thiemermann C,
Fantozzi R. Peroxisome proliferator-activated receptor beta/delta agonism protects
the kidney against ischemia/reperfusion injury in diabetic rats. Free Radic Biol Med 50:
345–353, 2011.
106. Constantin-Teodosiu D, Baker DJ, Constantin D, Greenhaff PL. PPARdelta agonism
inhibits skeletal muscle PDC activity, mitochondrial ATP production and force generation during prolonged contraction. J Physiol 587: 231–239, 2009.
107. Constantin D, Constantin-Teodosiu D, Layfield R, Tsintzas K, Bennett AJ, Greenhaff
PL. PPARdelta agonism induces a change in fuel metabolism and activation of an
atrophy programme, but does not impair mitochondrial function in rat skeletal muscle. J Physiol 583: 381–390, 2007.

89. Carroll JE, Villadiego A, Morse DP. Fatty acid oxidation intermediates and the effect of
fasting on oxidation in red and white skeletal muscle. Muscle Nerve 6: 367–373, 1983.

108. D’Angelo B, Benedetti E, Di Loreto S, Cristiano L, Laurenti G, Ceru MP, Cimini A.
Signal transduction pathways involved in PPARbeta/delta-induced neuronal differentiation. J Cell Physiol 226: 2170 –2180, 2011.

90. Chemello F, Bean C, Cancellara P, Laveder P, Reggiani C, Lanfranchi G. Microgenomic analysis in skeletal muscle: expression signatures of individual fast and slow
myofibers. PLoS One 6: e16807, 2011.

109. d’Uscio LV, Das P, Santhanam AV, He T, Younkin SG, Katusic ZS. Activation of
PPARdelta prevents endothelial dysfunction induced by overexpression of amyloidbeta precursor protein. Cardiovasc Res 96: 504 –512, 2012.

91. Chen F, Law SW, O’Malley BW. Identification of two mPPAR related receptors and
evidence for the existence of five subfamily members. Biochem Biophys Res Commun
196: 671– 677, 1993.

110. Daoudi M, Hennuyer N, Borland MG, Touche V, Duhem C, Gross B, Caiazzo R, KerrConte J, Pattou F, Peters JM, Staels B, Lestavel S. PPARbeta/delta activation induces
enteroendocrine L cell GLP-1 production. Gastroenterology 140: 1564 –1574, 2011.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

843

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

77. Buckingham M. Skeletal muscle progenitor cells and the role of Pax genes. C R Biol
330: 530 –533, 2007.

96. Chi MM, Choksi R, Nemeth P, Krasnov I, Ilyina-Kakueva E, Manchester JK, Lowry
OH. Effects of microgravity and tail suspension on enzymes of individual soleus and
tibialis anterior fibers. J Appl Physiol 73: 66S–73S, 1992.

JAAP G. NEELS AND PAUL A. GRIMALDI
111. De Lange P, Farina P, Moreno M, Ragni M, Lombardi A, Silvestri E, Burrone L, Lanni
A, Goglia F. Sequential changes in the signal transduction responses of skeletal muscle
following food deprivation. FASEB J 20: 2579 –2581, 2006.

131. Dong D, Ruuska SE, Levinthal DJ, Noy N. Distinct roles for cellular retinoic acidbinding proteins I and II in regulating signaling by retinoic acid. J Biol Chem 274:
23695–23698, 1999.

112. De Lange P, Ragni M, Silvestri E, Moreno M, Schiavo L, Lombardi A, Farina P, Feola A,
Goglia F, Lanni A. Combined cDNA array/RT-PCR analysis of gene expression profile
in rat gastrocnemius muscle: relation to its adaptive function in energy metabolism
during fasting. FASEB J 18: 350 –352, 2004.

132. Dove WF, Cormier RT, Gould KA, Halberg RB, Merritt AJ, Newton MA, Shoemaker
AR. The intestinal epithelium and its neoplasms: genetic, cellular and tissue interactions. Philos Trans R Soc Lond B Biol Sci 353: 915–923, 1998.

113. De Ruyter MG, Lambert WE, De Leenheer AP. Retinoic acid: an endogenous compound of human blood. Unequivocal demonstration of endogenous retinoic acid in
normal physiological conditions. Anal Biochem 98: 402– 409, 1979.
114. De Wilde J, Smit E, Snepvangers FJ, de Wit NW, Mohren R, Hulshof MF, Mariman EC.
Adipophilin protein expression in muscle–a possible protective role against insulin
resistance. FEBS J 277: 761–773, 2010.

133. Dowell P, Ishmael JE, Avram D, Peterson VJ, Nevrivy DJ, Leid M. Identification of
nuclear receptor corepressor as a peroxisome proliferator-activated receptor alpha
interacting protein. J Biol Chem 274: 15901–15907, 1999.
134. Dowell P, Ishmael JE, Avram D, Peterson VJ, Nevrivy DJ, Leid M. p300 functions as a
coactivator for the peroxisome proliferator-activated receptor alpha. J Biol Chem 272:
33435–33443, 1997.
135. Dressel U, Allen TL, Pippal JB, Rohde PR, Lau P, Muscat GE. The peroxisome proliferator-activated receptor beta/delta agonist, GW501516, regulates the expression of
genes involved in lipid catabolism and energy uncoupling in skeletal muscle cells. Mol
Endocrinol 17: 2477–2493, 2003.

116. Delage B, Rullier A, Capdepont M, Rullier E, Cassand P. The effect of body weight on
altered expression of nuclear receptors and cyclooxygenase-2 in human colorectal
cancers. Nutr J 6: 20, 2007.

136. Dreyer C, Krey G, Keller H, Givel F, Helftenbein G, Wahli W. Control of the peroxisomal beta-oxidation pathway by a novel family of nuclear hormone receptors. Cell
68: 879 – 887, 1992.

117. Delp MD, Duan C. Composition and size of type I, IIA, IID/X, and IIB fibers and citrate
synthase activity of rat muscle. J Appl Physiol 80: 261–270, 1996.

137. Duan C, Winder WW. Nerve stimulation decreases malonyl-CoA in skeletal muscle.
J Appl Physiol 72: 901–904, 1992.

118. Delva L, Bastie JN, Rochette-Egly C, Kraiba R, Balitrand N, Despouy G, Chambon P,
Chomienne C. Physical and functional interactions between cellular retinoic acid
binding protein II and the retinoic acid-dependent nuclear complex. Mol Cell Biol 19:
7158 –7167, 1999.

138. Dunn SE, Bhat R, Straus DS, Sobel RA, Axtell R, Johnson A, Nguyen K, Mukundan L,
Moshkova M, Dugas JC, Chawla A, Steinman L. Peroxisome proliferator-activated
receptor delta limits the expansion of pathogenic Th cells during central nervous
system autoimmunity. J Exp Med 207: 1599 –1608, 2010.

119. Demirel HA, Powers SK, Naito H, Hughes M, Coombes JS. Exercise-induced alterations in skeletal muscle myosin heavy chain phenotype: dose-response relationship. J
Appl Physiol 86: 1002–1008, 1999.

139. Dyck JR, Kudo N, Barr AJ, Davies SP, Hardie DG, Lopaschuk GD. Phosphorylation control
of cardiac acetyl-CoA carboxylase by cAMP-dependent protein kinase and 5’-AMP activated protein kinase. Eur J Biochem 262: 184 –190, 1999.

120. Devchand PR, Keller H, Peters JM, Vazquez M, Gonzalez FJ, Wahli W. The PPARalpha-leukotriene B4 pathway to inflammation control. Nature 384: 39 – 43, 1996.

140. Dziadek M, Dixon KE. An autoradiographic analysis of nucleic acid synthesis in the
presumptive primordial germ cells of Xenopus laevis. J Embryol Exp Morphol 37: 13–31,
1977.

121. Di-Poi N, Michalik L, Desvergne B, Wahli W. Functions of peroxisome proliferatoractivated receptors (PPAR) in skin homeostasis. Lipids 39: 1093–1099, 2004.
122. Di-Poi N, Michalik L, Tan NS, Desvergne B, Wahli W. The anti-apoptotic role of
PPARbeta contributes to efficient skin wound healing. J Steroid Biochem Mol Biol 85:
257–265, 2003.
123. Di-Poi N, Ng CY, Tan NS, Yang Z, Hemmings BA, Desvergne B, Michalik L, Wahli W.
Epithelium-mesenchyme interactions control the activity of peroxisome proliferatoractivated receptor beta/delta during hair follicle development. Mol Cell Biol 25: 1696 –
1712, 2005.
124. Di-Poi N, Tan NS, Michalik L, Wahli W, Desvergne B. Antiapoptotic role of PPARbeta
in keratinocytes via transcriptional control of the Akt1 signaling pathway. Mol Cell 10:
721–733, 2002.

141. El Eishi N, Hegazy R, Abou Zeid O, Shaker O. Peroxisome proliferator receptor
(PPAR) beta/delta in psoriatic patients before and after two conventional therapeutic
modalities: methotrexate and PUVA. Eur J Dermatol 21: 691– 695, 2011.
142. Erdmann E, Song E, Spanheimer R, van Troostenburg de Bruyn AR, Perez A. Observational follow-up of the PROactive study: a 6-year update. Diabetes Obes Metab 16:
63–74, 2014.
143. Escher P, Braissant O, Basu-Modak S, Michalik L, Wahli W, Desvergne B. Rat PPARs:
quantitative analysis in adult rat tissues and regulation in fasting and refeeding. Endocrinology 142: 4195– 4202, 2001.
144. Esposito K, Chiodini P, Capuano A, Bellastella G, Maiorino MI, Rafaniello C, Panagiotakos
DB, Giugliano D. Colorectal cancer association with metabolic syndrome and its components: a systematic review with meta-analysis. Endocrine 44: 634 – 647, 2013.

125. Di Paola R, Crisafulli C, Mazzon E, Esposito E, Paterniti I, Galuppo M, Genovese T,
Thiemermann C, Cuzzocrea S. GW0742, a high-affinity PPAR -beta/delta agonist,
inhibits acute lung injury in mice. Shock 33: 426 – 435, 2010.

145. Essen B, Jansson E, Henriksson J, Taylor AW, Saltin B. Metabolic characteristics of
fibre types in human skeletal muscle. Acta Physiol Scand 95: 153–165, 1975.

126. Di Paola R, Esposito E, Mazzon E, Paterniti I, Galuppo M, Cuzzocrea S. GW0742, a
selective PPAR-beta/delta agonist, contributes to the resolution of inflammation after
gut ischemia/reperfusion injury. J Leukoc Biol 88: 291–301, 2010.

146. Eynon N, Meckel Y, Alves AJ, Yamin C, Sagiv M, Goldhammer E. Is there an interaction between PPARD T294C and PPARGC1A Gly482Ser polymorphisms and human
endurance performance? Exp Physiol 94: 1147–1152, 2009.

127. Dimopoulos N, Watson M, Green C, Hundal HS. The PPARdelta agonist, GW501516,
promotes fatty acid oxidation but has no direct effect on glucose utilisation or insulin
sensitivity in rat L6 skeletal muscle cells. FEBS Lett 581: 4743– 4748, 2007.

147. Fabris R, Nisoli E, Lombardi AM, Tonello C, Serra R, Granzotto M, Cusin I, RohnerJeanrenaud F, Federspil G, Carruba MO, Vettor R. Preferential channeling of energy
fuels toward fat rather than muscle during high free fatty acid availability in rats.
Diabetes 50: 601– 608, 2001.

128. Ding G, Cheng L, Qin Q, Frontin S, Yang Q. PPARdelta modulates lipopolysaccharideinduced TNFalpha inflammation signaling in cultured cardiomyocytes. J Mol Cell Cardiol 40: 821– 828, 2006.
129. Djouadi F, Aubey F, Schlemmer D, Ruiter JP, Wanders RJ, Strauss AW, Bastin J.
Bezafibrate increases very-long-chain acyl-CoA dehydrogenase protein and mRNA
expression in deficient fibroblasts and is a potential therapy for fatty acid oxidation
disorders. Hum Mol Genet 14: 2695–2703, 2005.
130. Djouadi F, Bonnefont JP, Thuillier L, Droin V, Khadom N, Munnich A, Bastin J. Correction of fatty acid oxidation in carnitine palmitoyl transferase 2-deficient cultured
skin fibroblasts by bezafibrate. Pediatr Res 54: 446 – 451, 2003.

844

148. Fan Y, Wang Y, Tang Z, Zhang H, Qin X, Zhu Y, Guan Y, Wang X, Staels B, Chien S, Wang
N. Suppression of pro-inflammatory adhesion molecules by PPAR-delta in human vascular
endothelial cells. Arteriosclerosis Thrombosis Vasc Biol 28: 315–321, 2008.
149. Farooqui AA, Ong WY, Farooqui T. Lipid mediators in the nucleus: their potential
contribution to Alzheimer’s disease. Biochim Biophys Acta 1801: 906 –916, 2010.
150. Fauconnet S, Lascombe I, Chabannes E, Adessi GL, 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 277:
23534 –23543, 2002.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

115. Defaux A, Zurich MG, Braissant O, Honegger P, Monnet-Tschudi F. Effects of the
PPAR-beta agonist GW501516 in an in vitro model of brain inflammation and antibody-induced demyelination. J Neuroinflammation 6: 15, 2009.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
151. Faust IM, Johnson PR, Stern JS, Hirsch J. Diet-induced adipocyte number increase in
adult rats: a new model of obesity. Am J Physiol Endocrinol Metab Gastrointest Physiol
235: E279 –E286, 1978.
152. Fauti T, Muller-Brusselbach S, Kreutzer M, Rieck M, Meissner W, Rapp U, Schweer H,
Komhoff M, Muller R. Induction of PPARbeta and prostacyclin (PGI2) synthesis by Raf
signaling: failure of PGI2 to activate PPARbeta. FEBS J 273: 170 –179, 2006.
153. Feige JN, Gelman L, Michalik L, Desvergne B, Wahli W. From molecular action to
physiological outputs: peroxisome proliferator-activated receptors are nuclear receptors at the crossroads of key cellular functions. Prog Lipid Res 45: 120 –159, 2006.
154. Feige JN, Gelman L, Tudor C, Engelborghs Y, Wahli W, Desvergne B. Fluorescence
imaging reveals the nuclear behavior of peroxisome proliferator-activated receptor/
retinoid X receptor heterodimers in the absence and presence of ligand. J Biol Chem
280: 17880 –17890, 2005.
155. Feilchenfeldt J, Brundler MA, Soravia C, Totsch M, Meier CA. Peroxisome proliferatoractivated receptors (PPARs) and associated transcription factors in colon cancer: reduced
expression of PPARgamma-coactivator 1 (PGC-1). Cancer Lett 203: 25–33, 2004.

171. Fu J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, Rodriguez De Fonseca F, Rosengarth
A, Luecke H, Di Giacomo B, Tarzia G, Piomelli D. Oleylethanolamide regulates
feeding and body weight through activation of the nuclear receptor PPAR-alpha.
Nature 425: 90 –93, 2003.
172. Fuchs E, Horsley V. More than one way to skin. Genes Dev 22: 976 –985, 2008.
173. Galgani JE, Moro C, Ravussin E. Metabolic flexibility and insulin resistance. Am J Physiol
Endocrinol Metab 295: E1009 –E1017, 2008.
174. Galler S, Schmitt TL, Pette D. Stretch activation, unloaded shortening velocity, and
myosin heavy chain isoforms of rat skeletal muscle fibres. J Physiol 478: 513–521,
1994.
175. Galuppo M, Di Paola R, Mazzon E, Esposito E, Paterniti I, Kapoor A, Thiemermann C,
Cuzzocrea S. GW0742, a high affinity PPAR-beta/delta agonist reduces lung inflammation induced by bleomycin instillation in mice. Int J Immunopathol Pharmacol 23:
1033–1046, 2010.

157. Ferland A, Chateau-Degat ML, Hernandez TL, Eckel RH. Tissue-specific responses of
lipoprotein lipase to dietary macronutrient composition as a predictor of weight gain
over 4 years. Obesity 20: 1006 –1011, 2012.

177. Gan Z, Burkart-Hartman EM, Han DH, Finck B, Leone TC, Smith EY, Ayala JE,
Holloszy J, Kelly DP. The nuclear receptor PPARbeta/delta programs muscle glucose
metabolism in cooperation with AMPK and MEF2. Genes Dev 25: 2619 –2630, 2011.

158. Ferretti G, Antonutto G, Denis C, Hoppeler H, Minetti AE, Narici MV, Desplanches
D. The interplay of central and peripheral factors in limiting maximal O2 consumption
in man after prolonged bed rest. J Physiol 501: 677– 686, 1997.

178. Gaudel C, Schwartz C, Giordano C, Abumrad NA, Grimaldi PA. Pharmacological
activation of PPARbeta promotes rapid and calcineurin-dependent fiber remodeling
and angiogenesis in mouse skeletal muscle. Am J Physiol Endocrinol Metab 295: E297–
E304, 2008.

159. Ferwana M, Firwana B, Hasan R, Al-Mallah MH, Kim S, Montori VM, Murad MH.
Pioglitazone and risk of bladder cancer: a meta-analysis of controlled studies. Diabet
Med 30: 1026 –1032, 2013.
160. Fevr T, Robine S, Louvard D, Huelsken J. Wnt/beta-catenin is essential for intestinal
homeostasis and maintenance of intestinal stem cells. Mol Cell Biol 27: 7551–7559,
2007.
161. Foreman JE, Chang WC, Palkar PS, Zhu B, Borland MG, Williams JL, Kramer LR,
Clapper ML, Gonzalez FJ, Peters JM. Functional characterization of peroxisome proliferator-activated receptor-beta/delta expression in colon cancer. Mol Carcinog 50:
884 –900, 2011.
162. Foreman JE, Sorg JM, McGinnis KS, Rigas B, Williams JL, Clapper ML, Gonzalez FJ,
Peters JM. Regulation of peroxisome proliferator-activated receptor-beta/delta by
the APC/beta-CATENIN pathway and nonsteroidal antiinflammatory drugs. Mol Carcinog 48: 942–952, 2009.
163. Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, and
eicosanoids are ligands for peroxisome proliferator-activated receptors alpha and
delta. Proc Natl Acad Sci USA 94: 4312– 4317, 1997.
164. Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM, Evans RM. 15-Deoxydelta 12,14-prostaglandin J2 is a ligand for the adipocyte determination factor PPAR
gamma. Cell 83: 803– 812, 1995.
165. Frey N, Frank D, Lippl S, Kuhn C, Kogler H, Barrientos T, Rohr C, Will R, Muller OJ,
Weiler H, Bassel-Duby R, Katus HA, Olson EN. Calsarcin-2 deficiency increases
exercise capacity in mice through calcineurin/NFAT activation. J Clin Invest 118:
3598 –3608, 2008.
166. Friday BB, Pavlath GK. A calcineurin- and NFAT-dependent pathway regulates Myf5
gene expression in skeletal muscle reserve cells. J Cell Sci 114: 303–310, 2001.
167. Friden J, Sjostrom M, Ekblom B. Muscle fibre type characteristics in endurance trained
and untrained individuals. Eur J Appl Physiol Occup Physiol 52: 266 –271, 1984.

179. Gauthier GF. Ultrastructural identification of muscle fiber types by immunocytochemistry. J Cell Biol 82: 391– 400, 1979.
180. Gautier JF, Choukem SP, Girard J. Physiology of incretins (GIP and GLP-1) and abnormalities in type 2 diabetes. Diabetes Metab 34 Suppl 2: S65–72, 2008.
181. Genini D, Catapano CV. Control of peroxisome proliferator-activated receptor fate
by the ubiquitinproteasome system. J Recept Signal Transduct Res 26: 679 – 692, 2006.
182. Genini D, Garcia-Escudero R, Carbone GM, Catapano CV. Transcriptional and nontranscriptional functions of PPARbeta/delta in non-small cell lung cancer. PLoS One 7:
e46009, 2012.
183. Gillilan RE, Ayers SD, Noy N. Structural basis for activation of fatty acid-binding
protein 4. J Mol Biol 372: 1246 –1260, 2007.
184. Giordano C, Rousseau AS, Wagner N, Gaudel C, Murdaca J, Jehl-Pietri C, Sibille B,
Grimaldi PA, Lopez P. Peroxisome proliferator-activated receptor beta activation
promotes myonuclear accretion in skeletal muscle of adult and aged mice. Pflügers
Arch 458: 901–913, 2009.
185. Girroir EE, Hollingshead HE, Billin AN, Willson TM, Robertson GP, Sharma AK, Amin
S, Gonzalez FJ, Peters JM. Peroxisome proliferator-activated receptor-beta/delta
(PPARbeta/delta) ligands inhibit growth of UACC903 and MCF7 human cancer cell
lines. Toxicology 243: 236 –243, 2008.
186. Girroir EE, Hollingshead HE, He P, Zhu B, Perdew GH, Peters JM. Quantitative
expression patterns of peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta) protein in mice. Biochem Biophys Res Commun 371: 456 – 461, 2008.
187. Gobin-Limballe S, Djouadi F, Aubey F, Olpin S, Andresen BS, Yamaguchi S, Mandel H,
Fukao T, Ruiter JP, Wanders RJ, McAndrew R, Kim JJ, Bastin J. Genetic basis for
correction of very-long-chain acyl-coenzyme A dehydrogenase deficiency by bezafibrate in patient fibroblasts: toward a genotype-based therapy. Am J Hum Genet 81:
1133–1143, 2007.

168. Fritz T, Kramer DK, Karlsson HK, Galuska D, Engfeldt P, Zierath JR, Krook A. Lowintensity exercise increases skeletal muscle protein expression of PPARdelta and
UCP3 in type 2 diabetic patients. Diabetes Metab Res Rev 22: 492– 498, 2006.

188. Goldenberg I, Benderly M, Goldbourt U. Update on the use of fibrates: focus on
bezafibrate. Vasc Health Risk Manag 4: 131–141, 2008.

169. Frosig C, Jorgensen SB, Hardie DG, Richter EA, Wojtaszewski JF. 5’-AMP-activated
protein kinase activity and protein expression are regulated by endurance training in
human skeletal muscle. Am J Physiol Endocrinol Metab 286: E411–E417, 2004.

189. Gollnick PD, Armstrong RB, Saubert CWt Piehl K, Saltin B. Enzyme activity and fiber
composition in skeletal muscle of untrained and trained men. J Appl Physiol 33: 312–
319, 1972.

170. Fruchart JC. Peroxisome proliferator-activated receptor-alpha (PPARalpha): at the
crossroads of obesity, diabetes and cardiovascular disease. Atherosclerosis 205: 1– 8,
2009.

190. Goodpaster BH, He J, Watkins S, Kelley DE. Skeletal muscle lipid content and insulin
resistance: evidence for a paradox in endurance-trained athletes. J Clin Endocrinol
Metab 86: 5755–5761, 2001.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

845

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

156. Feingold KR. Thematic review series: skin lipids. The role of epidermal lipids in
cutaneous permeability barrier homeostasis. J Lipid Res 48: 2531–2546, 2007.

176. Galuppo M, Di Paola R, Mazzon E, Genovese T, Crisafulli C, Paterniti I, Cuzzocrea E,
Bramanti P, Kapoor A, Thiemermann C, Cuzzocrea S. Role of PPAR-delta in the
development of zymosan-induced multiple organ failure: an experiment mice study. J
Inflamm 7: 12, 2010.

JAAP G. NEELS AND PAUL A. GRIMALDI
191. Graham TL, Mookherjee C, Suckling KE, Palmer CN, Patel L. The PPARdelta agonist
GW0742X reduces atherosclerosis in LDLR(⫺/⫺) mice. Atherosclerosis 181: 29 –37,
2005.

211. Hargreaves M. Skeletal muscle metabolism during exercise in humans. Clin Exp Pharmacol Physiol 27: 225–228, 2000.

192. Green HJ. Mechanisms of muscle fatigue in intense exercise. J Sports Sci 15: 247–256,
1997.

212. Harman FS, Nicol CJ, Marin HE, Ward JM, Gonzalez FJ, Peters JM. Peroxisome
proliferator-activated receptor-delta attenuates colon carcinogenesis. Nat Med 10:
481– 483, 2004.

193. Greene ME, Blumberg B, McBride OW, Yi HF, Kronquist K, Kwan K, Hsieh L, Greene
G, Nimer SD. Isolation of the human peroxisome proliferator activated receptor
gamma cDNA: expression in hematopoietic cells and chromosomal mapping. Gene
Expr 4: 281–299, 1995.

213. Haskova Z, Hoang B, Luo G, Morgan LA, Billin AN, Barone FC, Shearer BG, Barton
ME, Kilgore KS. Modulation of LPS-induced pulmonary neutrophil infiltration and
cytokine production by the selective PPARbeta/delta ligand GW0742. Inflamm Res 57:
314 –321, 2008.

194. Greenhaff PL, Soderlund K, Ren JM, Hultman E. Energy metabolism in single human
muscle fibres during intermittent contraction with occluded circulation. J Physiol 460:
443– 453, 1993.

214. Hatae T, Wada M, Yokoyama C, Shimonishi M, Tanabe T. Prostacyclin-dependent
apoptosis mediated by PPAR delta. J Biol Chem 276: 46260 – 46267, 2001.

195. Grimaldi PA. Regulatory functions of PPARbeta in metabolism: implications for the
treatment of metabolic syndrome. Biochim Biophys Acta 1771: 983–990, 2007.

215. Hauser S, Adelmant G, Sarraf P, Wright HM, Mueller E, Spiegelman BM. Degradation
of the peroxisome proliferator-activated receptor gamma is linked to ligand-dependent activation. J Biol Chem 275: 18527–18533, 2000.

197. Gupta RA, Tan J, Krause WF, Geraci MW, Willson TM, Dey SK, DuBois RN. Prostacyclin-mediated activation of peroxisome proliferator-activated receptor delta in
colorectal cancer. Proc Natl Acad Sci USA 97: 13275–13280, 2000.
198. Gupta RA, Wang D, Katkuri S, Wang H, Dey SK, DuBois RN. Activation of nuclear
hormone receptor peroxisome proliferator-activated receptor-delta accelerates intestinal adenoma growth. Nat Med 10: 245–247, 2004.

216. Hautala AJ, Leon AS, Skinner JS, Rao DC, Bouchard C, Rankinen T. Peroxisome
proliferator-activated receptor-delta polymorphisms are associated with physical
performance and plasma lipids: the HERITAGE Family Study. Am J Physiol Heart Circ
Physiol 292: H2498 –H2505, 2007.
217. Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Makela TP, Alessi DR, Hardie DG.
Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25
alpha/beta are upstream kinases in the AMP-activated protein kinase cascade. J Biol 2:
28, 2003.

199. Gustafsson T, Kraus WE. Exercise-induced angiogenesis-related growth and transcription factors in skeletal muscle, and their modification in muscle pathology. Front
Biosci 6: D75– 89, 2001.

218. Hawley SA, Davison M, Woods A, Davies SP, Beri RK, Carling D, Hardie DG. Characterization of the AMP-activated protein kinase kinase from rat liver and identification of threonine 172 as the major site at which it phosphorylates AMP-activated
protein kinase. J Biol Chem 271: 27879 –27887, 1996.

200. Hack K, Reilly L, Palmer C, Read KD, Norval S, Kime R, Booth K, Foerster J. Skintargeted inhibition of PPAR beta/delta by selective antagonists to treat PPAR beta/
delta-mediated psoriasis-like skin disease in vivo. PLoS One 7: e37097, 2012.

219. Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM, Frenguelli BG, Hardie
DG. Calmodulin-dependent protein kinase kinase-beta is an alternative upstream
kinase for AMP-activated protein kinase. Cell Metab 2: 9 –19, 2005.

201. Hakimi P, Yang J, Casadesus G, Massillon D, Tolentino-Silva F, Nye CK, Cabrera ME,
Hagen DR, Utter CB, Baghdy Y, Johnson DH, Wilson DL, Kirwan JP, Kalhan SC,
Hanson RW. Overexpression of the cytosolic form of phosphoenolpyruvate carboxykinase (GTP) in skeletal muscle repatterns energy metabolism in the mouse. J Biol
Chem 282: 32844 –32855, 2007.

220. He T, Lu T, d’Uscio LV, Lam CF, Lee HC, Katusic ZS. Angiogenic function of prostacyclin biosynthesis in human endothelial progenitor cells. Circ Res 103: 80 – 88, 2008.

202. Hall DB, Struhl K. The VP16 activation domain interacts with multiple transcriptional
components as determined by protein-protein cross-linking in vivo. J Biol Chem 277:
46043– 46050, 2002.
203. Hall G, Hasday JD, Rogers TB. Regulating the regulator: NF-kappaB signaling in heart.
J Mol Cell Cardiol 41: 580 –591, 2006.
204. Hamilton MT, Etienne J, McClure WC, Pavey BS, Holloway AK. Role of local contractile activity and muscle fiber type on LPL regulation during exercise. Am J Physiol
Endocrinol Metab 275: E1016 –E1022, 1998.
205. Han JK, Kim HL, Jeon KH, Choi YE, Lee HS, Kwon YW, Jang JJ, Cho HJ, Kang HJ, Oh
BH, Park YB, Kim HS. Peroxisome proliferator-activated receptor-delta activates
endothelial progenitor cells to induce angio-myogenesis through matrix metallo-proteinase-9-mediated insulin-like growth factor-1 paracrine networks. Eur Heart J 34:
1755–1765, 2013.
206. Han JK, Lee HS, Yang HM, Hur J, Jun SI, Kim JY, Cho CH, Koh GY, Peters JM, Park
KW, Cho HJ, Lee HY, Kang HJ, Oh BH, Park YB, Kim HS. Peroxisome proliferatoractivated receptor-delta agonist enhances vasculogenesis by regulating endothelial
progenitor cells through genomic and nongenomic activations of the phosphatidylinositol 3-kinase/Akt pathway. Circulation 118: 1021–1033, 2008.
207. Hansen JB, Zhang H, Rasmussen TH, Petersen RK, Flindt EN, Kristiansen K. Peroxisome proliferator-activated receptor delta (PPARdelta)-mediated regulation of preadipocyte proliferation and gene expression is dependent on cAMP signaling. J Biol
Chem 276: 3175–3182, 2001.
208. Harber MP, Gallagher PM, Trautmann J, Trappe SW. Myosin heavy chain composition
of single muscle fibers in male distance runners. Int J Sports Med 23: 484 – 488, 2002.
209. Hardie DG, Salt IP, Hawley SA, Davies SP. AMP-activated protein kinase: an ultrasensitive system for monitoring cellular energy charge. Biochem J 338: 717–722, 1999.
210. Hargreaves M. Carbohydrates and exercise. J Sports Sci 9: 17–28, 1991.

846

221. He TC, Chan TA, Vogelstein B, Kinzler KW. PPARdelta is an APC-regulated target of
nonsteroidal anti-inflammatory drugs. Cell 99: 335–345, 1999.
222. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, Morin PJ, Vogelstein
B, Kinzler KW. Identification of c-MYC as a target of the APC pathway. Science 281:
1509 –1512, 1998.
223. Helledie T, Antonius M, Sorensen RV, Hertzel AV, Bernlohr DA, Kolvraa S, Kristiansen K, Mandrup S. Lipid-binding proteins modulate ligand-dependent trans-activation
by peroxisome proliferator-activated receptors and localize to the nucleus as well as
the cytoplasm. J Lipid Res 41: 1740 –1751, 2000.
224. Hellemans K, Michalik L, Dittie A, Knorr A, Rombouts K, De Jong J, Heirman C,
Quartier E, Schuit F, Wahli W, Geerts A. Peroxisome proliferator-activated receptorbeta signaling contributes to enhanced proliferation of hepatic stellate cells. Gastroenterology 124: 184 –201, 2003.
225. Henriksen EJ, Halseth AE. Adaptive responses of GLUT-4 and citrate synthase in
fast-twitch muscle of voluntary running rats. Am J Physiol Regul Integr Comp Physiol 268:
R130 –R134, 1995.
226. Henriksson J. Effects of physical training on the metabolism of skeletal muscle. Diabetes Care 15: 1701–1711, 1992.
227. Hikida RS, Gollnick PD, Dudley GA, Convertino VA, Buchanan P. Structural and
metabolic characteristics of human skeletal muscle following 30 days of simulated
microgravity. Aviat Space Environ Med 60: 664 – 670, 1989.
228. Hill JJ, Qiu Y, Hewick RM, Wolfman NM. Regulation of myostatin in vivo by growth
and differentiation factor-associated serum protein-1: a novel protein with protease
inhibitor and follistatin domains. Mol Endocrinol 17: 1144 –1154, 2003.
229. Hojo M, Takada I, Kimura W, Fukuda K, Yasugi S. Expression patterns of the chicken
peroxisome proliferator-activated receptors (PPARs) during the development of the
digestive organs. Gene Expr Patterns 6: 171–179, 2006.
230. Hollingshead HE, Borland MG, Billin AN, Willson TM, Gonzalez FJ, Peters JM. Ligand
activation of peroxisome proliferator-activated receptor-beta/delta (PPARbeta/delta)

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

196. Gundersen K, Leberer E, Lomo T, Pette D, Staron RS. Fibre types, calcium-sequestering proteins and metabolic enzymes in denervated and chronically stimulated muscles of the rat. J Physiol 398: 177–189, 1988.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
and inhibition of cyclooxygenase 2 (COX2) attenuate colon carcinogenesis through
independent signaling mechanisms. Carcinogenesis 29: 169 –176, 2008.

250. Ibrahimi A, Bonen A, Blinn WD, Hajri T, Li X, Zhong K, Cameron R, Abumrad NA.
Muscle-specific overexpression of FAT/CD36 enhances fatty acid oxidation by contracting muscle, reduces plasma triglycerides and fatty acids, and increases plasma
glucose and insulin. J Biol Chem 274: 26761–26766, 1999.

231. Hollingshead HE, Killins RL, Borland MG, Girroir EE, Billin AN, Willson TM, Sharma
AK, Amin S, Gonzalez FJ, Peters JM. Peroxisome proliferator-activated receptorbeta/delta (PPARbeta/delta) ligands do not potentiate growth of human cancer cell
lines. Carcinogenesis 28: 2641–2649, 2007.

251. Il Lee S, Zuo X, Shureiqi I. 15-Lipoxygenase-1 as a tumor suppressor gene in colon
cancer: is the verdict in? Cancer Metastasis Rev 30: 481– 491, 2011.

232. Hollingshead HE, Morimura K, Adachi M, Kennett MJ, Billin AN, Willson TM, Gonzalez FJ, Peters JM. PPARbeta/delta protects against experimental colitis through a
ligand-independent mechanism. Dig Dis Sci 52: 2912–2919, 2007.

252. Ingjer F. Capillary supply and mitochondrial content of different skeletal muscle fiber
types in untrained and endurance-trained men. A histochemical and ultrastructural
study. Eur J Appl Physiol Occup Physiol 40: 197–209, 1979.

233. Holloszy JO. Biochemical adaptations in muscle. Effects of exercise on mitochondrial
oxygen uptake and respiratory enzyme activity in skeletal muscle. J Biol Chem 242:
2278 –2282, 1967.

253. Ishizuka M, Sawada T, Okada T, Nagata H, Takagi K, Horie T, Kubota K. Influence of
tumor peroxisome proliferator-activated receptor gamma and delta expression on
postoperative mortality of patients undergoing colorectal cancer surgery. J Invest Surg
22: 105–111, 2009.

234. Holloszy JO, Booth FW. Biochemical adaptations to endurance exercise in muscle.
Annu Rev Physiol 38: 273–291, 1976.

236. Holloway GP, Bezaire V, Heigenhauser GJ, Tandon NN, Glatz JF, Luiken JJ, Bonen A,
Spriet LL. Mitochondrial long chain fatty acid oxidation, fatty acid translocase/CD36
content and carnitine palmitoyltransferase I activity in human skeletal muscle during
aerobic exercise. J Physiol 571: 201–210, 2006.
237. Holness MJ, Kraus A, Harris RA, Sugden MC. Targeted upregulation of pyruvate
dehydrogenase kinase (PDK)-4 in slow-twitch skeletal muscle underlies the stable
modification of the regulatory characteristics of PDK induced by high-fat feeding.
Diabetes 49: 775–781, 2000.
238. Holst D, Luquet S, Nogueira V, Kristiansen K, Leverve X, Grimaldi PA. Nutritional
regulation and role of peroxisome proliferator-activated receptor delta in fatty acid
catabolism in skeletal muscle. Biochim Biophys Acta 1633: 43–50, 2003.
239. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev 87: 1409 –1439, 2007.
240. Hondares E, Pineda-Torra I, Iglesias R, Staels B, Villarroya F, Giralt M. PPARdelta, but
not PPARalpha, activates PGC-1alpha gene transcription in muscle. Biochem Biophys
Res Commun 354: 1021–1027, 2007.
241. Hong Y, Downey T, Eu KW, Koh PK, Cheah PY. A ‘metastasis-prone’ signature for
early-stage mismatch-repair proficient sporadic colorectal cancer patients and its
implications for possible therapeutics. Clin Exp Metastasis 27: 83–90, 2010.
242. Horsley V, Friday BB, Matteson S, Kegley KM, Gephart J, Pavlath GK. Regulation of the
growth of multinucleated muscle cells by an NFATC2-dependent pathway. J Cell Biol
153: 329 –338, 2001.
243. Howald H, Hoppeler H, Claassen H, Mathieu O, Straub R. Influences of endurance
training on the ultrastructural composition of the different muscle fiber types in
humans. Pflügers Arch 403: 369 –376, 1985.
244. Huang H, Starodub O, McIntosh A, Atshaves BP, Woldegiorgis G, Kier AB, Schroeder
F. Liver fatty acid-binding protein colocalizes with peroxisome proliferator activated
receptor alpha and enhances ligand distribution to nuclei of living cells. Biochemistry
43: 2484 –2500, 2004.
245. Huang H, Starodub O, McIntosh A, Kier AB, Schroeder F. Liver fatty acid-binding
protein targets fatty acids to the nucleus. Real time confocal and multiphoton fluorescence imaging in living cells. J Biol Chem 277: 29139 –29151, 2002.
246. Huang W, Glass CK. Nuclear receptors and inflammation control: molecular mechanisms and pathophysiological relevance. Arteriosclerosis thrombosis Vasc Biol 30: 1542–
1549, 2010.
247. Huin C, Corriveau L, Bianchi A, Keller JM, Collet P, Kremarik-Bouillaud P, Domenjoud L, Becuwe P, Schohn H, Menard D, Dauca M. Differential expression of peroxisome proliferator-activated receptors (PPARs) in the developing human fetal digestive tract. J Histochem Cytochem 48: 603– 611, 2000.
248. Hurley BF, Nemeth PM, Martin WH, 3rd Hagberg JM, Dalsky GP, Holloszy JO. Muscle
triglyceride utilization during exercise: effect of training. J Appl Physiol 60: 562–567,
1986.
249. Hurley RL, Anderson KA, Franzone JM, Kemp BE, Means AR, Witters LA. The Ca2⫹/
calmodulin-dependent protein kinase kinases are AMP-activated protein kinase kinases. J Biol Chem 280: 29060 –29066, 2005.

255. Issemann I, Prince RA, Tugwood JD, Green S. The peroxisome proliferator-activated
receptor:retinoid X receptor heterodimer is activated by fatty acids and fibrate hypolipidaemic drugs. J Mol Endocrinol 11: 37– 47, 1993.
256. Iwaisako K, Haimerl M, Paik YH, Taura K, Kodama Y, Sirlin C, Yu E, Yu RT, Downes
M, Evans RM, Brenner DA, Schnabl B. Protection from liver fibrosis by a peroxisome
proliferator-activated receptor delta agonist. Proc Natl Acad Sci USA 109: E1369 –
1376, 2012.
257. Jaeckel EC, Raja S, Tan J, Das SK, Dey SK, Girod DA, Tsue TT, Sanford TR. Correlation of expression of cyclooxygenase-2, vascular endothelial growth factor, and peroxisome proliferator-activated receptor delta with head and neck squamous cell
carcinoma. Arch Otolaryngol Head Neck Surg 127: 1253–1259, 2001.
258. Jager S, Handschin C, St-Pierre J, Spiegelman BM. AMP-activated protein kinase
(AMPK) action in skeletal muscle via direct phosphorylation of PGC-1alpha. Proc Natl
Acad Sci USA 104: 12017–12022, 2007.
259. Jakobsen MA, Petersen RK, Kristiansen K, Lange M, Lillevang ST. Peroxisome
proliferator-activated receptor alpha, delta, gamma1 and gamma2 expressions
are present in human monocyte-derived dendritic cells and modulate dendritic
cell maturation by addition of subtype-specific ligands. Scand J Immunol 63: 330 –
337, 2006.
260. Jehl-Pietri C, Bastie C, Gillot I, Luquet S, Grimaldi PA. Peroxisome-proliferatoractivated receptor delta mediates the effects of long-chain fatty acids on post-confluent cell proliferation. Biochem J 350: 93–98, 2000.
261. Jeppesen J, Albers PH, Rose AJ, Birk JB, Schjerling P, Dzamko N, Steinberg GR, Kiens
B. Contraction-induced skeletal muscle FAT/CD36 trafficking and FA uptake is AMPK
independent. J Lipid Res 52: 699 –711, 2011.
262. Jiang B, Liang P, Zhang B, Huang X, Xiao X. Enhancement of PPAR-beta activity by
repetitive low-grade H2O2 stress protects human umbilical vein endothelial cells from
subsequent oxidative stress-induced apoptosis. Free Radic Biol Med 46: 555–563,
2009.
263. Jiang B, Liang P, Zhang B, Song J, Huang X, Xiao X. Role of PPAR-beta in hydrogen
peroxide-induced apoptosis in human umbilical vein endothelial cells. Atherosclerosis
204: 353–358, 2009.
264. Jiang B, Ohira Y, Roy RR, Nguyen Q, Ilyina-Kakueva EI, Oganov V, Edgerton VR.
Adaptation of fibers in fast-twitch muscles of rats to spaceflight and hindlimb suspension. J Appl Physiol 73: 58S– 65S, 1992.
265. Jiang LQ, Garcia-Roves PM, de Castro Barbosa T, Zierath JR. Constitutively active
calcineurin in skeletal muscle increases endurance performance and mitochondrial
respiratory capacity. Am J Physiol Endocrinol Metab 298: E8 –E16, 2010.
266. Jiang YJ, Barish G, Lu B, Evans RM, Crumrine D, Schmuth M, Elias PM, Feingold KR.
PPARdelta activation promotes stratum corneum formation and epidermal permeability barrier development during late gestation. J Invest Dermatol 130: 511–519, 2010.
267. Jimenez R, Sanchez M, Zarzuelo MJ, Romero M, Quintela AM, Lopez-Sepulveda R,
Galindo P, Gomez-Guzman M, Haro JM, Zarzuelo A, Perez-Vizcaino F, Duarte J.
Endothelium-dependent vasodilator effects of peroxisome proliferator-activated receptor beta agonists via the phosphatidyl-inositol-3 kinase-Akt pathway. J Pharmacol
Exp Ther 332: 554 –561, 2010.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

847

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

235. Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exercise and their
metabolic consequences. J Appl Physiol 56: 831– 838, 1984.

254. Issemann I, Green S. Activation of a member of the steroid hormone receptor superfamily by peroxisome proliferators. Nature 347: 645– 650, 1990.

JAAP G. NEELS AND PAUL A. GRIMALDI
268. Johns TG, Kerlero de Rosbo N, Menon KK, Abo S, Gonzales MF, Bernard CC. Myelin
oligodendrocyte glycoprotein induces a demyelinating encephalomyelitis resembling
multiple sclerosis. J Immunol 154: 5536 –5541, 1995.
269. Jones PS, Savory R, Barratt P, Bell AR, Gray TJ, Jenkins NA, Gilbert DJ, Copeland NG,
Bell DR. Chromosomal localisation, inducibility, tissue-specific expression and strain
differences in three murine peroxisome-proliferator-activated-receptor genes. Eur J
Biochem 233: 219 –226, 1995.
270. Jong-Yeon K, Hickner RC, Dohm GL, Houmard JA. Long- and medium-chain fatty acid
oxidation is increased in exercise-trained human skeletal muscle. Metabolism 51:
460 – 464, 2002.

272. Kallenberger BC, Love JD, Chatterjee VK, Schwabe JW. A dynamic mechanism of
nuclear receptor activation and its perturbation in a human disease. Nat Struct Biol 10:
136 –140, 2003.
273. Kanakasabai S, Chearwae W, Walline CC, Iams W, Adams SM, Bright JJ. Peroxisome
proliferator-activated receptor delta agonists inhibit T helper type 1 (Th1) and Th17
responses in experimental allergic encephalomyelitis. Immunology 130: 572–588,
2010.
274. Kanakasabai S, Walline CC, Chakraborty S, Bright JJ. PPARdelta deficient mice develop elevated Th1/Th17 responses and prolonged experimental autoimmune encephalomyelitis. Brain Res 1376: 101–112, 2011.
275. Kanbara K, Sakai A, Watanabe M, Furuya E, Shimada M. Distribution of fiber types
determined by in situ hybridization of myosin heavy chain mRNA and enzyme histochemistry in rat skeletal muscles. Cell Mol Biol 43: 319 –327, 1997.
276. Kane CD, Coe NR, Vanlandingham B, Krieg P, Bernlohr DA. Expression, purification,
and ligand-binding analysis of recombinant keratinocyte lipid-binding protein (MAL1), an intracellular lipid-binding found overexpressed in neoplastic skin cells. Biochemistry 35: 2894 –2900, 1996.
277. Kane MA, Folias AE, Wang C, Napoli JL. Quantitative profiling of endogenous retinoic acid
in vivo and in vitro by tandem mass spectrometry. Anal Chem 80: 1702–1708, 2008.
278. Kang HJ, Hwang SJ, Yoon JA, Jun JH, Lim HJ, Yoon TK, Song H. Activation of peroxisome proliferators-activated receptor delta (PPARdelta) promotes blastocyst hatching in mice. Mol Hum Reprod 17: 653– 660, 2011.
279. Kang HY, Chung E, Lee M, Cho Y, Kang WH. Expression and function of peroxisome
proliferator-activated receptors in human melanocytes. Br J Dermatol 150: 462– 468,
2004.
280. Kang K, Reilly SM, Karabacak V, Gangl MR, Fitzgerald K, Hatano B, Lee CH. Adipocyte-derived Th2 cytokines and myeloid PPARdelta regulate macrophage polarization and insulin sensitivity. Cell Metab 7: 485– 495, 2008.
281. Kapoor A, Collino M, Castiglia S, Fantozzi R, Thiemermann C. Activation of peroxisome proliferator-activated receptor-beta/delta attenuates myocardial ischemia/reperfusion injury in the rat. Shock 34: 117–124, 2010.
282. Kapoor A, Shintani Y, Collino M, Osuchowski MF, Busch D, Patel NS, Sepodes B,
Castiglia S, Fantozzi R, Bishop-Bailey D, Mota-Filipe H, Yaqoob MM, Suzuki K, Bahrami S, Desvergne B, Mitchell JA, Thiemermann C. Protective role of peroxisome
proliferator-activated receptor-beta/delta in septic shock. Am J Respir Crit Care Med
182: 1506 –1515, 2010.
283. Katusic ZS, Santhanam AV, He T. Vascular effects of prostacyclin: does activation of
PPARdelta play a role? Trends Pharmacol Sci 33: 559 –564, 2012.

287. Kidani Y, Bensinger SJ. Liver X receptor and peroxisome proliferator-activated receptor
as integrators of lipid homeostasis and immunity. Immunol Rev 249: 72– 83, 2012.
288. Kiens B, Essen-Gustavsson B, Christensen NJ, Saltin B. Skeletal muscle substrate
utilization during submaximal exercise in man: effect of endurance training. J Physiol
469: 459 – 478, 1993.
289. Kilgore KS, Billin AN. PPARbeta/delta ligands as modulators of the inflammatory
response. Curr Opin Invest Drugs 9: 463– 469, 2008.
290. Kim DJ, Akiyama TE, Harman FS, Burns AM, Shan W, Ward JM, Kennett MJ, Gonzalez
FJ, Peters JM. Peroxisome proliferator-activated receptor beta (delta)-dependent
regulation of ubiquitin C expression contributes to attenuation of skin carcinogenesis.
J Biol Chem 279: 23719 –23727, 2004.
291. Kim DJ, Bility MT, Billin AN, Willson TM, Gonzalez FJ, Peters JM. PPARbeta/delta
selectively induces differentiation and inhibits cell proliferation. Cell Death Differ 13:
53– 60, 2006.
292. Kim DJ, Murray IA, Burns AM, Gonzalez FJ, Perdew GH, Peters JM. Peroxisome
proliferator-activated receptor-beta/delta inhibits epidermal cell proliferation by
down-regulation of kinase activity. J Biol Chem 280: 9519 –9527, 2005.
293. Kim HJ, Ham SA, Kim SU, Hwang JY, Kim JH, Chang KC, Yabe-Nishimura C, Seo HG.
Transforming growth factor-beta1 is a molecular target for the peroxisome proliferator-activated receptor delta. Circ Res 102: 193–200, 2008.
294. Kim NK, Joh JH, Park HR, Kim OH, Park BY, Lee CS. Differential expression profiling
of the proteomes and their mRNAs in porcine white and red skeletal muscles. Proteomics 4: 3422–3428, 2004.
295. Kleiner S, Nguyen-Tran V, Bare O, Huang X, Spiegelman B, Wu Z. PPAR␦ agonism
activates fatty acid oxidation via PGC-1␣ but does not increase mitochondrial gene
expression and function. J Biol Chem 284: 18624 –18633, 2009.
296. Kliewer SA, Forman BM, Blumberg B, Ong ES, Borgmeyer U, Mangelsdorf DJ, Umesono K, Evans RM. Differential expression and activation of a family of murine peroxisome proliferator-activated receptors. Proc Natl Acad Sci USA 91: 7355–7359, 1994.
297. Kliewer SA, Lenhard JM, Willson TM, Patel I, Morris DC, Lehmann JM. A prostaglandin J2 metabolite binds peroxisome proliferator-activated receptor gamma and promotes adipocyte differentiation. Cell 83: 813– 819, 1995.
298. Kliewer SA, Umesono K, Noonan DJ, Heyman RA, Evans RM. Convergence of 9-cis
retinoic acid and peroxisome proliferator signalling pathways through heterodimer
formation of their receptors. Nature 358: 771–774, 1992.
299. Klyde BJ, Hirsch J. Increased cellular proliferation in adipose tissue of adult rats fed a
high-fat diet. J Lipid Res 20: 705–715, 1979.
300. Knight B, Yeap BB, Yeoh GC, Olynyk JK. Inhibition of adult liver progenitor (oval) cell
growth and viability by an agonist of the peroxisome proliferator activated receptor
(PPAR) family member gamma, but not alpha or delta. Carcinogenesis 26: 1782–1792,
2005.
301. Kompare M, Rizzo WB. Mitochondrial fatty-acid oxidation disorders. Semin Pediatr
Neurol 15: 140 –149, 2008.
302. Koonen DP, Benton CR, Arumugam Y, Tandon NN, Calles-Escandon J, Glatz JF,
Luiken JJ, Bonen A. Different mechanisms can alter fatty acid transport when muscle
contractile activity is chronically altered. Am J Physiol Endocrinol Metab 286: E1042–
E1049, 2004.
303. Kopple JD, Cohen AH, Wang H, Qing D, Tang Z, Fournier M, Lewis M, Casaburi R,
Storer T. Effect of exercise on mRNA levels for growth factors in skeletal muscle of
hemodialysis patients. J Ren Nutr 16: 312–324, 2006.

284. Kaushik VK, Young ME, Dean DJ, Kurowski TG, Saha AK, Ruderman NB. Regulation
of fatty acid oxidation and glucose metabolism in rat soleus muscle: effects of AICAR.
Am J Physiol Endocrinol Metab 281: E335–E340, 2001.

304. Koster MI. Making an epidermis. Ann NY Acad Sci 1170: 7–10, 2009.

285. Kharkovskaya NA, Svinolupova SI, Khrustalev SA, Engelhardt NV, Kondalenko VF,
Poltoranina VS, Turusov VS. Transplantable mouse hepatoblastoma: histologic, ultrastructural and immunohistochemical study. Exp Pathol 40: 283–289, 1990.

305. Kramer DK, Ahlsen M, Norrbom J, Jansson E, Hjeltnes N, Gustafsson T, Krook A.
Human skeletal muscle fibre type variations correlate with PPAR alpha, PPAR delta
and PGC-1 alpha mRNA. Acta Physiol 188: 207–216, 2006.

848

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

271. Kaiser S, Park YK, Franklin JL, Halberg RB, Yu M, Jessen WJ, Freudenberg J, Chen X,
Haigis K, Jegga AG, Kong S, Sakthivel B, Xu H, Reichling T, Azhar M, Boivin GP,
Roberts RB, Bissahoyo AC, Gonzales F, Bloom GC, Eschrich S, Carter SL, Aronow JE,
Kleimeyer J, Kleimeyer M, Ramaswamy V, Settle SH, Boone B, Levy S, Graff JM,
Doetschman T, Groden J, Dove WF, Threadgill DW, Yeatman TJ, Coffey RJ Jr,
Aronow BJ. Transcriptional recapitulation and subversion of embryonic colon development by mouse colon tumor models and human colon cancer. Genome Biol 8: R131,
2007.

286. Khozoie C, Borland MG, Zhu B, Baek S, John S, Hager GL, Shah YM, Gonzalez FJ,
Peters JM. Analysis of the peroxisome proliferator-activated receptor-beta/delta
(PPARbeta/delta) cistrome reveals novel co-regulatory role of ATF4. BMC Genomics
13: 665, 2012.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
306. Kramer DK, Al-Khalili L, Guigas B, Leng Y, Garcia-Roves PM, Krook A. Role of AMP
kinase and PPARdelta in the regulation of lipid and glucose metabolism in human
skeletal muscle. J Biol Chem 282: 19313–19320, 2007.

326. Leeuw T, Pette D. Coordinate changes in the expression of troponin subunit and
myosin heavy-chain isoforms during fast-to-slow transition of low-frequency-stimulated rabbit muscle. Eur J Biochem 213: 1039 –1046, 1993.

307. Kramer DK, Al-Khalili L, Perrini S, Skogsberg J, Wretenberg P, Kannisto K, WallbergHenriksson H, Ehrenborg E, Zierath JR, Krook A. Direct activation of glucose transport in primary human myotubes after activation of peroxisome proliferator-activated
receptor delta. Diabetes 54: 1157–1163, 2005.

327. Leeuw T, Pette D. Coordinate changes of myosin light and heavy chain isoforms
during forced fiber type transitions in rabbit muscle. Dev Genet 19: 163–168, 1996.

308. Krenacs T, Molnar E, Dobo E, Dux L. Fibre typing using sarcoplasmic reticulum
Ca2⫹-ATPase and myoglobin immunohistochemistry in rat gastrocnemius muscle.
Histochem J 21: 145–155, 1989.
309. Krogsdam AM, Nielsen CA, Neve S, Holst D, Helledie T, Thomsen B, Bendixen C,
Mandrup S, Kristiansen K. Nuclear receptor corepressor-dependent repression of
peroxisome-proliferator-activated receptor delta-mediated transactivation. Biochem
J 363: 157–165, 2002.

311. Kung J, Henry RR. Thiazolidinedione safety. Expert Opin Drug Saf 11: 565–579, 2012.
312. Kwak H, Hwang I, Kim JH, Kim MY, Yang JS, Jeong S. Modulation of transcription by
the peroxisome proliferator-activated receptor delta– binding RNA aptamer in colon
cancer cells. Mol Cancer Ther 8: 2664 –2673, 2009.
313. Lakso M, Sauer B, Mosinger B Jr, Lee EJ, Manning RW, Yu SH, Mulder KL, Westphal H.
Targeted oncogene activation by site-specific recombination in transgenic mice. Proc
Natl Acad Sci USA 89: 6232– 6236, 1992.
314. Lally JS, Jain SS, Han XX, Snook LA, Glatz JF, Luiken JJ, McFarlan J, Holloway GP,
Bonen A. Caffeine-stimulated fatty acid oxidation is blunted in CD36 null mice. Acta
Physiol 205: 71– 81, 2012.
315. Langfort J, Zernicka E, Mayet-Sornay MH, Dubaniewicz A, Desplanches D. Effects of
acute and chronic hindlimb suspension on sensitivity and responsiveness to insulin in
the rat soleus muscle. Biochem Cell Biol 75: 41– 44, 1997.
316. Langley B, Thomas M, Bishop A, Sharma M, Gilmour S, Kambadur R. Myostatin
inhibits myoblast differentiation by down-regulating MyoD expression. J Biol Chem
277: 49831– 49840, 2002.
317. Larsen LN, Granlund L, Holmeide AK, Skattebol L, Nebb HI, Bremer J. Sulfur-substituted and alpha-methylated fatty acids as peroxisome proliferator-activated receptor
activators. Lipids 40: 49 –57, 2005.
318. Larsson L, Li X, Frontera WR. Effects of aging on shortening velocity and myosin
isoform composition in single human skeletal muscle cells. Am J Physiol Cell Physiol 272:
C638 –C649, 1997.
319. Lazennec G, Canaple L, Saugy D, Wahli W. Activation of peroxisome proliferatoractivated receptors (PPARs) by their ligands and protein kinase A activators. Mol
Endocrinol 14: 1962–1975, 2000.
320. Lee CH, Chawla A, Urbiztondo N, Liao D, Boisvert WA, Evans RM, Curtiss LK.
Transcriptional repression of atherogenic inflammation: modulation by PPARdelta.
Science 302: 453– 457, 2003.
321. Lee JW, Bajwa PJ, Carson MJ, Jeske DR, Cong Y, Elson CO, Lytle C, Straus DS.
Fenofibrate represses interleukin-17 and interferon-gamma expression and improves
colitis in interleukin-10-deficient mice. Gastroenterology 133: 108 –123, 2007.
322. Lee KH, Kim KH. Regulation of rat liver acetyl coenzyme A carboxylase. Evidence for
interconversion between active and inactive forms of enzyme by phosphorylation and
dephosphorylation. J Biol Chem 252: 1748 –1751, 1977.
323. Lee KS, Park JH, Lee S, Lim HJ, Park HY. PPARdelta activation inhibits angiotensin II
induced cardiomyocyte hypertrophy by suppressing intracellular Ca2⫹ signaling pathway. J Cell Biochem 106: 823– 834, 2009.
324. Lee MY, Choi R, Kim HM, Cho EJ, Kim BH, Choi YS, Naowaboot J, Lee EY, Yang YC,
Shin JY, Shin YG, Chung CH. Peroxisome proliferator-activated receptor delta agonist
attenuates hepatic steatosis by anti-inflammatory mechanism. Exp Mol Med 44: 578 –
585, 2012.
325. Lee SJ, McPherron AC. Myostatin and the control of skeletal muscle mass. Curr Opin
Genet Dev 9: 604 – 607, 1999.

329. Leontieva OV, Black JD. Identification of two distinct pathways of protein kinase
Calpha down-regulation in intestinal epithelial cells. J Biol Chem 279: 5788 –5801,
2004.
330. Letavernier E, Perez J, Joye E, Bellocq A, Fouqueray B, Haymann JP, Heudes D, Wahli
W, Desvergne B, Baud L. Peroxisome proliferator-activated receptor beta/delta exerts a strong protection from ischemic acute renal failure. J Am Soc Nephrol 16:
2395–2402, 2005.
331. Lewis JD, Ferrara A, Peng T, Hedderson M, Bilker WB, Quesenberry CP Jr, Vaughn
DJ, Nessel L, Selby J, Strom BL. Risk of bladder cancer among diabetic patients treated
with pioglitazone: interim report of a longitudinal cohort study. Diabetes Care 34:
916 –922, 2011.
332. Li AC, Binder CJ, Gutierrez A, Brown KK, Plotkin CR, Pattison JW, Valledor AF, Davis
RA, Willson TM, Witztum JL, Palinski W, Glass CK. Differential inhibition of macrophage foam-cell formation and atherosclerosis in mice by PPARalpha, beta/delta, and
gamma. J Clin Invest 114: 1564 –1576, 2004.
333. Li MD, Yang X. A retrospective on nuclear receptor regulation of inflammation:
lessons from GR and PPARs. PPAR Res 2011: 742785, 2011.
334. Li P, Akimoto T, Zhang M, Williams RS, Yan Z. Resident stem cells are not required for
exercise-induced fiber-type switching and angiogenesis but are necessary for activitydependent muscle growth. Am J Physiol Cell Physiol 290: C1461–C1468, 2006.
335. Liang YJ, Liu YC, Chen CY, Lai LP, Shyu KG, Juang SJ, Wang BW, Leu JG. Comparison
of PPARdelta and PPARgamma in inhibiting the pro-inflammatory effects of C-reactive
protein in endothelial cells. Int J Cardiol 143: 361–367, 2010.
336. Lim H, Gupta RA, Ma WG, Paria BC, Moller DE, Morrow JD, DuBois RN, Trzaskos
JM, Dey SK. Cyclo-oxygenase-2-derived prostacyclin mediates embryo implantation
in the mouse via PPARdelta. Genes Dev 13: 1561–1574, 1999.
337. Lim HJ, Moon I, Han K. Transcriptional cofactors exhibit differential preference toward peroxisome proliferator-activated receptors alpha and delta in uterine cells.
Endocrinology 145: 2886 –2895, 2004.
338. Lin J, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, Michael LF, Puigserver P, Isotani E,
Olson EN, Lowell BB, Bassel-Duby R, Spiegelman BM. Transcriptional co-activator
PGC-1 alpha drives the formation of slow-twitch muscle fibres. Nature 418: 797– 801,
2002.
339. Ling C, Poulsen P, Carlsson E, Ridderstrale M, Almgren P, Wojtaszewski J, BeckNielsen H, Groop L, Vaag A. Multiple environmental and genetic factors influence
skeletal muscle PGC-1alpha and PGC-1beta gene expression in twins. J Clin Invest
114: 1518 –1526, 2004.
340. Linn TC, Pettit FH, Reed LJ. Alpha-keto acid dehydrogenase complexes. X. Regulation of the activity of the pyruvate dehydrogenase complex from beef kidney mitochondria by phosphorylation and dephosphorylation. Proc Natl Acad Sci USA 62: 234 –
241, 1969.
341. Liou JY, Lee S, Ghelani D, Matijevic-Aleksic N, Wu KK. Protection of endothelial
survival by peroxisome proliferator-activated receptor-delta mediated 14-3-3 upregulation. Arterioscler Thromb Vasc Biol 26: 1481–1487, 2006.
342. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee
L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar AH,
Thomson JA, Ren B, Ecker JR. Human DNA methylomes at base resolution show
widespread epigenomic differences. Nature 462: 315–322, 2009.
343. Liu J, Wang P, Luo J, Huang Y, He L, Yang H, Li Q, Wu S, Zhelyabovska O, Yang Q.
Peroxisome proliferator-activated receptor beta/delta activation in adult hearts facilitates mitochondrial function and cardiac performance under pressure-overload condition. Hypertension 57: 223–230, 2011.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

849

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

310. Kudo N, Gillespie JG, Kung L, Witters LA, Schulz R, Clanachan AS, Lopaschuk GD.
Characterization of 5’AMP-activated protein kinase activity in the heart and its role in
inhibiting acetyl-CoA carboxylase during reperfusion following ischemia. Biochim Biophys Acta 1301: 67–75, 1996.

328. Lendoye E, Sibille B, Rousseau AS, Murdaca J, Grimaldi PA, Lopez P. PPARbeta
activation induces rapid changes of both AMPK subunit expression and AMPK activation in mouse skeletal muscle. Mol Endocrinol 25: 1487–1498, 2011.

JAAP G. NEELS AND PAUL A. GRIMALDI
344. Liu RZ, Graham K, Glubrecht DD, Germain DR, Mackey JR, Godbout R. Association
of FABP5 expression with poor survival in triple-negative breast cancer: implication
for retinoic acid therapy. Am J Pathol 178: 997–1008, 2011.
345. Liu S, Brown JD, Stanya KJ, Homan E, Leidl M, Inouye K, Bhargava P, Gangl MR, Dai
L, Hatano B, Hotamisligil GS, Saghatelian A, Plutzky J, Lee CH. A diurnal serum lipid
integrates hepatic lipogenesis and peripheral fatty acid use. Nature 502: 550 –554,
2013.
346. Liu S, Hatano B, Zhao M, Yen CC, Kang K, Reilly SM, Gangl MR, Gorgun C, Balschi JA,
Ntambi JM, Lee CH. Role of peroxisome proliferator-activated receptor ␦/␤ in hepatic metabolic regulation. J Biol Chem 286: 1237–1247, 2011.

364. Martinasso G, Maggiora M, Trombetta A, Canuto RA, Muzio G. Effects of di(2ethylhexyl) phthalate, a widely used peroxisome proliferator and plasticizer, on cell
growth in the human keratinocyte cell line NCTC 2544. J Toxicol Environ Health A 69:
353–365, 2006.
365. Matsakas A, Friedel A, Hertrampf T, Diel P. Short-term endurance training results in
a muscle-specific decrease of myostatin mRNA content in the rat. Acta Physiol Scand
183: 299 –307, 2005.
366. Matsushita Y, Ogawa D, Wada J, Yamamoto N, Shikata K, Sato C, Tachibana H,
Toyota N, Makino H. Activation of peroxisome proliferator-activated receptor delta
inhibits streptozotocin-induced diabetic nephropathy through anti-inflammatory
mechanisms in mice. Diabetes 60: 960 –968, 2011.
367. Matsusue K, Peters JM, Gonzalez FJ. PPARbeta/delta potentiates PPARgamma-stimulated adipocyte differentiation. FASEB J 18: 1477–1479, 2004.

348. Lloyd AC, Carpenter CA, Saggerson ED. Intertissue differences in the hysteretic
behaviour of carnitine palmitoyltransferase in the presence of malonyl-CoA. Biochem
J 237: 289 –291, 1986.

368. McAinch AJ, Lee JS, Bruce CR, Tunstall RJ, Hawley JA, Cameron-Smith D. Dietary
regulation of fat oxidative gene expression in different skeletal muscle fiber types.
Obesity Res 11: 1471–1479, 2003.

349. Lowry CV, Kimmey JS, Felder S, Chi MM, Kaiser KK, Passonneau PN, Kirk KA, Lowry
OH. Enzyme patterns in single human muscle fibers. J Biol Chem 253: 8269 – 8277,
1978.

369. McCart AE, Vickaryous NK, Silver A. Apc mice: models, modifiers and mutants. Pathol
Res Pract 204: 479 – 490, 2008.

350. Luckhurst CA, Ratcliffe M, Stein L, Furber M, Botterell S, Laughton D, Tomlinson W,
Weaver R, Chohan K, Walding A. Synthesis and biological evaluation of N-alkylated
8-oxybenz[c]azepine derivatives as selective PPARdelta agonists. Bioorg Med Chem
Lett 21: 531–536, 2011.
351. Luiken JJ, Coort SL, Willems J, Coumans WA, Bonen A, van der Vusse GJ, Glatz JF.
Contraction-induced fatty acid translocase/CD36 translocation in rat cardiac myocytes is mediated through AMP-activated protein kinase signaling. Diabetes 52: 1627–
1634, 2003.
352. Lunde IG, Ekmark M, Rana ZA, Buonanno A, Gundersen K. PPARdelta expression is
influenced by muscle activity and induces slow muscle properties in adult rat muscles
after somatic gene transfer. J Physiol 582: 1277–1287, 2007.
353. Luquet S, Lopez-Soriano J, Holst D, Fredenrich A, Melki J, Rassoulzadegan M,
Grimaldi PA. Peroxisome proliferator-activated receptor delta controls muscle development and oxidative capability. FASEB J 17: 2299 –2301, 2003.
354. Lytton J, Westlin M, Burk SE, Shull GE, MacLennan DH. Functional comparisons
between isoforms of the sarcoplasmic or endoplasmic reticulum family of calcium
pumps. J Biol Chem 267: 14483–14489, 1992.
355. Mahoney DJ, Parise G, Melov S, Safdar A, Tarnopolsky MA. Analysis of global mRNA
expression in human skeletal muscle during recovery from endurance exercise. FASEB
J 19: 1498 –1500, 2005.
356. Malenfant P, Joanisse DR, Theriault R, Goodpaster BH, Kelley DE, Simoneau JA. Fat
content in individual muscle fibers of lean and obese subjects. Int J Obes Relat Metab
Disord 25: 1316 –1321, 2001.
357. Malla RR, Gopinath S, Gondi CS, Alapati K, Dinh DH, Gujrati M, Rao JS. Cathepsin B
and uPAR knockdown inhibits tumor-induced angiogenesis by modulating VEGF expression in glioma. Cancer Gene Ther 18: 419 – 434, 2011.
358. Man MQ, Barish GD, Schmuth M, Crumrine D, Barak Y, Chang S, Jiang Y, Evans RM,
Elias PM, Feingold KR. Deficiency of PPARbeta/delta in the epidermis results in defective cutaneous permeability barrier homeostasis and increased inflammation. J
Invest Dermatol 128: 370 –377, 2008.
359. Mancuso M, Filosto M, Choub A, Tentorio M, Broglio L, Padovani A, Siciliano G.
Mitochondrial DNA-related disorders. Biosci Rep 27: 31–37, 2007.
360. Mandard S, Patsouris D. Nuclear control of the inflammatory response in mammals by
peroxisome proliferator-activated receptors. PPAR Res 2013: 613864, 2013.
361. Marin HE, Peraza MA, Billin AN, Willson TM, Ward JM, Kennett MJ, Gonzalez FJ,
Peters JM. Ligand activation of peroxisome proliferator-activated receptor beta inhibits colon carcinogenesis. Cancer Res 66: 4394 – 4401, 2006.
362. Marks R. The stratum corneum barrier: the final frontier. J Nutr 134: 2017S–2021S,
2004.
363. Martelli AM, Fala F, Faenza I, Billi AM, Cappellini A, Manzoli L, Cocco L. Metabolism
and signaling activities of nuclear lipids. Cell Mol Life Sci 61: 1143–1156, 2004.

850

370. McCroskery S, Thomas M, Maxwell L, Sharma M, Kambadur R. Myostatin negatively
regulates satellite cell activation and self-renewal. J Cell Biol 162: 1135–1147, 2003.
371. McGarry JD. Banting lecture 2001: dysregulation of fatty acid metabolism in the
etiology of type 2 diabetes. Diabetes 51: 7–18, 2002.
372. McGarry JD, Brown NF. The mitochondrial carnitine palmitoyltransferase system.
From concept to molecular analysis. Eur J Biochem 244: 1–14, 1997.
373. McGarry JD, Mills SE, Long CS, Foster DW. Observations on the affinity for carnitine,
and malonyl-CoA sensitivity, of carnitine palmitoyltransferase I in animal and human
tissues. Demonstration of the presence of malonyl-CoA in non-hepatic tissues of the
rat. Biochem J 214: 21–28, 1983.
374. McIntosh AL, Atshaves BP, Hostetler HA, Huang H, Davis J, Lyuksyutova OI, Landrock D, Kier AB, Schroeder F. Liver type fatty acid binding protein (L-FABP) gene
ablation reduces nuclear ligand distribution and peroxisome proliferator-activated
receptor-alpha activity in cultured primary hepatocytes. Arch Biochem Biophys 485:
160 –173, 2009.
375. McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in mice by a
new TGF-beta superfamily member. Nature 387: 83–90, 1997.
376. McPherron AC, Lee SJ. Double muscling in cattle due to mutations in the myostatin
gene. Proc Natl Acad Sci USA 94: 12457–12461, 1997.
377. Meissner M, Hrgovic I, Doll M, Kaufmann R. PPARdelta agonists suppress angiogenesis in a VEGFR2-dependent manner. Arch Dermatol Res 303: 41– 47, 2011.
378. Meng H, Bentley TB, Pittman RN. Myoglobin content of hamster skeletal muscles. J
Appl Physiol 74: 2194 –2197, 1993.
379. Merrill GF, Kurth EJ, Rasmussen BB, Winder WW. Influence of malonyl-CoA and
palmitate concentration on rate of palmitate oxidation in rat muscle. J Appl Physiol 85:
1909 –1914, 1998.
380. Michalik L, Desvergne B, Basu-Modak S, Tan NS, Wahli W. Nuclear hormone receptors and mouse skin homeostasis: implication of PPARbeta. Horm Res 54: 263–268,
2000.
381. Michalik L, Desvergne B, Tan NS, Basu-Modak S, Escher P, Rieusset J, Peters JM, Kaya
G, Gonzalez FJ, Zakany J, Metzger D, Chambon P, Duboule D, Wahli W. Impaired skin
wound healing in peroxisome proliferator-activated receptor (PPAR)alpha and PPARbeta mutant mice. J Cell Biol 154: 799 – 814, 2001.
382. Michalik L, Wahli W. Involvement of PPAR nuclear receptors in tissue injury and
wound repair. J Clin Invest 116: 598 – 606, 2006.
383. Michalik L, Wahli W. Peroxisome proliferator-activated receptors (PPARs) in skin
health, repair and disease. Biochim Biophys Acta 1771: 991–998, 2007.
384. Michel RN, Chin ER, Chakkalakal JV, Eibl JK, Jasmin BJ. Ca2⫹/calmodulin-based signalling in the regulation of the muscle fibre phenotype and its therapeutic potential via
modulation of utrophin A and myostatin expression. Appl Physiol Nutr Metab 32:
921–929, 2007.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

347. Lizcano JM, Goransson O, Toth R, Deak M, Morrice NA, Boudeau J, Hawley SA, Udd
L, Makela TP, Hardie DG, Alessi DR. LKB1 is a master kinase that activates 13 kinases
of the AMPK subfamily, including MARK/PAR-1. EMBO J 23: 833– 843, 2004.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
385. Michel RN, Dunn SE, Chin ER. Calcineurin and skeletal muscle growth. Proc Nutr Soc
63: 341–349, 2004.
386. Michiels JF, Perrin C, Leccia N, Massi D, Grimaldi P, Wagner N. PPARbeta activation
inhibits melanoma cell proliferation involving repression of the Wilms’ tumour suppressor WT1. Pflügers Arch 459: 689 –703, 2010.
387. Minutoli L, Antonuccio P, Polito F, Bitto A, Squadrito F, Irrera N, Nicotina PA, Fazzari
C, Montalto AS, Di Stefano V, Romeo C, Altavilla D. Peroxisome proliferator activated receptor beta/delta activation prevents extracellular regulated kinase 1/2 phosphorylation and protects the testis from ischemia and reperfusion injury. J Urol 181:
1913–1921, 2009.
388. Miura P, Chakkalakal JV, Boudreault L, Belanger G, Hebert RL, Renaud JM, Jasmin BJ.
Pharmacological activation of PPARbeta/delta stimulates utrophin A expression in
skeletal muscle fibers and restores sarcolemmal integrity in mature mdx mice. Hum
Mol Genet 18: 4640 – 4649, 2009.

390. Mole PA, Oscai LB, Holloszy JO. Adaptation of muscle to exercise. Increase in levels
of palmityl Coa synthetase, carnitine palmityltransferase, and palmityl Coa dehydrogenase, and in the capacity to oxidize fatty acids. J Clin Invest 50: 2323–2330, 1971.
391. Molnar F, Matilainen M, Carlberg C. Structural determinants of the agonist-independent association of human peroxisome proliferator-activated receptors with coactivators. J Biol Chem 280: 26543–26556, 2005.
392. Monami M, Dicembrini I, Mannucci E. Thiazolidinediones and cancer: results of a
meta-analysis of randomized clinical trials. Acta Diabetol 51: 91–101, 2014.
393. Monk JM, Kim W, Callaway E, Turk HF, Foreman JE, Peters JM, He W, Weeks B,
Alaniz RC, McMurray DN, Chapkin RS. Immunomodulatory action of dietary fish oil
and targeted deletion of intestinal epithelial cell PPARdelta in inflammation-induced
colon carcinogenesis. Am J Physiol Gastrointest Liver Physiol 302: G153–G167, 2012.
394. Montagner A, Delgado MB, Tallichet-Blanc C, Chan JS, Sng MK, Mottaz H, Degueurce
G, Lippi Y, Moret C, Baruchet M, Antsiferova M, Werner S, Hohl D, Saati TA, Farmer
PJ, Tan NS, Michalik L, Wahli W. Src is activated by the nuclear receptor peroxisome
proliferator-activated receptor beta/delta in ultraviolet radiation-induced skin cancer.
EMBO Mol Med 6: 80 –98, 2014.
395. Montagner A, Rando G, Degueurce G, Leuenberger N, Michalik L, Wahli W. New
insights into the role of PPARs. Prostaglandins Leukot Essent Fatty Acids 85: 235–243,
2011.
396. Moraes LA, Piqueras L, Bishop-Bailey D. Peroxisome proliferator-activated receptors
and inflammation. Pharmacol Ther 110: 371–385, 2006.
397. Morifuji M, Sanbongi C, Sugiura K. Dietary soya protein intake and exercise training
have an additive effect on skeletal muscle fatty acid oxidation enzyme activities and
mRNA levels in rats. Br J Nutr 96: 469 – 475, 2006.
398. Muindi JR, Frankel SR, Huselton C, DeGrazia F, Garland WA, Young CW, Warrell RP
Jr. Clinical pharmacology of oral all-trans retinoic acid in patients with acute promyelocytic leukemia. Cancer Res 52: 2138 –2142, 1992.
399. Muller-Brusselbach S, Komhoff M, Rieck M, Meissner W, Kaddatz K, Adamkiewicz J,
Keil B, Klose KJ, Moll R, Burdick AD, Peters JM, Muller R. Deregulation of tumor
angiogenesis and blockade of tumor growth in PPARbeta-deficient mice. EMBO J 26:
3686 –3698, 2007.
400. Muoio DM, MacLean PS, Lang DB, Li S, Houmard JA, Way JM, Winegar DA, Corton
JC, Dohm GL, Kraus WE. Fatty acid homeostasis and induction of lipid regulatory
genes in skeletal muscles of peroxisome proliferator-activated receptor (PPAR) alpha
knock-out mice. Evidence for compensatory regulation by PPAR delta. J Biol Chem
277: 26089 –26097, 2002.
401. Murakami T, Shimomura Y, Fujitsuka N, Nakai N, Sugiyama S, Ozawa T, Sokabe M,
Horai S, Tokuyama K, Suzuki M. Enzymatic and genetic adaptation of soleus muscle
mitochondria to physical training in rats. Am J Physiol Endocrinol Metab 267: E388 –
E395, 1994.

403. Nadra K, Anghel SI, Joye E, Tan NS, Basu-Modak S, Trono D, Wahli W, Desvergne B.
Differentiation of trophoblast giant cells and their metabolic functions are dependent
on peroxisome proliferator-activated receptor beta/delta. Mol Cell Biol 26: 3266 –
3281, 2006.
404. Nagasawa T, Inada Y, Nakano S, Tamura T, Takahashi T, Maruyama K, Yamazaki Y,
Kuroda J, Shibata N. Effects of bezafibrate, PPAR pan-agonist, and GW501516,
PPARdelta agonist, on development of steatohepatitis in mice fed a methionine- and
choline-deficient diet. Eur J Pharmacol 536: 182–191, 2006.
405. Nagatomo F, Fujino H, Kondo H, Suzuki H, Kouzaki M, Takeda I, Ishihara A. PGC1alpha and FOXO1 mRNA levels and fiber characteristics of the soleus and plantaris
muscles in rats after hindlimb unloading. Histol Histopathol 26: 1545–1553, 2011.
406. Nahle Z, Hsieh M, Pietka T, Coburn CT, Grimaldi PA, Zhang MQ, Das D, Abumrad
NA. CD36-dependent regulation of muscle FoxO1 and PDK4 in the PPAR delta/betamediated adaptation to metabolic stress. J Biol Chem 283: 14317–14326, 2008.
407. Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo E, Mihaylova MM, Nelson
MC, Zou Y, Juguilon H, Kang H, Shaw RJ, Evans RM. AMPK and PPARdelta agonists
are exercise mimetics. Cell 134: 405– 415, 2008.
408. Narkar VA, Fan W, Downes M, Yu RT, Jonker JW, Alaynick WA, Banayo E, Karunasiri
MS, Lorca S, Evans RM. Exercise and PGC-1alpha-independent synchronization of
type I muscle metabolism and vasculature by ERRgamma. Cell Metab 13: 283–293,
2011.
409. Naruhn S, Meissner W, Adhikary T, Kaddatz K, Klein T, Watzer B, Muller-Brusselbach
S, Muller R. 15-Hydroxyeicosatetraenoic acid is a preferential peroxisome proliferator-activated receptor beta/delta agonist. Mol Pharmacol 77: 171–184, 2010.
410. Naya FJ, Mercer B, Shelton J, Richardson JA, Williams RS, Olson EN. Stimulation of
slow skeletal muscle fiber gene expression by calcineurin in vivo. J Biol Chem 275:
4545– 4548, 2000.
411. Neumiller JJ. Incretin pharmacology: a review of the incretin effect and current incretin-based therapies. Cardiovasc Hematol Agents Med Chem 10: 276 –288, 2012.
412. Nickoloff BJ, Xin H, Nestle FO, Qin JZ. The cytokine and chemokine network in
psoriasis. Clin Dermatol 25: 568 –573, 2007.
413. Nijsten T, Geluyckens E, Colpaert C, Lambert J. Peroxisome proliferator-activated
receptors in squamous cell carcinoma and its precursors. J Cutan Pathol 32: 340 –347,
2005.
414. Noakes TD. Physiological models to understand exercise fatigue and the adaptations
that predict or enhance athletic performance. Scand J Med Sci Sports 10: 123–145,
2000.
415. Nolte RT, Wisely GB, Westin S, Cobb JE, Lambert MH, Kurokawa R, Rosenfeld MG,
Willson TM, Glass CK, Milburn MV. Ligand binding and co-activator assembly of the
peroxisome proliferator-activated receptor-gamma. Nature 395: 137–143, 1998.
416. Notterman DA, Alon U, Sierk AJ, Levine AJ. Transcriptional gene expression profiles
of colorectal adenoma, adenocarcinoma, and normal tissue examined by oligonucleotide arrays. Cancer Res 61: 3124 –3130, 2001.
417. Oakhill JS, Steel R, Chen ZP, Scott JW, Ling N, Tam S, Kemp BE. AMPK is a direct
adenylate charge-regulated protein kinase. Science 332: 1433–1435, 2011.
418. Odegaard JI, Ricardo-Gonzalez RR, Red Eagle A, Vats D, Morel CR, Goforth MH,
Subramanian V, Mukundan L, Ferrante AW, Chawla A. Alternative M2 activation of
Kupffer cells by PPARdelta ameliorates obesity-induced insulin resistance. Cell Metab
7: 496 –507, 2008.
419. Oishi Y. Relationship between myosin heavy chain IId isoform and fibre types in soleus
muscle of the rat after hindlimb suspension. Eur J Appl Physiol Occup Physiol 66: 451–
454, 1993.
420. Oliver WR Jr, Shenk JL, Snaith MR, Russell CS, Plunket KD, Bodkin NL, Lewis MC,
Winegar DA, Sznaidman ML, Lambert MH, Xu HE, Sternbach DD, Kliewer SA,
Hansen BC, Willson TM. A selective peroxisome proliferator-activated receptor delta
agonist promotes reverse cholesterol transport. Proc Natl Acad Sci USA 98: 5306 –
5311, 2001.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

851

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

389. Modica S, Gofflot F, Murzilli S, D’Orazio A, Salvatore L, Pellegrini F, Nicolucci A,
Tognoni G, Copetti M, Valanzano R, Veschi S, Mariani-Costantini R, Palasciano G,
Schoonjans K, Auwerx J, Moschetta A. The intestinal nuclear receptor signature with
epithelial localization patterns and expression modulation in tumors. Gastroenterology
138: 636 – 648, 2010.

402. Murakami T, Shimomura Y, Fujitsuka N, Sugiyama S. Differential adaptation to endurance training between heart and gastrocnemius muscle mitochondria in rats. Biochem
Mol Biol Int 36: 285–290, 1995.

JAAP G. NEELS AND PAUL A. GRIMALDI
421. Ooi EM, Watts GF, Sprecher DL, Chan DC, Barrett PH. Mechanism of action of a
peroxisome proliferator-activated receptor (PPAR)-delta agonist on lipoprotein metabolism in dyslipidemic subjects with central obesity. J Clin Endocrinol Metab 96:
E1568 –1576, 2011.
422. Orner GA, Dashwood WM, Blum CA, Diaz GD, Li Q, Dashwood RH. Suppression of
tumorigenesis in the Apc(min) mouse: down-regulation of beta-catenin signaling by a
combination of tea plus sulindac. Carcinogenesis 24: 263–267, 2003.
423. Ouellette AJ. Paneth cell alpha-defensins in enteric innate immunity. Cell Mol Life Sci
68: 2215–2229, 2011.
424. Pais R, Silaghi H, Silaghi AC, Rusu ML, Dumitrascu DL. Metabolic syndrome and risk of
subsequent colorectal cancer. World J Gastroenterol 15: 5141–5148, 2009.
425. Pakrasi PL, Jain AK. Cyclooxygenase-2 derived PGE2 and PGI2 play an important role
via EP2 and PPARdelta receptors in early steps of oil induced decidualization in mice.
Placenta 29: 523–530, 2008.

427. Parcell AC, Sawyer RD, Craig Poole R. Single muscle fiber myosin heavy chain distribution in elite female track athletes. Med Sci Sports Exerc 35: 434 – 438, 2003.
428. Park BH, Vogelstein B, Kinzler KW. Genetic disruption of PPARdelta decreases the
tumorigenicity of human colon cancer cells. Proc Natl Acad Sci USA 98: 2598 –2603,
2001.
429. Park JH, Lee KS, Lim HJ, Kim H, Kwak HJ, Park HY. The PPARdelta ligand L-165041
inhibits VEGF-induced angiogenesis, but the antiangiogenic effect is not related to
PPARdelta. J Cell Biochem 113: 1947–1954, 2012.
430. Patel MS, Roche TE. Molecular biology and biochemistry of pyruvate dehydrogenase
complexes. FASEB J 4: 3224 –3233, 1990.
431. Paterniti I, Mazzon E, Riccardi L, Galuppo M, Impellizzeri D, Esposito E, Bramanti P,
Cappellani A, Cuzzocrea S. Peroxisome proliferator-activated receptor beta/delta
agonist GW0742 ameliorates cerulein- and taurocholate-induced acute pancreatitis in
mice. Surgery 152: 90 –106, 2012.
432. Payne CM, Stern LZ, Curless RG, Hannapel LK. Ultrastructural fiber typing in normal
and diseased human muscle. J Neurol Sci 25: 99 –108, 1975.
433. Pearson JD. Endothelial progenitor cells–an evolving story. Microvasc Res 79: 162–
168, 2010.
434. Peeters LL, Vigne JL, Tee MK, Zhao D, Waite LL, Taylor RN. PPAR gamma represses
VEGF expression in human endometrial cells: implications for uterine angiogenesis.
Angiogenesis 8: 373–379, 2005.
435. Pellieux C, Montessuit C, Papageorgiou I, Lerch R. Angiotensin II downregulates the
fatty acid oxidation pathway in adult rat cardiomyocytes via release of tumour necrosis factor-alpha. Cardiovasc Res 82: 341–350, 2009.
436. Perry CG, Heigenhauser GJ, Bonen A, Spriet LL. High-intensity aerobic interval training increases fat and carbohydrate metabolic capacities in human skeletal muscle. Appl
Physiol Nutr Metab 33: 1112–1123, 2008.

443. Peters JM, Lee SS, Li W, Ward JM, Gavrilova O, Everett C, Reitman ML, Hudson LD,
Gonzalez FJ. Growth, adipose, brain, and skin alterations resulting from targeted
disruption of the mouse peroxisome proliferator-activated receptor beta(delta). Mol
Cell Biol 20: 5119 –5128, 2000.
444. Peters JM, Shah YM, Gonzalez FJ. The role of peroxisome proliferator-activated
receptors in carcinogenesis and chemoprevention. Nat Rev Cancer 12: 181–195,
2012.
445. Peters SJ, Harris RA, Wu P, Pehleman TL, Heigenhauser GJ, Spriet LL. Human skeletal
muscle PDH kinase activity and isoform expression during a 3-day high-fat/low-carbohydrate diet. Am J Physiol Endocrinol Metab 281: E1151–E1158, 2001.
446. Peters SJ, Samjoo IA, Devries MC, Stevic I, Robertshaw HA, Tarnopolsky MA. Perilipin family (PLIN) proteins in human skeletal muscle: the effect of sex, obesity, and
endurance training. Appl Physiol Nutr Metab 37: 724 –735, 2012.
447. Pfeffer G, Chinnery PF. Diagnosis and treatment of mitochondrial myopathies. Ann
Med 45: 4 –16, 2013.
448. Picardo M, Ottaviani M, Camera E, Mastrofrancesco A. Sebaceous gland lipids. Dermatoendocrinology 1: 68 –71, 2009.
449. Pilegaard H, Saltin B, Neufer PD. Effect of short-term fasting and refeeding on transcriptional regulation of metabolic genes in human skeletal muscle. Diabetes 52: 657–
662, 2003.
450. Piqueras L, Reynolds AR, Hodivala-Dilke KM, Alfranca A, Redondo JM, Hatae T,
Tanabe T, Warner TD, Bishop-Bailey D. Activation of PPARbeta/delta induces endothelial cell proliferation and angiogenesis. Arterioscler Thromb Vasc Biol 27: 63– 69,
2007.
451. Piqueras L, Sanz MJ, Perretti M, Morcillo E, Norling L, Mitchell JA, Li Y, Bishop-Bailey
D. Activation of PPARbeta/delta inhibits leukocyte recruitment, cell adhesion molecule expression, and chemokine release. J Leukoc Biol 86: 115–122, 2009.
452. Planavila A, Laguna JC, Vazquez-Carrera M. Nuclear factor-kappaB activation leads to
down-regulation of fatty acid oxidation during cardiac hypertrophy. J Biol Chem 280:
17464 –17471, 2005.
453. Planavila A, Rodriguez-Calvo R, Jove M, Michalik L, Wahli W, Laguna JC, VazquezCarrera M. Peroxisome proliferator-activated receptor beta/delta activation inhibits
hypertrophy in neonatal rat cardiomyocytes. Cardiovasc Res 65: 832– 841, 2005.
454. Plomgaard P, Penkowa M, Leick L, Pedersen BK, Saltin B, Pilegaard H. The mRNA
expression profile of metabolic genes relative to MHC isoform pattern in human
skeletal muscles. J Appl Physiol 101: 817– 825, 2006.
455. Poirier H, Niot I, Monnot MC, Braissant O, Meunier-Durmort C, Costet P, Pineau T,
Wahli W, Willson TM, Besnard P. Differential involvement of peroxisome-proliferator-activated receptors alpha and delta in fibrate and fatty-acid-mediated inductions
of the gene encoding liver fatty-acid-binding protein in the liver and the small intestine.
Biochem J 355: 481– 488, 2001.

437. Perry CG, Lally J, Holloway GP, Heigenhauser GJ, Bonen A, Spriet LL. Repeated
transient mRNA bursts precede increases in transcriptional and mitochondrial proteins during training in human skeletal muscle. J Physiol 588: 4795– 4810, 2010.

456. Pola R, Gaetani E, Flex A, Aprahamian TR, Bosch-Marce M, Losordo DW, Smith RC,
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 36: 363–370, 2004.

438. Pesant M, Sueur S, Dutartre P, Tallandier M, Grimaldi PA, Rochette L, Connat JL.
Peroxisome proliferator-activated receptor delta (PPARdelta) activation protects
H9c2 cardiomyoblasts from oxidative stress-induced apoptosis. Cardiovasc Res 69:
440 – 449, 2006.

457. Polak PE, Kalinin S, Dello Russo C, Gavrilyuk V, Sharp A, Peters JM, Richardson J,
Willson TM, Weinberg G, Feinstein DL. Protective effects of a peroxisome proliferator-activated receptor-beta/delta agonist in experimental autoimmune encephalomyelitis. J Neuroimmunol 168: 65–75, 2005.

439. Peters JM, Aoyama T, Burns AM, Gonzalez FJ. Bezafibrate is a dual ligand for PPARalpha and PPARbeta: studies using null mice. Biochim Biophys Acta 1632: 80 – 89, 2003.

458. Premzl A, Turk V, Kos J. Intracellular proteolytic activity of cathepsin B is associated
with capillary-like tube formation by endothelial cells in vitro. J Cell Biochem 97:
1230 –1240, 2006.

440. Peters JM, Foreman JE, Gonzalez FJ. Dissecting the role of peroxisome proliferatoractivated receptor-beta/delta (PPARbeta/delta) in colon, breast, and lung carcinogenesis. Cancer Metastasis Rev 30: 619 – 640, 2011.

459. Priego T, Sanchez J, Pico C, Palou A. Sex-differential expression of metabolismrelated genes in response to a high-fat diet. Obesity 16: 819 – 826, 2008.

441. Peters JM, Gonzalez FJ. Sorting out the functional role(s) of peroxisome proliferatoractivated receptor-beta/delta (PPARbeta/delta) in cell proliferation and cancer.
Biochim Biophys Acta 1796: 230 –241, 2009.

460. Puigserver P, Spiegelman BM. Peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic regulator. Endocr Rev 24: 78 –90, 2003.

852

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

426. Palmer CN, Hsu MH, Griffin HJ, Johnson EF. Novel sequence determinants in peroxisome proliferator signaling. J Biol Chem 270: 16114 –16121, 1995.

442. Peters JM, Hollingshead HE, Gonzalez FJ. Role of peroxisome-proliferator-activated
receptor beta/delta (PPARbeta/delta) in gastrointestinal tract function and disease.
Clin Sci 115: 107–127, 2008.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
461. Puntschart A, Claassen H, Jostarndt K, Hoppeler H, Billeter R. mRNAs of enzymes
involved in energy metabolism and mtDNA are increased in endurance-trained athletes. Am J Physiol Cell Physiol 269: C619 –C625, 1995.

480. Rivier M, Safonova I, Lebrun P, Griffiths CE, Ailhaud G, Michel S. Differential expression of peroxisome proliferator-activated receptor subtypes during the differentiation
of human keratinocytes. J Invest Dermatol 111: 1116 –1121, 1998.

462. Putman CT, Sultan KR, Wassmer T, Bamford JA, Skorjanc D, Pette D. Fiber-type
transitions and satellite cell activation in low-frequency-stimulated muscles of young
and aging rats. J Gerontol A Biol Sci Med Sci 56: B510 –519, 2001.

481. Robergs RA, Ghiasvand F, Parker D. Biochemistry of exercise-induced metabolic
acidosis. Am J Physiol Regul Integr Comp Physiol 287: R502–R516, 2004.

463. Quintela AM, Jimenez R, Gomez-Guzman M, Zarzuelo MJ, Galindo P, Sanchez M,
Vargas F, Cogolludo A, Tamargo J, Perez-Vizcaino F, Duarte J. Activation of peroxisome proliferator-activated receptor-beta/-delta (PPARbeta/delta) prevents endothelial dysfunction in type 1 diabetic rats. Free Radic Biol Med 53: 730 –741, 2012.

482. Rodriguez-Calvo R, Serrano L, Coll T, Moullan N, Sanchez RM, Merlos M, Palomer X,
Laguna JC, Michalik L, Wahli W, Vazquez-Carrera M. Activation of peroxisome proliferator-activated receptor beta/delta inhibits lipopolysaccharide-induced cytokine
production in adipocytes by lowering nuclear factor-kappaB activity via extracellular
signal-related kinase 1/2. Diabetes 57: 2149 –2157, 2008.

464. Quivy V, Van Lint C. Regulation at multiple levels of NF-kappaB-mediated transactivation by protein acetylation. Biochem Pharmacol 68: 1221–1229, 2004.

483. Roeder RG. Transcriptional regulation and the role of diverse coactivators in animal
cells. FEBS Lett 579: 909 –915, 2005.

465. Ramsay RR, Gandour RD, van der Leij FR. Molecular enzymology of carnitine transfer
and transport. Biochim Biophys Acta 1546: 21– 43, 2001.

484. Romanowska M, al Yacoub N, Seidel H, Donandt S, Gerken H, Phillip S, Haritonova
N, Artuc M, Schweiger S, Sterry W, Foerster J. PPARdelta enhances keratinocyte
proliferation in psoriasis and induces heparin-binding EGF-like growth factor. J Invest
Dermatol 128: 110 –124, 2008.

467. Raue U, Slivka D, Jemiolo B, Hollon C, Trappe S. Myogenic gene expression at rest
and after a bout of resistance exercise in young (18 –30 yr) and old (80 – 89 yr) women.
J Appl Physiol 101: 53–59, 2006.
468. Reed KR, Sansom OJ, Hayes AJ, Gescher AJ, Winton DJ, Peters JM, Clarke AR.
PPARdelta status and Apc-mediated tumourigenesis in the mouse intestine. Oncogene
23: 8992– 8996, 2004.
469. Reed LJ, Hackert ML. Structure-function relationships in dihydrolipoamide acyltransferases. J Biol Chem 265: 8971– 8974, 1990.
470. Rehman J, Li J, Orschell CM, March KL. Peripheral blood “endothelial progenitor
cells” are derived from monocyte/macrophages and secrete angiogenic growth factors. Circulation 107: 1164 –1169, 2003.
471. Reichenbach G, Starzinski-Powitz A, Doll M, Hrgovic I, Maria Valesky E, Kippenberger S, Bernd A, Kaufmann R, Meissner M. Ligand activation of peroxisome proliferator-activated receptor delta suppresses cathepsin B expression in human endothelial cells in a posttranslational manner. Exp Dermatol 21: 751–757, 2012.
472. Reiser PJ, Moss RL, Giulian GG, Greaser ML. Shortening velocity in single fibers from
adult rabbit soleus muscles is correlated with myosin heavy chain composition. J Biol
Chem 260: 9077–9080, 1985.
473. Riahi Y, Sin-Malia Y, Cohen G, Alpert E, Gruzman A, Eckel J, Staels B, Guichardant M,
Sasson S. The natural protective mechanism against hyperglycemia in vascular endothelial cells: roles of the lipid peroxidation product 4-hydroxydodecadienal and peroxisome proliferator-activated receptor delta. Diabetes 59: 808 – 818, 2010.
474. Rich PR. The molecular machinery of Keilin’s respiratory chain. Biochem Soc Trans 31:
1095–1105, 2003.
475. Ricoy JR, Encinas AR, Cabello A, Madero S, Arenas J. Histochemical study of the vastus
lateralis muscle fibre types of athletes. J Physiol Biochem 54: 41– 47, 1998.
476. Rieck M, Meissner W, Ries S, Muller-Brusselbach S, Muller R. Ligand-mediated regulation of peroxisome proliferator-activated receptor (PPAR) beta/delta: a comparative analysis of PPAR-selective agonists and all-trans retinoic acid. Mol Pharmacol 74:
1269 –1277, 2008.
477. Riserus U, Sprecher D, Johnson T, Olson E, Hirschberg S, Liu A, Fang Z, Hegde P,
Richards D, Sarov-Blat L, Strum JC, Basu S, Cheeseman J, Fielding BA, Humphreys
SM, Danoff T, Moore NR, Murgatroyd P, O’Rahilly S, Sutton P, Willson T, Hassall D,
Frayn KN, Karpe F. Activation of peroxisome proliferator-activated receptor
(PPAR)delta promotes reversal of multiple metabolic abnormalities, reduces oxidative stress, and increases fatty acid oxidation in moderately obese men. Diabetes 57:
332–339, 2008.
478. Ritz P, Acheson KJ, Gachon P, Vico L, Bernard JJ, Alexandre C, Beaufrere B. Energy
and substrate metabolism during a 42-day bed-rest in a head-down tilt position in
humans. Eur J Appl Physiol Occup Physiol 78: 308 –314, 1998.
479. Rival Y, Beneteau N, Taillandier T, Pezet M, Dupont-Passelaigue E, Patoiseau JF,
Junquero D, Colpaert FC, Delhon A. PPARalpha and PPARdelta activators inhibit
cytokine-induced nuclear translocation of NF-kappaB and expression of VCAM-1 in
EAhy926 endothelial cells. Eur J Pharmacol 435: 143–151, 2002.

485. Romanowska M, Reilly L, Palmer CN, Gustafsson MC, Foerster J. Activation of PPARbeta/delta causes a psoriasis-like skin disease in vivo. PLoS One 5: e9701, 2010.
486. Roth SM, Martel GF, Ferrell RE, Metter EJ, Hurley BF, Rogers MA. Myostatin gene
expression is reduced in humans with heavy-resistance strength training: a brief communication. Exp Biol Med 228: 706 –709, 2003.
487. Roy RR, Monke SR, Allen DL, Edgerton VR. Modulation of myonuclear number in
functionally overloaded and exercised rat plantaris fibers. J Appl Physiol 87: 634 – 642,
1999.
488. Russell AP, Hesselink MK, Lo SK, Schrauwen P. Regulation of metabolic transcriptional co-activators and transcription factors with acute exercise. FASEB J 19: 986 –
988, 2005.
489. Sabates-Bellver J, Van der Flier LG, de Palo M, Cattaneo E, Maake C, Rehrauer H,
Laczko E, Kurowski MA, Bujnicki JM, Menigatti M, Luz J, Ranalli TV, Gomes V, Pastorelli A, Faggiani R, Anti M, Jiricny J, Clevers H, Marra G. Transcriptome profile of
human colorectal adenomas. Mol Cancer Res 5: 1263–1275, 2007.
490. Saha AK, Kurowski TG, Ruderman NB. A malonyl-CoA fuel-sensing mechanism in
muscle: effects of insulin, glucose, and denervation. Am J Physiol Endocrinol Metab 269:
E283–E289, 1995.
491. Saha AK, Laybutt DR, Dean D, Vavvas D, Sebokova E, Ellis B, Klimes I, Kraegen EW,
Shafrir E, Ruderman NB. Cytosolic citrate and malonyl-CoA regulation in rat muscle
in vivo. Am J Physiol Endocrinol Metab 276: E1030 –E1037, 1999.
492. Saha AK, Vavvas D, Kurowski TG, Apazidis A, Witters LA, Shafrir E, Ruderman NB.
Malonyl-CoA regulation in skeletal muscle: its link to cell citrate and the glucose-fatty
acid cycle. Am J Physiol Endocrinol Metab 272: E641–E648, 1997.
493. Sahlin K, Tonkonogi M, Soderlund K. Energy supply and muscle fatigue in humans.
Acta Physiol Scand 162: 261–266, 1998.
494. Sakuma S, Endo T, Kanda T, Nakamura H, Yamasaki S, Yamakawa T. Synthesis of a
novel human PPARdelta selective agonist and its stimulatory effect on oligodendrocyte differentiation. Bioorg Med Chem Lett 21: 240 –244, 2011.
495. Salviati G, Betto R, Danieli Betto D. Polymorphism of myofibrillar proteins of rabbit
skeletal-muscle fibres. An electrophoretic study of single fibres. Biochem J 207: 261–
272, 1982.
496. Samec S, Seydoux J, Dulloo AG. Interorgan signaling between adipose tissue metabolism and skeletal muscle uncoupling protein homologs: is there a role for circulating
free fatty acids? Diabetes 47: 1693–1698, 1998.
497. Samec S, Seydoux J, Russell AP, Montani JP, Dulloo AG. Skeletal muscle heterogeneity
in fasting-induced upregulation of genes encoding UCP2, UCP3, PPARgamma and key
enzymes of lipid oxidation. Pflügers Arch 445: 80 – 86, 2002.
498. Sanchez-Siles AA, Ishimura N, Rumi MA, Tamagawa Y, Ito S, Ishihara S, Nabika T,
Kinoshita Y. Administration of PPARbeta/delta agonist reduces copper-induced liver
damage in mice: possible implications in clinical practice. J Clin Biochem Nutr 49:
42– 49, 2011.
499. Sanderson LM, Boekschoten MV, Desvergne B, Muller M, Kersten S. Transcriptional
profiling reveals divergent roles of PPARalpha and PPARbeta/delta in regulation of
gene expression in mouse liver. Physiol Genomics 41: 42–52, 2010.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

853

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

466. Rasmussen BB, Wolfe RR. Regulation of fatty acid oxidation in skeletal muscle. Annu
Rev Nutr 19: 463– 484, 1999.

JAAP G. NEELS AND PAUL A. GRIMALDI
500. Saremi A, Gharakhanloo R, Sharghi S, Gharaati MR, Larijani B, Omidfar K. Effects of
oral creatine and resistance training on serum myostatin and GASP-1. Mol Cell Endocrinol 317: 25–30, 2010.
501. Savage DB, Choi CS, Samuel VT, Liu ZX, Zhang D, Wang A, Zhang XM, Cline GW, Yu
XX, Geisler JG, Bhanot S, Monia BP, Shulman GI. Reversal of diet-induced hepatic
steatosis and hepatic insulin resistance by antisense oligonucleotide inhibitors of
acetyl-CoA carboxylases 1 and 2. J Clin Invest 116: 817– 824, 2006.
502. Scaglia F, Towbin JA, Craigen WJ, Belmont JW, Smith EO, Neish SR, Ware SM, Hunter
JV, Fernbach SD, Vladutiu GD, Wong LJ, Vogel H. Clinical spectrum, morbidity, and
mortality in 113 pediatric patients with mitochondrial disease. Pediatrics 114: 925–
931, 2004.
503. Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial biogenesis and
function. Physiol Rev 88: 611– 638, 2008.

505. Schantz P, Henriksson J, Jansson E. Adaptation of human skeletal muscle to endurance
training of long duration. Clin Physiol 3: 141–151, 1983.
506. Scharl M, Rogler G. Inflammatory bowel disease pathogenesis: what is new? Curr Opin
Gastroenterol 28: 301–309, 2012.
507. Schiaffino S, Reggiani C. Fiber types in mammalian skeletal muscles. Physiol Rev 91:
1447–1531, 2011.
508. Schmidt A, Endo N, Rutledge SJ, Vogel R, Shinar D, Rodan GA. Identification of a new
member of the steroid hormone receptor superfamily that is activated by a peroxisome proliferator and fatty acids. Mol Endocrinol 6: 1634 –1641, 1992.
509. Schmuth M, Haqq CM, Cairns WJ, Holder JC, Dorsam S, Chang S, Lau P, Fowler AJ,
Chuang G, Moser AH, Brown BE, Mao-Qiang M, Uchida Y, Schoonjans K, Auwerx J,
Chambon P, Willson TM, Elias PM, Feingold KR. Peroxisome proliferator-activated
receptor (PPAR)-beta/delta stimulates differentiation and lipid accumulation in keratinocytes. J Invest Dermatol 122: 971–983, 2004.

521. Seip RL, Angelopoulos TJ, Semenkovich CF. Exercise induces human lipoprotein
lipase gene expression in skeletal muscle but not adipose tissue. Am J Physiol Endocrinol
Metab 268: E229 –E236, 1995.
522. Serrano-Marco L, Barroso E, El Kochairi I, Palomer X, Michalik L, Wahli W, VazquezCarrera M. The peroxisome proliferator-activated receptor (PPAR) beta/delta agonist GW501516 inhibits IL-6-induced signal transducer and activator of transcription 3
(STAT3) activation and insulin resistance in human liver cells. Diabetologia 55: 743–
751, 2012.
523. Serrano-Marco L, Rodriguez-Calvo R, El Kochairi I, Palomer X, Michalik L, Wahli W,
Vazquez-Carrera M. Activation of peroxisome proliferator-activated receptor-beta/delta (PPAR-beta/-delta) ameliorates insulin signaling and reduces SOCS3 levels by
inhibiting STAT3 in interleukin-6-stimulated adipocytes. Diabetes 60: 1990 –1999,
2011.
524. Seth A, Steel JH, Nichol D, Pocock V, Kumaran MK, Fritah A, Mobberley M, Ryder TA,
Rowlerson A, Scott J, Poutanen M, White R, Parker M. The transcriptional corepressor RIP140 regulates oxidative metabolism in skeletal muscle. Cell Metab 6: 236 –245,
2007.
525. Shan W, Nicol CJ, Ito S, Bility MT, Kennett MJ, Ward JM, Gonzalez FJ, Peters JM.
Peroxisome proliferator-activated receptor-beta/delta protects against chemically induced liver toxicity in mice. Hepatology 47: 225–235, 2008.
526. Shan W, Palkar PS, Murray IA, McDevitt EI, Kennett MJ, Kang BH, Isom HC, Perdew
GH, Gonzalez FJ, Peters JM. Ligand activation of peroxisome proliferator-activated
receptor beta/delta (PPARbeta/delta) attenuates carbon tetrachloride hepatotoxicity
by downregulating proinflammatory gene expression. Toxicol Sci 105: 418 – 428,
2008.
527. Shao J, Sheng H, DuBois RN. Peroxisome proliferator-activated receptors modulate
K-Ras-mediated transformation of intestinal epithelial cells. Cancer Res 62: 3282–
3288, 2002.

510. Schnegg CI, Kooshki M, Hsu FC, Sui G, Robbins ME. PPARdelta prevents radiationinduced proinflammatory responses in microglia via transrepression of NF-kappaB
and inhibition of the PKCalpha/MEK1/2/ERK1/2/AP-1 pathway. Free Radic Biol Med
52: 1734 –1743, 2012.

528. Shaw CS, Shepherd SO, Wagenmakers AJ, Hansen D, Dendale P, van Loon LJ. Prolonged exercise training increases intramuscular lipid content and perilipin 2 expression in type I muscle fibers of patients with type 2 diabetes. Am J Physiol Endocrinol
Metab 303: E1158 –E1165, 2012.

511. Schnegg CI, Robbins ME. Neuroprotective mechanisms of PPARdelta: modulation of
oxidative stress and inflammatory processes. PPAR Res 2011: 373560, 2011.

529. Shaw N, Elholm M, Noy N. Retinoic acid is a high affinity selective ligand for the
peroxisome proliferator-activated receptor beta/delta. J Biol Chem 278: 41589 –
41592, 2003.

512. Schote AB, Turner JD, Schiltz J, Muller CP. Nuclear receptors in human immune cells:
expression and correlations. Mol Immunol 44: 1436 –1445, 2007.
513. Schrauwen P, van Marken Lichtenbelt WD, Saris WH, Westerterp KR. Changes in fat
oxidation in response to a high-fat diet. Am J Clin Nutr 66: 276 –282, 1997.

530. Shearer BG, Steger DJ, Way JM, Stanley TB, Lobe DC, Grillot DA, Iannone MA, Lazar
MA, Willson TM, Billin AN. Identification and characterization of a selective peroxisome proliferator-activated receptor beta/delta (NR1C2) antagonist. Mol Endocrinol
22: 523–529, 2008.

514. Schug TT, Berry DC, Shaw NS, Travis SN, Noy N. Opposing effects of retinoic acid on
cell growth result from alternate activation of two different nuclear receptors. Cell
129: 723–733, 2007.

531. Sheng L, Ye P, Liu YX, Han CG, Zhang ZY. Peroxisome proliferator-activated receptor beta/delta activation improves angiotensin II-induced cardiac hypertrophy in vitro.
Clin Exp Hypertens 30: 109 –119, 2008.

515. Schug TT, Berry DC, Toshkov IA, Cheng L, Nikitin AY, Noy N. Overcoming retinoic
acid-resistance of mammary carcinomas by diverting retinoic acid from PPARbeta/
delta to RAR. Proc Natl Acad Sci USA 105: 7546 –7551, 2008.
516. Schuler M, Ali F, Chambon C, Duteil D, Bornert JM, Tardivel A, Desvergne B, Wahli
W, Chambon P, Metzger D. PGC1alpha expression is controlled in skeletal muscles
by PPARbeta, whose ablation results in fiber-type switching, obesity, and type 2
diabetes. Cell Metab 4: 407– 414, 2006.
517. Schuler M, Pette D. Fiber transformation and replacement in low-frequency stimulated rabbit fast-twitch muscles. Cell Tissue Res 285: 297–303, 1996.

532. Shi Y, Hon M, Evans RM. The peroxisome proliferator-activated receptor delta, an
integrator of transcriptional repression and nuclear receptor signaling. Proc Natl Acad
Sci USA 99: 2613–2618, 2002.
533. Shillabeer G, Lau DC. Regulation of new fat cell formation in rats: the role of dietary
fats. J Lipid Res 35: 592– 600, 1994.
534. Shureiqi I, Jiang W, Zuo X, Wu Y, Stimmel JB, Leesnitzer LM, Morris JS, Fan HZ,
Fischer SM, Lippman SM. The 15-lipoxygenase-1 product 13-S-hydroxyoctadecadienoic acid down-regulates PPAR-delta to induce apoptosis in colorectal cancer cells.
Proc Natl Acad Sci USA 100: 9968 –9973, 2003.
535. Sieber OM, Tomlinson IP, Lamlum H. The adenomatous polyposis coli (APC) tumour
suppressor– genetics, function and disease. Mol Med Today 6: 462– 469, 2000.

518. Schulman IG, Shao G, Heyman RA. Transactivation by retinoid X receptor-peroxisome proliferator-activated receptor gamma (PPARgamma) heterodimers: intermolecular synergy requires only the PPARgamma hormone-dependent activation function. Mol Cell Biol 18: 3483–3494, 1998.

536. Simard C, Lacaille M, Vallieres J. Enzymatic adaptations to suspension hypokinesia in
skeletal muscle of young and old rats. Mech Ageing Dev 33: 1–9, 1985.

519. Schwarz JJ, Chakraborty T, Martin J, Zhou JM, Olson EN. The basic region of myogenin cooperates with two transcription activation domains to induce muscle-specific
transcription. Mol Cell Biol 12: 266 –275, 1992.

537. Simoneau JA, Kaufmann M, Pette D. Asynchronous increases in oxidative capacity and
resistance to fatigue of electrostimulated muscles of rat and rabbit. J Physiol 460:
573–580, 1993.

854

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

504. Schaefer AM, McFarland R, Blakely EL, He L, Whittaker RG, Taylor RW, Chinnery PF,
Turnbull DM. Prevalence of mitochondrial DNA disease in adults. Ann Neurol 63:
35–39, 2008.

520. Scicchitano BM, Spath L, Musaro A, Molinaro M, Rosenthal N, Nervi C, Adamo S.
Vasopressin-dependent myogenic cell differentiation is mediated by both Ca2⫹/calmodulin-dependent kinase and calcineurin pathways. Mol Biol Cell 16: 3632–3641,
2005.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
538. Simoneau JA, Pette D. Specific effects of low-frequency stimulation upon energy
metabolism in tibialis anterior muscles of mouse, rat, guinea pig and rabbit. Reprod
Nutr Dev 28: 781–784, 1988.
539. Siriett V, Salerno MS, Berry C, Nicholas G, Bower R, Kambadur R, Sharma M. Antagonism of myostatin enhances muscle regeneration during sarcopenia. Mol Ther 15:
1463–1470, 2007.
540. Sjogaard G. Capillary supply and cross-sectional area of slow and fast twitch muscle
fibres in man. Histochemistry 76: 547–555, 1982.
541. Skogsberg J, Kannisto K, Cassel TN, Hamsten A, Eriksson P, Ehrenborg E. Evidence
that peroxisome proliferator-activated receptor delta influences cholesterol metabolism in men. Arterioscler Thromb Vasc Biol 23: 637– 643, 2003.

determine mitochondrial function and change in aerobic physical fitness and insulin
sensitivity during lifestyle intervention. J Clin Endocrinol Metab 92: 1827–1833, 2007.
558. Stein T, Schluter M, Galante A, Soteropoulos P, Tolias P, Grindeland R, Moran M,
Wang T, Polansky M, Wade C. Energy metabolism pathways in rat muscle under
conditions of simulated microgravity. J Nutr Biochem 13: 471, 2002.
559. Stephen RL, Gustafsson MC, Jarvis M, Tatoud R, Marshall BR, Knight D, Ehrenborg E,
Harris AL, Wolf CR, Palmer CN. Activation of peroxisome proliferator-activated
receptor delta stimulates the proliferation of human breast and prostate cancer cell
lines. Cancer Res 64: 3162–3170, 2004.
560. Stienen GJ, Kiers JL, Bottinelli R, Reggiani C. Myofibrillar ATPase activity in skinned
human skeletal muscle fibres: fibre type and temperature dependence. J Physiol 493:
299 –307, 1996.
561. Storch J, Thumser AE. Tissue-specific functions in the fatty acid-binding protein family.
J Biol Chem 285: 32679 –32683, 2010.

543. Smathers RL, Petersen DR. The human fatty acid-binding protein family: evolutionary
divergences and functions. Hum Genomics 5: 170 –191, 2011.

562. Storey SM, McIntosh AL, Huang H, Martin GG, Landrock KK, Landrock D, Payne HR,
Kier AB, Schroeder F. Loss of intracellular lipid binding proteins differentially impacts
saturated fatty acid uptake and nuclear targeting in mouse hepatocytes. Am J Physiol
Gastrointest Liver Physiol 303: G837–G850, 2012.

544. Smith BK, Jain SS, Rimbaud S, Dam A, Quadrilatero J, Ventura-Clapier R, Bonen A,
Holloway GP. FAT/CD36 is located on the outer mitochondrial membrane, upstream
of long-chain acyl-CoA synthetase, and regulates palmitate oxidation. Biochem J 437:
125–134, 2011.
545. Smith HK, Maxwell L, Rodgers CD, McKee NH, Plyley MJ. Exercise-enhanced satellite cell proliferation and new myonuclear accretion in rat skeletal muscle. J Appl
Physiol 90: 1407–1414, 2001.

563. Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C, Gould KA,
Dove WF. Multiple intestinal neoplasia caused by a mutation in the murine homolog of
the APC gene. Science 256: 668 – 670, 1992.
564. Sugden MC, Kraus A, Harris RA, Holness MJ. Fibre-type specific modification of the
activity and regulation of skeletal muscle pyruvate dehydrogenase kinase (PDK) by
prolonged starvation and refeeding is associated with targeted regulation of PDK
isoenzyme 4 expression. Biochem J 346: 651– 657, 2000.

546. Smith SR, de Jonge L, Zachwieja JJ, Roy H, Nguyen T, Rood JC, Windhauser MM, Bray
GA. Fat and carbohydrate balances during adaptation to a high-fat. Am J Clin Nutr 71:
450 – 457, 2000.

565. Summers SA. Ceramides in insulin resistance and lipotoxicity. Prog Lipid Res 45: 42–72,
2006.

547. Snijders T, Verdijk LB, van Loon LJ. The impact of sarcopenia and exercise training on
skeletal muscle satellite cells. Ageing Res Rev 8: 328 –338, 2009.

566. Sussman F, de Lera AR. Ligand recognition by RAR and RXR receptors: binding and
selectivity. J Med Chem 48: 6212– 6219, 2005.

548. Song SO, Kim KJ, Lee BW, Kang ES, Cha BS, Lee HC. The risk of bladder cancer in
korean diabetic subjects treated with pioglitazone. Diabetes Metab J 36: 371–378,
2012.

567. Suter M, Riek U, Tuerk R, Schlattner U, Wallimann T, Neumann D. Dissecting the role
of 5’-AMP for allosteric stimulation, activation, and deactivation of AMP-activated
protein kinase. J Biol Chem 281: 32207–32216, 2006.

549. Spamer C, Pette D. Activities of malate dehydrogenase, 3-hydroxyacyl-CoA dehydrogenase and fructose-1,6-diphosphatase with regard to metabolic subpopulations
of fast- and slow-twitch fibres in rabbit muscles. Histochemistry 60: 9 –19, 1979.

568. Suwa M, Nakano H, Kumagai S. Effects of chronic AICAR treatment on fiber composition, enzyme activity, UCP3, and PGC-1 in rat muscles. J Appl Physiol 95: 960 –968,
2003.

550. Spamer C, Pette D. Activity patterns of phosphofructokinase, glyceraldehydephosphate dehydrogenase, lactate dehydrogenase and malate dehydrogenase in microdissected fast and slow fibres from rabbit psoas and soleus muscle. Histochemistry 52:
201–216, 1977.

569. Sznaidman ML, Haffner CD, Maloney PR, Fivush A, Chao E, Goreham D, Sierra ML,
LeGrumelec C, Xu HE, Montana VG, Lambert MH, Willson TM, Oliver WR Jr, Sternbach DD. Novel selective small molecule agonists for peroxisome proliferator-activated receptor delta (PPARdelta)–synthesis and biological activity. Bioorg Med Chem
Lett 13: 1517–1521, 2003.

551. Sprecher DL, Massien C, Pearce G, Billin AN, Perlstein I, Willson TM, Hassall DG,
Ancellin N, Patterson SD, Lobe DC, Johnson TG. Triglyceride:high-density lipoprotein cholesterol effects in healthy subjects administered a peroxisome proliferator
activated receptor delta agonist. Arterioscler Thromb Vasc Biol 27: 359 –365, 2007.
552. Spriet LL, Tunstall RJ, Watt MJ, Mehan KA, Hargreaves M, Cameron-Smith D. Pyruvate dehydrogenase activation and kinase expression in human skeletal muscle during
fasting. J Appl Physiol 96: 2082–2087, 2004.
553. Staiger H, Haas C, Machann J, Werner R, Weisser M, Schick F, Machicao F, Stefan N,
Fritsche A, Haring HU. Muscle-derived angiopoietin-like protein 4 is induced by fatty
acids via peroxisome proliferator-activated receptor (PPAR)-delta and is of metabolic
relevance in humans. Diabetes 58: 579 –589, 2009.
554. Stanley CA, Hale DE. Genetic disorders of mitochondrial fatty acid oxidation. Curr
Opin Pediatr 6: 476 – 481, 1994.
555. Staron RS, Kraemer WJ, Hikida RS, Fry AC, Murray JD, Campos GE. Fiber type
composition of four hindlimb muscles of adult Fisher 344 rats. Histochem Cell Biol 111:
117–123, 1999.
556. Stavinoha MA, Rayspellicy JW, Hart-Sailors ML, Mersmann HJ, Bray MS, Young ME.
Diurnal variations in the responsiveness of cardiac and skeletal muscle to fatty acids.
Am J Physiol Endocrinol Metab 287: E878 –E887, 2004.
557. Stefan N, Thamer C, Staiger H, Machicao F, Machann J, Schick F, Venter C, Niess A,
Laakso M, Fritsche A, Haring HU. Genetic variations in PPARD and PPARGC1A

570. Takada I, Yu RT, Xu HE, Lambert MH, Montana VG, Kliewer SA, Evans RM, Umesono
K. Alteration of a single amino acid in peroxisome proliferator-activated receptoralpha (PPAR alpha) generates a PPAR delta phenotype. Mol Endocrinol 14: 733–740,
2000.
571. Takata Y, Chu V, Collins AR, Lyon CJ, Wang W, Blaschke F, Bruemmer D, Caglayan E,
Daley W, Higaki J, Fishbein MC, Tangirala RK, Law RE, Hsueh WA. Transcriptional
repression of ATP-binding cassette transporter A1 gene in macrophages: a novel
atherosclerotic effect of angiotensin II. Circ Res 97: e88 –96, 2005.
572. Takata Y, Liu J, Yin F, Collins AR, Lyon CJ, Lee CH, Atkins AR, Downes M, Barish GD,
Evans RM, Hsueh WA, Tangirala RK. PPARdelta-mediated antiinflammatory mechanisms inhibit angiotensin II-accelerated atherosclerosis. Proc Natl Acad Sci USA 105:
4277– 4282, 2008.
573. Takayama O, Yamamoto H, Damdinsuren B, Sugita Y, Ngan CY, Xu X, Tsujino T,
Takemasa I, Ikeda M, Sekimoto M, Matsuura N, Monden M. Expression of PPARdelta
in multistage carcinogenesis of the colorectum: implications of malignant cancer morphology. Br J Cancer 95: 889 – 895, 2006.
574. Takekura H, Yoshioka T. Ultrastructural and metabolic profiles on single muscle fibers
of different types after hindlimb suspension in rats. Jpn J Physiol 39: 385–396, 1989.
575. Talanian JL, Holloway GP, Snook LA, Heigenhauser GJ, Bonen A, Spriet LL. Exercise
training increases sarcolemmal and mitochondrial fatty acid transport proteins in
human skeletal muscle. Am J Physiol Endocrinol Metab 299: E180 –E188, 2010.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

855

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

542. Skrzypczak M, Goryca K, Rubel T, Paziewska A, Mikula M, Jarosz D, Pachlewski J,
Oledzki J, Ostrowski J. Modeling oncogenic signaling in colon tumors by multidirectional analyses of microarray data directed for maximization of analytical reliability.
PLoS One 5: 2010.

JAAP G. NEELS AND PAUL A. GRIMALDI
576. Talmadge RJ, Roy RR, Edgerton VR. Distribution of myosin heavy chain isoforms in
non-weight-bearing rat soleus muscle fibers. J Appl Physiol 81: 2540 –2546, 1996.

isome proliferator-activated receptor mobility in living cells. J Biol Chem 282: 4417–
4426, 2007.

577. Talmadge RJ, Roy RR, Edgerton VR. Prominence of myosin heavy chain hybrid fibers
in soleus muscle of spinal cord-transected rats. J Appl Physiol 78: 1256 –1265, 1995.

597. Tugwood JD, Issemann I, Anderson RG, Bundell KR, McPheat WL, Green S. The
mouse peroxisome proliferator activated receptor recognizes a response element in
the 5’ flanking sequence of the rat acyl CoA oxidase gene. EMBO J 11: 433– 439, 1992.

578. Tan NS, Michalik L, Desvergne B, Wahli W. Peroxisome proliferator-activated receptor-beta as a target for wound healing drugs. Expert Opin Ther Targets 8: 39 – 48, 2004.
579. Tan NS, Michalik L, Noy N, Yasmin R, Pacot C, Heim M, Fluhmann B, Desvergne B,
Wahli W. Critical roles of PPAR beta/delta in keratinocyte response to inflammation.
Genes Dev 15: 3263–3277, 2001.
580. Tan NS, Shaw NS, Vinckenbosch N, Liu P, Yasmin R, Desvergne B, Wahli W, Noy N.
Selective cooperation between fatty acid binding proteins and peroxisome proliferator-activated receptors in regulating transcription. Mol Cell Biol 22: 5114 –5127, 2002.

599. Turner N, Bruce CR, Beale SM, Hoehn KL, So T, Rolph MS, Cooney GJ. Excess lipid
availability increases mitochondrial fatty acid oxidative capacity in muscle: evidence
against a role for reduced fatty acid oxidation in lipid-induced insulin resistance in
rodents. Diabetes 56: 2085–2092, 2007.
600. Turner RM, Kwok CS, Chen-Turner C, Maduakor CA, Singh S, Loke YK. Thiazolidinediones and associated risk of bladder cancer: a systematic review and meta-analysis.
Br J Clin Pharmacol 2013; doi:10.1111/bcp.12306.

583. Tenenbaum A, Boyko V, Fisman EZ, Goldenberg I, Adler Y, Feinberg MS, Motro M,
Tanne D, Shemesh J, Schwammenthal E, Behar S. Does the lipid-lowering peroxisome
proliferator-activated receptors ligand bezafibrate prevent colon cancer in patients
with coronary artery disease? Cardiovasc Diabetol 7: 18, 2008.

601. Uhlen M, Bjorling E, Agaton C, Szigyarto CA, Amini B, Andersen E, Andersson AC,
Angelidou P, Asplund A, Asplund C, Berglund L, Bergstrom K, Brumer H, Cerjan D,
Ekstrom M, Elobeid A, Eriksson C, Fagerberg L, Falk R, Fall J, Forsberg M, Bjorklund
MG, Gumbel K, Halimi A, Hallin I, Hamsten C, Hansson M, Hedhammar M, Hercules
G, Kampf C, Larsson K, Lindskog M, Lodewyckx W, Lund J, Lundeberg J, Magnusson
K, Malm E, Nilsson P, Odling J, Oksvold P, Olsson I, Oster E, Ottosson J, Paavilainen
L, Persson A, Rimini R, Rockberg J, Runeson M, Sivertsson A, Skollermo A, Steen J,
Stenvall M, Sterky F, Stromberg S, Sundberg M, Tegel H, Tourle S, Wahlund E,
Walden A, Wan J, Wernerus H, Westberg J, Wester K, Wrethagen U, Xu LL, Hober S,
Ponten F. A human protein atlas for normal and cancer tissues based on antibody
proteomics. Mol Cell Proteomics 4: 1920 –1932, 2005.

584. Tenenbaum A, Motro M, Fisman EZ. Dual and pan-peroxisome proliferator-activated
receptors (PPAR) co-agonism: the bezafibrate lessons. Cardiovasc Diabetol 4: 14,
2005.

602. Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, Zwahlen M,
Kampf C, Wester K, Hober S, Wernerus H, Bjorling L, Ponten F. Towards a knowledge-based Human Protein Atlas. Nat Biotechnol 28: 1248 –1250, 2010.

585. Terada S, Goto M, Kato M, Kawanaka K, Shimokawa T, Tabata I. Effects of lowintensity prolonged exercise on PGC-1 mRNA expression in rat epitrochlearis muscle. Biochem Biophys Res Commun 296: 350 –354, 2002.

603. Ullman TA, Itzkowitz SH. Intestinal inflammation and cancer. Gastroenterology 140:
1807–1816, 2011.

582. Taylor WE, Bhasin S, Artaza J, Byhower F, Azam M, Willard DH Jr, Kull FC Jr,
Gonzalez-Cadavid N. Myostatin inhibits cell proliferation and protein synthesis in
C2C12 muscle cells. Am J Physiol Endocrinol Metab 280: E221–E228, 2001.

586. Terzic J, Grivennikov S, Karin E, Karin M. Inflammation and colon cancer. Gastroenterology 138: 2101–2114 e2105, 2010.
587. Tetsu O, McCormick F. Beta-catenin regulates expression of cyclin D1 in colon
carcinoma cells. Nature 398: 422– 426, 1999.
588. Thamer C, Machann J, Stefan N, Schafer SA, Machicao F, Staiger H, Laakso M,
Bottcher M, Claussen C, Schick F, Fritsche A, Haring HU. Variations in PPARD
determine the change in body composition during lifestyle intervention: a whole-body
magnetic resonance study. J Clin Endocrinol Metab 93: 1497–1500, 2008.
589. Thomas M, Langley B, Berry C, Sharma M, Kirk S, Bass J, Kambadur R. Myostatin, a
negative regulator of muscle growth, functions by inhibiting myoblast proliferation. J
Biol Chem 275: 40235– 40243, 2000.
590. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM. mPPAR gamma 2: tissuespecific regulator of an adipocyte enhancer. Genes Dev 8: 1224 –1234, 1994.
591. Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biology of PPARgamma.
Annu Rev Biochem 77: 289 –312, 2008.
592. Tsai MC, Chen L, Zhou J, Tang Z, Hsu TF, Wang Y, Shih YT, Peng HH, Wang N, Guan
Y, Chien S, Chiu JJ. Shear stress induces synthetic-to-contractile phenotypic modulation in smooth muscle cells via peroxisome proliferator-activated receptor alpha/delta
activations by prostacyclin released by sheared endothelial cells. Circ Res 105: 471–
480, 2009.
593. Tschachler E. Psoriasis: the epidermal component. Clin Dermatol 25: 589 –595, 2007.
594. Tsintzas K, Jewell K, Kamran M, Laithwaite D, Boonsong T, Littlewood J, Macdonald
I, Bennett A. Differential regulation of metabolic genes in skeletal muscle during
starvation and refeeding in humans. J Physiol 575: 291–303, 2006.
595. Tsugane S, Inoue M. Insulin resistance and cancer: epidemiological evidence. Cancer
Sci 101: 1073–1079, 2010.
596. Tudor C, Feige JN, Pingali H, Lohray VB, Wahli W, Desvergne B, Engelborghs Y,
Gelman L. Association with coregulators is the major determinant governing perox-

856

604. Umpierre D, Ribeiro PA, Kramer CK, Leitao CB, Zucatti AT, Azevedo MJ, Gross JL,
Ribeiro JP, Schaan BD. Physical activity advice only or structured exercise training and
association with HbA1c levels in type 2 diabetes: a systematic review and metaanalysis. JAMA 305: 1790 –1799, 2011.
605. Uppenberg J, Svensson C, Jaki M, Bertilsson G, Jendeberg L, Berkenstam A. Crystal
structure of the ligand binding domain of the human nuclear receptor PPARgamma. J
Biol Chem 273: 31108 –31112, 1998.
606. Valasek MA, Clarke SL, Repa JJ. Fenofibrate reduces intestinal cholesterol absorption
via PPARalpha-dependent modulation of NPC1L1 expression in mouse. J Lipid Res 48:
2725–2735, 2007.
607. Van der Veen JN, Kruit JK, Havinga R, Baller JF, Chimini G, Lestavel S, Staels B, Groot
PH, Groen AK, Kuipers F. Reduced cholesterol absorption upon PPARdelta activation
coincides with decreased intestinal expression of NPC1L1. J Lipid Res 46: 526 –534,
2005.
608. Van der Velde AE, Brufau G, Groen AK. Transintestinal cholesterol efflux. Curr Opin
Lipidol 21: 167–171, 2010.
609. Van der Velde AE, Vrins CL, van den Oever K, Seemann I, Oude Elferink RP, van Eck
M, Kuipers F, Groen AK. Regulation of direct transintestinal cholesterol excretion in
mice. Am J Physiol Gastrointest Liver Physiol 295: G203–G208, 2008.
610. Van Loon LJ, Koopman R, Manders R, van der Weegen W, van Kranenburg GP, Keizer
HA. Intramyocellular lipid content in type 2 diabetes patients compared with overweight sedentary men and highly trained endurance athletes. Am J Physiol Endocrinol
Metab 287: E558 –E565, 2004.
611. Van Loon LJ, Schrauwen-Hinderling VB, Koopman R, Wagenmakers AJ, Hesselink
MK, Schaart G, Kooi ME, Saris WH. Influence of prolonged endurance cycling and
recovery diet on intramuscular triglyceride content in trained males. Am J Physiol
Endocrinol Metab 285: E804 –E811, 2003.
612. Varga T, Czimmerer Z, Nagy L. PPARs are a unique set of fatty acid regulated
transcription factors controlling both lipid metabolism and inflammation. Biochim
Biophys Acta 1812: 1007–1022, 2011.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

581. Tanaka T, Yamamoto J, Iwasaki S, Asaba H, Hamura H, Ikeda Y, Watanabe M, Magoori K, Ioka RX, Tachibana K, Watanabe Y, Uchiyama Y, Sumi K, Iguchi H, Ito S, Doi
T, Hamakubo T, Naito M, Auwerx J, Yanagisawa M, Kodama T, Sakai J. Activation of
peroxisome proliferator-activated receptor delta induces fatty acid beta-oxidation in
skeletal muscle and attenuates metabolic syndrome. Proc Natl Acad Sci USA 100:
15924 –15929, 2003.

598. Tunstall RJ, Mehan KA, Hargreaves M, Spriet LL, Cameron-Smith D. Fasting activates
the gene expression of UCP3 independent of genes necessary for lipid transport and
oxidation in skeletal muscle. Biochem Biophys Res Commun 294: 301–308, 2002.

PHYSIOLOGICAL FUNCTIONS OF PPAR␤
613. Varnat F, Heggeler BB, Grisel P, Boucard N, Corthesy-Theulaz I, Wahli W, Desvergne
B. PPARbeta/delta regulates paneth cell differentiation via controlling the hedgehog
signaling pathway. Gastroenterology 131: 538 –553, 2006.
614. Vesely MJ, Sanders R, Green CJ, Motterlini R. Fibre type specificity of haem oxygenase-1 induction in rat skeletal muscle. FEBS Lett 458: 257–260, 1999.
615. Vettor R, Fabris R, Serra R, Lombardi AM, Tonello C, Granzotto M, Marzolo MO,
Carruba MO, Ricquier D, Federspil G, Nisoli E. Changes in FAT/CD36, UCP2, UCP3
and GLUT4 gene expression during lipid infusion in rat skeletal and heart muscle. Int
J Obes Relat Metab Disord 26: 838 – 847, 2002.
616. Viswakarma N, Jia Y, Bai L, Vluggens A, Borensztajn J, Xu J, Reddy JK. Coactivators in
PPAR-regulated gene expression. PPAR Res 2010: 2010.
617. Vittoria Simonini M, Polak PE, Boullerne AI, Peters JM, Richardson JC, Feinstein DL.
Regulation of oligodendrocyte progenitor cell maturation by PPARdelta: effects on
bone morphogenetic proteins. ASN Neuro 2: e00025, 2010.

and PPAR coactivator 1alpha in human skeletal muscle, but not lipid regulatory genes.
J Mol Endocrinol 33: 533–544, 2004.
634. Wei L, MacDonald TM, Mackenzie IS. Pioglitazone and bladder cancer: a propensity
score matched cohort study. Br J Clin Pharmacol 75: 254 –259, 2013.
635. Wenz T. PGC-1alpha activation as a therapeutic approach in mitochondrial disease.
IUBMB Life 61: 1051–1062, 2009.
636. Wenz T, Diaz F, Spiegelman BM, Moraes CT. Activation of the PPAR/PGC-1alpha
pathway prevents a bioenergetic deficit and effectively improves a mitochondrial
myopathy phenotype. Cell Metab 8: 249 –256, 2008.
637. Westergaard M, Henningsen J, Johansen C, Rasmussen S, Svendsen ML, Jensen UB,
Schroder HD, Staels B, Iversen L, Bolund L, Kragballe K, Kristiansen K. Expression and
localization of peroxisome proliferator-activated receptors and nuclear factor kappaB
in normal and lesional psoriatic skin. J Invest Dermatol 121: 1104 –1117, 2003.
638. Westergaard M, Henningsen J, Svendsen ML, Johansen C, Jensen UB, Schroder HD,
Kratchmarova I, Berge RK, Iversen L, Bolund L, Kragballe K, Kristiansen K. Modulation
of keratinocyte gene expression and differentiation by PPAR-selective ligands and
tetradecylthioacetic acid. J Invest Dermatol 116: 702–712, 2001.

619. Volman TJ, Hendriks T, Goris RJ. Zymosan-induced generalized inflammation: experimental studies into mechanisms leading to multiple organ dysfunction syndrome.
Shock 23: 291–297, 2005.

639. Widrick JJ, Romatowski JG, Norenberg KM, Knuth ST, Bain JL, Riley DA, Trappe SW,
Trappe TA, Costill DL, Fitts RH. Functional properties of slow and fast gastrocnemius
muscle fibers after a 17-day spaceflight. J Appl Physiol 90: 2203–2211, 2001.

620. Vrins CL, van der Velde AE, van den Oever K, Levels JH, Huet S, Oude Elferink RP,
Kuipers F, Groen AK. Peroxisome proliferator-activated receptor delta activation
leads to increased transintestinal cholesterol efflux. J Lipid Res 50: 2046 –2054, 2009.

640. Widrick JJ, Trappe SW, Costill DL, Fitts RH. Force-velocity and force-power properties of single muscle fibers from elite master runners and sedentary men. Am J Physiol
Cell Physiol 271: C676 –C683, 1996.

621. Wada M, Pette D. Relationships between alkali light-chain complement and myosin
heavy-chain isoforms in single fast-twitch fibers of rat and rabbit. Eur J Biochem 214:
157–161, 1993.

641. Williams C, Shattuck-Brandt RL, DuBois RN. The role of COX-2 in intestinal cancer.
Ann NY Acad Sci 889: 72– 83, 1999.

622. Wadosky KM, Willis MS. The story so far: post-translational regulation of peroxisome
proliferator-activated receptors by ubiquitination and SUMOylation. Am J Physiol
Heart Circ Physiol 302: H515–H526, 2012.
623. Wagner N, Jehl-Pietri C, Lopez P, Murdaca J, Giordano C, Schwartz C, Gounon P,
Hatem SN, Grimaldi P, Wagner KD. Peroxisome proliferator-activated receptor beta
stimulation induces rapid cardiac growth and angiogenesis via direct activation of
calcineurin. Cardiovasc Res 83: 61–71, 2009.
624. Wagner N, Panelos J, Massi D, Wagner KD. The Wilms’ tumor suppressor WT1 is
associated with melanoma proliferation. Pflügers Arch 455: 839 – 847, 2008.
625. Wagner PD. The critical role of VEGF in skeletal muscle angiogenesis and blood flow.
Biochem Soc Trans 39: 1556 –1559, 2011.

642. Willson TM, Brown PJ, Sternbach DD, Henke BR. The PPARs: from orphan receptors
to drug discovery. J Med Chem 43: 527–550, 2000.
643. Winder WW, Arogyasami J, Elayan IM, Cartmill D. Time course of exercise-induced
decline in malonyl-CoA in different muscle types. Am J Physiol Endocrinol Metab 259:
E266 –E271, 1990.
644. Winder WW, Baldwin KM, Holloszy JO. Enzymes involved in ketone utilization in
different types of muscle: adaptation to exercise. Eur J Biochem 47: 461– 467, 1974.
645. Winder WW, Wilson HA, Hardie DG, Rasmussen BB, Hutber CA, Call GB, Clayton
RD, Conley LM, Yoon S, Zhou B. Phosphorylation of rat muscle acetyl-CoA carboxylase by AMP-activated protein kinase and protein kinase A. J Appl Physiol 82: 219 –
225, 1997.

626. Wahli W, Michalik L. PPARs at the crossroads of lipid signaling and inflammation.
Trends Endocrinol Metab 23: 351–363, 2012.

646. Wittwer M, Fluck M, Hoppeler H, Muller S, Desplanches D, Billeter R. Prolonged
unloading of rat soleus muscle causes distinct adaptations of the gene profile. FASEB J
16: 884 – 886, 2002.

627. Wang D, Ning W, Xie D, Guo L, DuBois RN. Peroxisome proliferator-activated
receptor delta confers resistance to peroxisome proliferator-activated receptor gamma-induced apoptosis in colorectal cancer cells. Oncogene 31: 1013–1023, 2012.

647. Wojtaszewski JF, Birk JB, Frosig C, Holten M, Pilegaard H, Dela F. 5’AMP activated
protein kinase expression in human skeletal muscle: effects of strength training and
type 2 diabetes. J Physiol 564: 563–573, 2005.

628. Wang D, Wang H, Guo Y, Ning W, Katkuri S, Wahli W, Desvergne B, Dey SK, DuBois
RN. Crosstalk between peroxisome proliferator-activated receptor delta and VEGF
stimulates cancer progression. Proc Natl Acad Sci USA 103: 19069 –19074, 2006.

648. Wolfrum C, Borrmann CM, Borchers T, Spener F. Fatty acids and hypolipidemic
drugs regulate peroxisome proliferator-activated receptors alpha- and gamma-mediated gene expression via liver fatty acid binding protein: a signaling path to the nucleus.
Proc Natl Acad Sci USA 98: 2323–2328, 2001.

629. Wang D, Wang H, Shi Q, Katkuri S, Walhi W, Desvergne B, Das SK, Dey SK, DuBois
RN. Prostaglandin E2 promotes colorectal adenoma growth via transactivation of the
nuclear peroxisome proliferator-activated receptor delta. Cancer Cell 6: 285–295,
2004.

649. Wu Z, Puigserver P, Spiegelman BM. Transcriptional activation of adipogenesis. Curr
Opin Cell Biol 11: 689 – 694, 1999.

630. Wang YX, Lee CH, Tiep S, Yu RT, Ham J, Kang H, Evans RM. Peroxisome-proliferator-activated receptor delta activates fat metabolism to prevent obesity. Cell 113:
159 –170, 2003.

650. Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, Jing C, Walker
PA, Eccleston JF, Haire LF, Saiu P, Howell SA, Aasland R, Martin SR, Carling D,
Gamblin SJ. Structure of mammalian AMPK and its regulation by ADP. Nature 472:
230 –233, 2011.

631. Wang YX, Zhang CL, Yu RT, Cho HK, Nelson MC, Bayuga-Ocampo CR, Ham J, Kang
H, Evans RM. Regulation of muscle fiber type and running endurance by PPARdelta.
PLoS Biol 2: e294, 2004.

651. Xiao Y, Xu J, Wang S, Mao C, Jin M, Ning G, Zhang Y. Genetic ablation of steroid
receptor coactivator-3 promotes PPAR-beta-mediated alternative activation of microglia in experimental autoimmune encephalomyelitis. Glia 58: 932–942, 2010.

632. Waters RE, Rotevatn S, Li P, Annex BH, Yan Z. Voluntary running induces fiber
type-specific angiogenesis in mouse skeletal muscle. Am J Physiol Cell Physiol 287:
C1342–C1348, 2004.

652. Xin X, Yang S, Kowalski J, Gerritsen ME. Peroxisome proliferator-activated receptor
gamma ligands are potent inhibitors of angiogenesis in vitro and in vivo. J Biol Chem
274: 9116 –9121, 1999.

633. Watt MJ, Southgate RJ, Holmes AG, Febbraio MA. Suppression of plasma free fatty
acids upregulates peroxisome proliferator-activated receptor (PPAR) alpha and delta

653. Xu HE, Lambert MH, Montana VG, Parks DJ, Blanchard SG, Brown PJ, Sternbach DD,
Lehmann JM, Wisely GB, Willson TM, Kliewer SA, Milburn MV. Molecular recognition

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

857

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

618. Vollestad NK, Vaage O, Hermansen L. Muscle glycogen depletion patterns in type I
and subgroups of type II fibres during prolonged severe exercise in man. Acta Physiol
Scand 122: 433– 441, 1984.

JAAP G. NEELS AND PAUL A. GRIMALDI
of fatty acids by peroxisome proliferator-activated receptors. Mol Cell 3: 397– 403,
1999.
654. Xu HE, Lambert MH, Montana VG, Plunket KD, Moore LB, Collins JL, Oplinger JA,
Kliewer SA, Gampe RT Jr, McKee DD, Moore JT, Willson TM. Structural determinants of ligand binding selectivity between the peroxisome proliferator-activated
receptors. Proc Natl Acad Sci USA 98: 13919 –13924, 2001.
655. Xu J, Liao L, Ning G, Yoshida-Komiya H, Deng C, O’Malley BW. The steroid receptor
coactivator SRC-3 (p/CIP/RAC3/AIB1/ACTR/TRAM-1) is required for normal
growth, puberty, female reproductive function, and mammary gland development.
Proc Natl Acad Sci USA 97: 6379 – 6384, 2000.
656. Xu L, Han C, Wu T. A novel positive feedback loop between peroxisome proliferatoractivated receptor-delta and prostaglandin E2 signaling pathways for human cholangiocarcinoma cell growth. J Biol Chem 281: 33982–33996, 2006.
657. Xu M, Zuo X, Shureiqi I. Targeting peroxisome proliferator-activated receptor-beta/
delta in colon cancer: how to aim? Biochem Pharmacol 85: 607– 611, 2013.

659. Yamamoto K, Ohki R, Lee RT, Ikeda U, Shimada K. Peroxisome proliferator-activated
receptor gamma activators inhibit cardiac hypertrophy in cardiac myocytes. Circulation 104: 1670 –1675, 2001.
660. Yang L, Olsson B, Pfeifer D, Jonsson JI, Zhou ZG, Jiang X, Fredriksson BA, Zhang H,
Sun XF. Knockdown of peroxisome proliferator-activated receptor-beta induces less
differentiation and enhances cell-fibronectin adhesion of colon cancer cells. Oncogene
29: 516 –526, 2010.
661. Yang L, Zhang H, Zhou ZG, Yan H, Adell G, Sun XF. Biological function and prognostic
significance of peroxisome proliferator-activated receptor delta in rectal cancer. Clin
Cancer Res 17: 3760 –3770, 2011.
662. Yang L, Zhou J, Ma Q, Wang C, Chen K, Meng W, Yu Y, Zhou Z, Sun X. Knockdown
of PPAR delta gene promotes the growth of colon cancer and reduces the sensitivity
to bevacizumab in nude mice model. PLoS One 8: e60715, 2013.
663. Yang L, Zhou ZG, Luo HZ, Zhou B, Xia QJ, Tian C. Quantitative analysis of PPARdelta
mRNA by real-time RT-PCR in 86 rectal cancer tissues. Eur J Surg Oncol 32: 181–185,
2006.
664. Yang L, Zhou ZG, Zheng XL, Wang L, Yu YY, Zhou B, Gu J, Li Y. RNA interference
against peroxisome proliferator-activated receptor delta gene promotes proliferation
of human colorectal cancer cells. Dis Colon Rectum 51: 318 –326, 2008.
665. Yang X, Downes M, Yu RT, Bookout AL, He W, Straume M, Mangelsdorf DJ, Evans
RM. Nuclear receptor expression links the circadian clock to metabolism. Cell 126:
801– 810, 2006.
666. Yang X, Kume S, Tanaka Y, Isshiki K, Araki S, Chin-Kanasaki M, Sugimoto T, Koya D,
Haneda M, Sugaya T, Li D, Han P, Nishio Y, Kashiwagi A, Maegawa H, Uzu T.
GW501516, a PPARdelta agonist, ameliorates tubulointerstitial inflammation in proteinuric kidney disease via inhibition of TAK1-NFkappaB pathway in mice. PLoS One 6:
e25271, 2011.
667. Yang Y, Lovett-Racke AE, Racke MK. Regulation of immune responses and autoimmune encephalomyelitis by PPARs. PPAR Res 2010: 104705, 2010.
668. Yang Y, Tong Y, Gong M, Lu Y, Wang C, Zhou M, Yang Q, Mao T, Tong N. Activation
of PPARbeta/delta protects pancreatic beta cells from palmitate-induced apoptosis by
upregulating the expression of GLP-1 receptor. Cell Signal 26: 268 –278, 2014.
669. Yao-Borengasser A, Varma V, Coker RH, Ranganathan G, Phanavanh B, Rasouli N,
Kern PA. Adipose triglyceride lipase expression in human adipose tissue and muscle.
Role in insulin resistance and response to training and pioglitazone. Metabolism 60:
1012–1020, 2011.
670. Yoshida A, Kanno H, Watabe D, Akasaka T, Sawai T. The role of heparin-binding
EGF-like growth factor and amphiregulin in the epidermal proliferation of psoriasis in
cooperation with TNFalpha. Arch Dermatol Res 300: 37– 45, 2008.

858

672. Yoshinaga M, Taki K, Somada S, Sakiyama Y, Kubo N, Kaku T, Tsuruta S, Kusumoto T,
Sakai H, Nakamura K, Takayanagi R, Muto Y. The expression of both peroxisome
proliferator-activated receptor delta and cyclooxygenase-2 in tissues is associated
with poor prognosis in colorectal cancer patients. Dig Dis Sci 56: 1194 –1200, 2011.
673. Yu K, Bayona W, Kallen CB, Harding HP, Ravera CP, McMahon G, Brown M, Lazar
MA. Differential activation of peroxisome proliferator-activated receptors by eicosanoids. J Biol Chem 270: 23975–23983, 1995.
674. Yu S, Levi L, Siegel R, Noy N. Retinoic acid induces neurogenesis by activating both
retinoic acid receptors (RAR) and peroxisome proliferator-activated receptor beta/
delta (PPARbeta/delta). J Biol Chem 287: 42195– 42205, 2012.
675. Yue TL, Nerurkar SS, Bao W, Jucker BM, Sarov-Blat L, Steplewski K, Ohlstein EH,
Willette RN. In vivo activation of peroxisome proliferator-activated receptor-delta
protects the heart from ischemia/reperfusion injury in Zucker fatty rats. J Pharmacol
Exp Ther 325: 466 – 474, 2008.
676. Zeibig J, Karlic H, Lohninger A, Damsgaard R, Smekal G. Do blood cells mimic gene
expression profile alterations known to occur in muscular adaptation to endurance
training? Eur J Appl Physiol 95: 96 –104, 2005.
677. Zhang J, Fu M, Zhu X, Xiao Y, Mou Y, Zheng H, Akinbami MA, Wang Q, Chen YE.
Peroxisome proliferator-activated receptor delta is up-regulated during vascular lesion formation and promotes post-confluent cell proliferation in vascular smooth
muscle cells. J Biol Chem 277: 11505–11512, 2002.
678. Zhang MY, Zhang WJ, Medler S. The continuum of hybrid IIX/IIB fibers in normal
mouse muscles: MHC isoform proportions and spatial distribution within single fibers.
Am J Physiol Regul Integr Comp Physiol 299: R1582–R1591, 2010.
679. Zheng Y, Peng Z, Wang Y, Tan S, Xi Y, Wang G. Alteration and significance of
heparin-binding epidermal-growth-factor-like growth factor in psoriatic epidermis.
Dermatology 207: 22–27, 2003.
680. Zhou MY, Klitgaard H, Saltin B, Roy RR, Edgerton VR, Gollnick PD. Myosin heavy
chain isoforms of human muscle after short-term spaceflight. J Appl Physiol 78: 1740 –
1744, 1995.
681. Zhu B, Ferry CH, Blazanin N, Bility MT, Khozoie C, Kang BH, Glick AB, Gonzalez FJ,
Peters JM. PPARbeta/delta promotes HRAS-induced senescence and tumor suppression by potentiating p-ERK and repressing p-AKT signaling. Oncogene 2013;
doi:10.1038/onc.2013.477.
682. Zhu Y, Alvares K, Huang Q, Rao MS, Reddy JK. Cloning of a new member of the
peroxisome proliferator-activated receptor gene family from mouse liver. J Biol Chem
268: 26817–26820, 1993.
683. Zhu Y, Qi C, Korenberg JR, Chen XN, Noya D, Rao MS, Reddy JK. Structural organization of mouse peroxisome proliferator-activated receptor gamma (mPPAR
gamma) gene: alternative promoter use and different splicing yield two mPPAR
gamma isoforms. Proc Natl Acad Sci USA 92: 7921–7925, 1995.
684. Zingarelli B, Piraino G, Hake PW, O’Connor M, Denenberg A, Fan H, Cook JA.
Peroxisome proliferator-activated receptor ␦ regulates inflammation via NF-B signaling in polymicrobial sepsis. Am J Pathol 177: 1834 –1847, 2010.
685. Zoete V, Grosdidier A, Michielin O. Peroxisome proliferator-activated receptor
structures: ligand specificity, molecular switch and interactions with regulators.
Biochim Biophys Acta 1771: 915–925, 2007.
686. Zuo X, Peng Z, Moussalli MJ, Morris JS, Broaddus RR, Fischer SM, Shureiqi I. Targeted
genetic disruption of peroxisome proliferator-activated receptor-delta and colonic
tumorigenesis. J Natl Cancer Inst 101: 762–767, 2009.
687. Zuo X, Wu Y, Morris JS, Stimmel JB, Leesnitzer LM, Fischer SM, Lippman SM, Shureiqi
I. Oxidative metabolism of linoleic acid modulates PPAR-beta/delta suppression of
PPAR-gamma activity. Oncogene 25: 1225–1241, 2006.

Physiol Rev • VOL 94 • JULY 2014 • www.prv.org

Downloaded from http://physrev.physiology.org/ by 10.220.33.3 on September 20, 2017

658. Yablonka-Reuveni Z, Day K, Vine A, Shefer G. Defining the transcriptional signature of
skeletal muscle stem cells. J Anim Sci 86: E207–216, 2008.

671. Yoshinaga M, Kitamura Y, Chaen T, Yamashita S, Tsuruta S, Hisano T, Ikeda Y, Sakai
H, Nakamura K, Takayanagi R, Muto Y. 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 54: 1108 –
1114, 2009.

