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Members of the nuclear receptor superfamily function as 
transcription factors involved in innate and adaptive im-
munity as well as lipid metabolism. These highly conser-
ved proteins participate in ligand-dependent or -indepen-
dent regulatory mechanisms that affect gene expression. 
Peroxisome proliferator-activated receptors (PPARs), which 
include PPARα, PPARβ/δ, and PPARγ, are a group of nu-
clear receptor proteins that play diverse roles in cellular 
differentiation, development, and metabolism. Each PPAR 
subfamily is activated by different endogenous and syn-
thetic ligands. Recent studies using specific ligand treat-
ments and cell type-specific PPAR knockout mice have 
revealed important roles for these proteins in T-cell-related 
autoimmune diseases. Moreover, PPARs have been shown 
to regulate T-cell survival, activation, and CD4+ T helper 
cell differentiation into the Th1, Th2, Th17, and Treg line-
ages. Here, we review the studies that provide insight into 
the important regulatory roles of PPARs in T-cell activation, 
survival, proliferation, differentiation, and autoimmune 
disease. 
 
 
INTRODUCTION 
 
Nuclear receptors belong to a family of structurally conserved 
transcription factors that regulate a diversity of cellular proc-
esses by ligand-dependent and -independent activation or re-
pression of gene expression (Chawla et al., 2001; Mangelsdorf 
et al., 1995). The most extensively characterized nuclear recep-
tor subfamily is the classical steroid hormone receptor family, 
which includes the receptors for glucocorticoids, estrogen, an-
drogen, and vitamin D. Orphan receptors, for which a ligand 
has yet to be identified, comprise another subfamily; examples 
include the small heterodimeric partner (SHP), NUR77, and 
RAR-related orphan receptors (RORs). The third class of nu-
clear receptors, adopted orphan receptors, were initially classi-
fied as orphan receptors until their ligands were identified; reti-
noid X receptors (RXRs) and peroxisome proliferator-activated 
receptors (PPARs) are members of this subfamily (Glass and 
Ogawa, 2006; Glass and Saijo, 2010).  

PPARs exist as three isoforms, namely PPARα (NR1C1), 
PPARβ/δ (NR1C2), and PPARγ (NR1C3). The role of PPARs in 
lipid metabolism and inflammatory disease was elucidated by 
studying the effects of their respective ligands on gene expres-
sion (Varga et al., 2011). Similar to other nuclear receptors, 
PPARs have a conserved structure that includes an N-terminal 
ligand-independent activation domain, a highly conserved DNA- 
binding domain, a C-terminal ligand-binding domain, and a C-
terminal ligand-dependent activation domain (Fig. 1) (Chan et 
al., 2010; Zieleniak et al., 2008). Single amino acid mutations 
within these functional domains result in severe defects in 
PPAR function that affect lipid metabolism and insulin resis-
tance (Agostini et al., 2006; Barroso et al., 1999; Hegele et al., 
2002; Ristow et al., 1998). PPAR heterodimerization with RXRs 
leads to binding of the peroxisome proliferator response ele-
ment independent of ligand. Nevertheless, PPARs bind DNA 
response elements with greater affinity and stability when asso-
ciated with their ligands (Moras and Gronemeyer, 1998; 
Renaud et al., 1995).  

PPARs can be activated by numerous fatty acid metabolites. 
For instance, leukotriene B4 (LTB4) has been shown to activate 
PPARα. 13-hydroxyoctadecadienoic acid (13-HODE) and 15-
deoxy-Δ12,14-prostaglandin J2 (15dPGJ2), which activate 
PPARγ, are well-characterized endogenous ligands that regu-
late a wide spectrum of cellular processes, including inflamma-
tion (Yang et al., 2010). In this review, we focus on recent stud-
ies that further our knowledge of the roles of PPARs in T-cell 
functions such as activation, survival, proliferation, and differen-
tiation. The involvement of PPARs in T-cell-related autoimmune 
diseases is also discussed.  
 
PPAR LIGANDS 

 
Primarily found within the nucleus without their ligand, PPARs 
localize to target gene promoters with either co-activator or co-
repressor complexes (Akiyama et al., 2002; Guan et al., 2005). 
Studies have identified many ligands that activate and modulate 
PPAR functions (Berger et al., 1999; Forman et al., 1995; Itoh 

et al., 2008; Kliewer et al., 1997; Sanderson et al., 2009; Varga 
et al., 2011). These ligands are summarized in Table 1.  
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Table 1. Ligands for PPAR subfamily 

Receptors 
Endogenous 

ligands 

Synthetic  

agonists 

Synthetic  

antagonists

PPARα 

 

 

 

LTB4 

8-HETE 

 

 

Gemfibrozil  

Fenofibrate 

Ciprofibrate 

Wy-14643 

GW-6471 

 

 

 

PPARβ/δ 

 

 

15-HETE 

 

 

GW-0742 

GW-501516 

L-165041 

GSK-0660 

GSK-3787 

 

PPARγ 

 

 

 

15d-PGJ2 

15-HETE 

9-HODE 

13-HODE 

Rosiglitazone  

Pioglitazone  

Troglitazone 

Ciglitazone 

GW-9662 

 

 

 

 

 
For example, endogenous lipid metabolites from saturated or 
unsaturated fatty acids can bind to nuclear receptors and acti-
vate or repress gene expression. Another group of PPAR ligands 
consists of lipid metabolites from essential fatty acids, such as 
arachidonic acid derived from lipoxygenase or cyclooxygenase 
activity. In particular, the best-characterized endogenous ligands 
known to stimulate PPARα are the eicosanoids LTB4 and 8-
hydroxyeicosatetraenoic acids (8(S)-HETE), while 15d-PGJ2 
and 13-HODE activate PPARγ. Other essential fatty acid me-
tabolites, such as 15-HETE, have been suggested to activate 
PPARβ/δ. 

PPARs also have synthetic ligands that have been studied 
for potential use as therapeutics in treating atherosclerosis and 
diabetes (Forman et al., 1997; Lehmann et al., 1995; Oliver et 
al., 2001). Unlike endogenous ligands, which are less specific 
and cross-reactive, synthetic ligands are highly specific ago-
nists for each PPAR. One potent synthetic ligand for PPARα is 
Wy-14643. The best characterized ligands for PPARγ are 
members of the thiazolidinedione (TZD) group, which includes 
troglitazone, pioglitazone, ciglitazone, and rosiglitazone. GW-
501516 is a synthetic agonist for PPARβ/δ, while GW-9662 is a 
specific synthetic antagonist for PPARγ. Studies focused on 
elucidating the effect of PPAR ligands in vitro and in vivo have 
been challenging and controversial because ligand-dependent 
and -independent mechanisms exist that can cross-react, and 
therefore obscure, effects induced by other PPAR family mem-
bers. Nevertheless, investigation of PPAR ligands in various 
metabolic and inflammatory diseases provides insight into their 
potential therapeutic effect. For instance, rosiglitazone and 
pioglitazone have been approved for treating Type 2 diabetes 
(Gervois et al., 2007). 
 
PPARS AND INFLAMMATION 

 
PPARs are expressed widely throughout the body with rela-
tively low levels present in lymphoid organs (Su et al., 1999b). 
Previous studies demonstrated that PPARs are not only ex-
pressed in adipose tissue but also in macrophages (Jiang et al., 
1998; Ricote et al., 1998), dendritic cells (Gosset et al., 2001), B 
cells (Setoguchi et al., 2001), and T cells (Jones et al., 2002). 
PPARs have been shown to play an important role in regulating 
inflammation mediated by nuclear factor-kappa B (NF-κB). All 
PPAR subfamilies exhibit anti-inflammatory effects in vitro and 
in vivo via several different molecular mechanisms (Fig. 2). For 
instance, PPARs have been shown to regulate gene expres-
sion in the presence or absence of ligand. PPARs heterodimer-
ize with RXRs to suppress the transcription of target genes in 

the absence of ligand and their molecular structure has recently 
investigated (Chandra et al., 2008) (Fig. 2A). This mechanism 
involves the recruitment of co-repressor complexes such as 
NCoR and SMRT. Similarly, ligand-dependent transactivation 
has been shown to involve the recruitment of co-activator com-
plexes that participate in assembling the transcription machin-
ery (McKenna and O’Malley, 2002) (Fig. 2B).  

PPARs can also modulate gene expression by influencing 
transcription factor activity. For example, ligand binding can lead 
to PPAR-mediated inhibition of NF-κB and activator protein 1 
(AP-1) family members, which are critical transcription factors 
involved in pro-inflammatory responses (Daynes and Jones, 2002; 
Delerive et al., 1999; Ricote et al., 1998). PPARs can inhibit NF-κB 
through direct interaction as well as by outcompeting NF-κB for 
co-activator complexes required for its activation (Fig. 2C). 
PPARγ ligands have also been shown to inhibit gene expres-
sion upon TLR4 signaling by preventing NCoR turnover, which 
promotes NCoR-SMART-mediated repression of gene expres-
sion in macrophages (Pascual et al., 2005). This mechanism 
results in sumoylation of the ligand binding domain of PPARγ 
by protein inhibitor of activated STAT1 (PIAS1), a SUMO E3 
ubiquitin ligase.  

Besides their involvement in the macrophage for anti-
inflammatory response, activated PPARs play an important role 
in the production of retinoic acid, which regulates dendritic cell 
function and maturation, and the induction of CD4+ T-cell an-
ergy (Klotz et al., 2007; Szatmari et al., 2006; 2007). While pro-
inflammatory cytokines inhibit PPARγ activity, interleukin (IL)-4 
stimulates PPARγ interaction with STAT6 to promote gene 
expression in macrophages and dendritic cells (Szanto et al., 
2010). 
 
PPARS IN T CELLS AND AUTOIMMUNITY 

 
In addition to their role in the anti-inflammatory response of 
innate immune cells, PPARs are involved in mediating the 
adaptive immune responses of T and B cells. PPARγ exists as 
two isoforms. PPARγ1 is expressed in most tissues while 
PPARγ2 is found predominantly in adipose tissue and intestine 
(Fajas et al., 1997). PPARγ has been studied more extensively 
in both mouse and human T cells than the other PPAR sub-
families. PPAR expression changes with T-cell activation and 
proliferation following T-cell receptor (TCR) stimulation. Inter-
estingly, PPARγ negatively regulates T-cell activation following 
TCR stimulation by inhibiting nuclear factor of activated T-cells 
(NFAT) and subsequent IL-2 production (Clark et al., 2000; 
Yang et al., 2000). Treatment of mouse T cells with 15d-PGJ2 
or ciglitazone inhibited IL-2 production induced by CD3 stimula-
tion (Clark et al., 2000). Likewise, human T cells showed re-
duced IL-2 production and proliferation upon phytohaemagluti-
nin (PHA) stimulation in the presence of these PPARγ ligands 
(Yang et al., 2000). Rosiglitazone treatment of mouse spleno-
cytes decreased phorbol 12-myristate 13-acetate (PMA) and 
ionomycin-induced interferon-gamma (IFN-γ) production. Previ-
ous studies have demonstrated that PPARγ agonists such as 
PGJ2 or TZDs strongly inhibited T-cell activation and inflamma-
tory disease (Desreumaux et al., 2001; Su et al., 1999a). Dif-
ferent colitis animal models, including dextran sulfate sodium 
(DSS)-induced colitis and adoptive CD4+CD25-CD45RBhigh T-
cell transfer into RAG-/- mice, have indicated that PPARγ ago-
nists can inhibit inflammatory bowl disease (IBD). Moreover, 
PPARγ deficiency in T cells led to increased disease suscepti-
bility and severity (Hontecillas and Bassaganya-Riera, 2007). 
PPARγ

null CD4+ T cells from MMTV-Cre/PPARγ
fl/fl mice prolifer-

ate following a recall response to ovalbumin (OVA) in OVA-
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immunized mice and produce IFN-γ upon TCR stimulation with 
increased disease susceptibility to IBD (Hontecillas and Bassa-
ganya-Riera, 2007). PPARγ deficiency leads to decreased 
numbers of CD4+Foxp3+ T cells and increased CD4+IFN-γ+ 
cells, suggesting that PPARγ plays a role in regulatory T-cell 
(Treg) survival and regulation of effector T-cell functions. Simi-
larly, T-cell-specific PPARγ-deficient mice showed reduced 
Treg recruitment to mesenteric lymph nodes following DSS 
challenge and increased expression of apoptosis-related genes 
(Guri et al., 2010). In addition, ciglitazone or PGE2 treatment of 
naïve CD4+ T cells enhanced induction of Foxp3+ inducible 
regulatory T cells (Baratelli et al., 2005; Wohlfert et al., 2007), 
suggesting that PPARγ may contribute to the quality and quan-
tity of Treg functions in vivo.  

The role of PPARγ in T-cell survival versus apoptosis re-
mains controversial. One study demonstrated that treatment 
with high doses of TZDs enhanced T-cell apoptosis (Harris and 
Phipps, 2001). However, PPARγ activation also resulted in 
increased survival under conditions of cytokine withdrawal or 
serum starvation (Jo et al., 2006; Wang et al., 2002). Recent 
studies have more precisely analyzed the function of PPARγ in 
CD4 T-cell-targeted PPARγ-deficient mice. Expression of IL-
7Rα, which is important for survival and homeostatic prolifera-
tion, in PPARγ-deficient CD4+ T cells was slightly diminished in 
a lymphopenic autoimmunity model, possibly suggesting a pro-
survival effect in T cells (Housley et al., 2011).  

Recent studies have also focused on the important role of 
PPARs in T-cell differentiation. T-cell-specific PPARγ

-/- mice 
were reported to exhibit enhanced disease severity in experi-
mental autoimmune encephalomyelitis (EAE) with increased 
infiltration of Th17 cells into the central nervous system (Klotz et 
al., 2009). Interestingly, pioglitazone treatment alleviated the 
disease severity of EAE with selective inhibition of RORγt and 
Th17, but not Th1, differentiation. Naïve CD4 T cells lacking 
PPARγ are also prone to Th17 differentiation in vitro, suggest-
ing an important regulatory role for PPARγ in helper T-cell dif-
ferentiation. PPARγ activation also regulates allo-reactive T-cell 
proliferation in vitro. This is further supported by the fact that 
15d-PGJ2, ciglitazone, and pioglitazone inhibited the allo-reac-
tive response to grafted human artery in mice by inhibiting in-
tima formation, CD45RO+ memory T-cell infiltration, and in-
flammatory cytokine production (Tobiasova et al., 2011). Alto-
gether these data demonstrate the clinical potential of PPARγ 
activation in regulating immune responses to autoimmune dis-
ease or graft rejection. 

Another PPAR family member expressed in immune cells is 
PPARα, which is expressed in macrophages, granulocytes, 
and lymphocytes (Jones et al., 2002; Kliewer et al., 1994). The 
endogenous ligands for PPARα are dietary fatty acids, implying 
that diet can influence the immune system by activating PPARα- 
mediated gene expression (Varga et al., 2011). PPARα may 
suppress autoimmune diseases by regulating Th2 cytokine 
production. Studies showed that treatment with gemfibrozil 
inhibited the severity of EAE in mice by enhancing IL-4 produc-
tion. Furthermore, ligand activation of PPARα was demon-
strated to regulate the expression of IL-4- and IL-5-induced 
target genes in murine T cells (Gocke et al., 2009). Expression 
of PPARα in male T cells is greater than in females. In fact, 
PPARα

-/- males displayed greater susceptibility to developing 
EAE than females, exhibiting increased production of IFN-γ, 
TNF-α, and IL-2, but not IL-17 (Dunn et al., 2007). These differ-
ences in autoimmune susceptibility between the genders may 
be explained partly by the fact that PPARα-expressing male 
mice are less prone to developing Th1-mediated autoimmune 
diseases. In addition, PPARα

-/- T cells are hyper-responsive to 
TCR stimulation, inducing cytokine secretion and proliferation. 
These findings indicate the importance of PPARα in T cells as 
a negative regulator, especially in males. In colitis models, feno-
fibrate treatment inhibited IFN-γ and IL-17 production, as well as 
decreased disease severity in IL-10-/- mice (Lee et al., 2007). 
The synthetic ligand WY-14643 also showed reduced inflam-
matory cytokine production and disease severity in the DSS-
induced colitis model (Azuma et al., 2010), suggesting that this 
ligand is a potential therapeutic for treating autoimmune dis-
eases.  

PPARβ/δ is the least studied subfamily of PPARs. However, 
recent studies showed that GW-0742, which is a specific ago-
nist for, reduced EAE disease severity in a receptor- dependent 
manner (Polak et al., 2005). In addition, GW-501516 and L-
165041 can inhibit EAE by reducing IFN-γ and IL-17 secretion, 
suggesting a possible regulatory function for PPARβ/δ in T-cell 
differentiation (Kanakasabai et al., 2010). The critical role of 
PPARβ/δ in T cells is further confirmed by the observation that 
PPARβ/δ-/- mice exhibited higher EAE severity than wild type 
mice concomitant with increased IFN-γ- and IL-17-producing 
CD4+ T cells (Dunn et al., 2010). PPARβ/δ-/- naïve CD4+ T cells 
are more prone to Th17 differentiation and hyper-responsive to 
TCR stimulation, as evidenced by the increased proliferation 
observed in these cells. Interestingly, PPARβ/δ has been hy-
pothesized to bind the transcription factor B cell lymphoma 6 

Fig. 1. Structure of PPARs. PPARs have a

conserved domain structure consisting of a

ligand-independent activation domain (AF1),

DNA-binding domain (DBD), ligand-binding

domain (LBD), and ligand-dependent acti-

vation domain (AF2). 
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(BCL6) and repress inflammation-related gene expression 
(Barish et al., 2008; Takata et al., 2008; Varga et al., 2011). 
Collectively, these studies demonstrate the clinical importance 
of PPAR ligands in treating inflammatory diseases by regulating 
immune cells. 
 
CONCLUSIONS 

 
The PPAR nuclear receptors are fatty acid-activated transcrip-
tion factors with diverse roles in innate and adaptive immune 
responses as well as lipid metabolism. Ligands for PPARs 
exhibit potent anti-inflammatory effects related to innate and 
adaptive immunity in various disease models, including IBD 
and EAE. However, use of PPAR ligands as therapeutics is 
limited by their adverse side effects (Peraza et al., 2006). Com-
binations of PPAR and RXR agonists may produce synergistic 
effects with reduced side effects (Ogawa et al., 2005). Admini-
stration of cell-permeable recombinant proteins may prove to 
be a promising approach to increasing PPAR activity in cells 
with minimal chemical toxicity (Choi et al., 2006; 2010). Recent 
studies suggest that PPARα, PPARβ/δ, and PPARγ play impor-
tant roles in T-cell survival, activation, and differentiation into 
Th1 or Th17 cells, implying their therapeutic potential as drug 
targets for treating autoimmune diseases or graft rejection. The 
intrinsic role of PPARs as a regulatory molecule that deter-
mines T-cell fate has also been demonstrated. Moreover, the 
expression of PPAR subfamilies has been shown to differ in 
males and females. Further research is required to investigate 
how the relationship between dietary fatty acid-mediated PPAR 
activation and T-cell-related autoimmune diseases differs be-
tween genders.  
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