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Abstract
Peroxisome proliferator-activated receptor-α (PPARα) agonists have been shown to have a
therapeutic benefit in experimental autoimmune encephalomyelitis (EAE), an animal model for
multiple sclerosis (MS). In this study, we investigated the mechanism by which the PPARα agonist
gemfibrozil induces immune deviation and protects mice from EAE. We demonstrated that treatment
with gemfibrozil increases expression of the Th2 transcription factor GATA-3 and decreases
expression of the Th1 transcription factor T-bet in vitro and directly ex vivo. These changes correlated
with an increase in nuclear PPARα expression. Moreover, the protective effects of PPARα agonists
in EAE were shown to be partially dependent on IL-4 and to occur in a receptor-dependent manner.
PPARα was demonstrated, for the first time, to regulate the IL-4 and IL-5 genes and to bind the IL-4
promoter in the presence of steroid receptor coactivator-1, indicating that PPARα can directly
transactivate the IL-4 gene. Finally, therapeutic administration of PPARα agonists ameliorated
clinically established EAE, suggesting that PPARα agonists may provide a treatment option for
immune-mediated inflammatory diseases.

Experimental autoimmune encephalomyelitis (EAE)3 is an immune-mediated inflammatory
disease that serves as a model for the human disease multiple sclerosis (MS). EAE can be
induced in genetically susceptible strains of rodents by immunization with myelin or myelin
peptides emulsified in CFA or by adoptive transfer of myelin-specific CD4+ Th1 lymphocytes
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into naive recipient animals (1,2). It has also been demonstrated recently that EAE can be
induced by the adoptive transfer of IL-23-stimulated, myelin-specific T cells that produce
IL-17, and these cells are believed to play a major role in EAE pathogenesis (3). It has been
shown by our laboratory and others that shifting the phenotype of autoreactive CD4+ T cells
from proinflammatory Th1 cells to IL-4 producing Th2 cells can be beneficial in EAE (1,4,
5). Several different reagents such as altered peptide ligands, retinoids, and peroxisome
proliferator-activated receptor (PPAR) agonists have been shown to ameliorate disease in this
manner (4,6–8). However, the mechanism by which these agents induce a Th2-like phenotype
is not clearly defined.

PPARs are ligand-activated transcription factors belonging to the nuclear hormone receptor
superfamily that includes steroid, retinoic acid, and thyroid hormone receptors (9). Three
different isoforms of PPARs have been identified to date, PPARα, PPARγ, and PPARβ/δ. These
isoforms are encoded by separate genes and have varied tissue distribution and ligand
specificity (10,11). Upon heterodimerizing with retinoid X receptors (RXR), PPARs can
positively or negatively regulate gene expression by binding to PPAR response elements
(PPREs) in the regulatory regions of target genes (12–14). PPARα, the first PPAR to be cloned,
is known to regulate lipid homeostasis and is a target of the class of drugs known as fibrates
(15–18). Fibrates, such as gemfibrozil and fenofibrate, have been used clinically for the
treatment of hypertri-glyceridemia for a number of years and are safe and well tolerated by
patients. Recently, PPARα has been shown to be expressed in immune cells, including
macrophages, dendritic cells, and B and T lymphocytes, and PPARα agonists are believed to
play a role in regulating the inflammatory response (14,19–22). More specifically, PPARα
ligands have been shown to inhibit IL-2, TNF-α, and IFN-γ production by activated CD4+ T
cells and to induce IL-4 production in splenocytes, suggesting the ability of these agonists to
induce a Th2-like phenotype (8,23,24). In addition, PPARα agonists may partially regulate
inflammation by sustaining expression of the negative regulator IκBα, thereby preventing
nuclear translocation and activation of NF-κB, a major transcription factor involved in initiating
proinflammatory immune responses (14,25). Furthermore, the PPARα agonist WY14,643 was
shown to induce apoptosis of lymphocytes and to inhibit IgG responses in myelin
oligodendrocyte glycoprotein peptide (MOG35–55)-immunized mice (20). More recently, we
have demonstrated that oral administration of PPARα agonists can prevent the development
of EAE. We also found that PPARα agonists can increase the production of the Th2 cytokine
IL-4, reduce the production of the Th1 cytokine IFN-γ, suppress Ag-specific T cell
proliferation, and reduce NO production by microglia (8).

In this study, we characterized the mechanism by which the PPARα agonist gemfibrozil can
induce a Th2-like response and protect mice from EAE. More specifically, we investigated the
ability of gemfibrozil to activate its receptor, PPARα, and modulate the transcription of genes
involved in the immune response that occurs during EAE. We examined the effects of
gemfibrozil on the expression of two key transcription factors involved in Th cell
differentiation, T-bet and GATA3, and determined whether this agonist mediates its effects in
EAE in an IL-4- and receptor-dependent manner using IL-4−/− mice and a small interfering
RNA (siRNA) specific for PPARα. This study also demonstrated that PPARα can positively
regulate the Th2 cytokine genes IL-4 and IL-5 and illustrated specifically that PPARα binds
the IL-4 promoter in the presence of the steroid receptor coactivator (SRC)-1, indicating its
ability to transactivate this gene. Finally, we show that the PPARα agonists gemfibrozil and
fenofibrate can effectively ameliorate established EAE, suggesting that these drugs could be
used therapeutically.
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Materials and Methods
Mice

Vβ8.2 TCR transgenic mice were provided by Dr. J. Goverman (University of Washington,
Seattle, WA) (26). These mice were bred and maintained in a federally approved animal facility
at the University of Texas Southwestern Medical Center (Dallas, TX) or the Ohio State
University Medical Center in accordance with the Institutional Animal Care and Use
Committee. B10.PL and C57BL/6 mice were purchased from The Jackson Laboratory and bred
in our animal facility. IL-4−/− mice were purchased from The Jackson Laboratory and
backcrossed onto the B10.PL background in our animal facility. All mice were between 7 and
10 wk of age when the experiments were performed.

Induction of EAE and in vivo administration of siRNA
EAE was induced in IL-4−/− B10.PL mice, wild-type (WT) B10.PL mice, and C57BL/6 mice
by s.c. injection over four sites in the flank with 50 μg of myelin basic protein (MBP) N-
terminally acetylated peptide (Ac) 1–11 or 200 μg of the myelin oligodendrocyte glycoprotein
peptide MOG35–55 in an emulsion with CFA (Difco). Pertussis toxin (200 ng/mouse) was
injected i.p. at the time of immunization and 48 h later. The mice were evaluated daily for
clinical signs of EAE as previously described (8,27). Mean clinical scores from two EAE
experiments were combined for Figs. 2 and 3 and SEM is indicated on the graphs. Mice that
died from EAE were removed from the analysis following death.

For adoptive transfer studies, splenocytes were removed from B10.PL mice induced to develop
EAE that had been fed gemfibrozil or ethanol (EtOH) diets. Splenocytes were activated in vitro
with MBP Ac1–11 (2 μg/ml) for 3 days and subsequently transferred into naive recipients as
previously described (27).

Synthetic siRNA specific for PPARα and a nonsense (NS) control siRNA were purchased from
Dharmacon and stocks were prepared in the manufacturer’s buffer at 160 μM stocks and diluted
to 50 μg per 100 μl of PBS (2 mg/kg/mouse) for i.v. administration via the tail vein. The
sequence of siRNA PPARα is as follows: 5′-UCACGGAGCUCACAGAAUUUU-3′ and 3′-
AAUUCUGUGAGCUCCGUGAUU5-′.

Administration of PPARα agonists
For administration of gemfibrozil and fenofibrate, stock solutions were made by dissolving
these agents in EtOH (gemfibrozil) or DMSO (fenofibrate) (50 mg/ml). When mice were fed
by gavage (supplementary Fig. 1),4 stock solution was diluted in PBS so that the indicated
dose of agonist (500 μg) was administered in a total of 200 μl. For all other EAE experiments,
mouse chow was supplemented with gemfibrozil or fenofibrate by adding the stock solution
to the chow (0.25% (w/w) in EtOH), allowing the EtOH to evaporate, and then using this chow
as the source of food. Control mice were given chow treated with an equivalent amount of
EtOH without the PPARα agonist.

Transfection with siRNA, preparation of lysates, and Western blotting
Splenocytes from a Vβ8.2 TCR transgenic mouse were transfected in vitro with siRNA
PPARα or siRNA NS in the presence of 100 μM gemfibrozil with or without MBP Ac1–11
for 48 h and cell lysates were prepared as previously described (27). Similarly, splenocytes
from a Vβ8.2 TCR transgenic mouse were cultured in the presence or absence of 100 μM
gemfibrozil with or without MBP Ac1–11 for 48 h and nuclear extracts were prepared using

4The online version of this article contains supplemental material.
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the NE-PER nuclear and cytoplasmic extraction reagents (Pierce) as previously described
(27). For ex vivo experiments, splenocytes were isolated from mice treated with or without
siRNA that were fed gemfibrozil or vehicle control and cell lysates were prepared. Briefly,
cells were collected, spun down, and re-suspended in SDS-lysis buffer. Cells were lysed on
ice for 30 min and spun down to remove cell debris. Protease inhibitors (aprotinin, leupeptin,
and pep-statin) were added to all lysates at the time of preparation. The protein concentration
of all lysates was determined by using the BioRad protein assay. The lysates were diluted in
5× SDS loading buffer and boiled for 3 min. Lysates were electrophoretically separated on 4–
20% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Western
blotting and densitometry were performed as previously described (27) using the following
Abs: T-bet, GATA3, actin, goat anti-mouse IgG-HRP, rabbit anti-goat IgG-HRP, and goat
anti-rabbit IgG-HRP purchased from Santa Cruz Biotechnology; IL-23R purchased from R&D
systems; and PPARα purchased from Affinity Bioreagents.

ELISA
Cytokine expression was determined in the supernatants of splenocytes taken from siRNA
PPARα- or siRNA NS-treated mice that were fed gemfibrozil or EtOH and were restimulated
at 5 × 106 splenocytes/ml in 24-well plates by activation with MBP Ac1–11 (2 μg/ml). IL-4
and IL-5 ELISA were performed as previously described (8). IL-17 ELISA was performed
using the mouse IL-17 DuoSet (R&D Systems).

Chromatin immunoprecipitation (ChIP) and ChIP re-ChIP assays
The ChIP assay was performed as described previously using a PPARα Ab from Affinity
Bioreagents (27). For ChIP re-ChIP assay, crosslinking, lysis, sonication, and
immunoprecipitation with a PPARα-specific Ab were performed per normal ChIP assay.
Following initial immunoprecipitation, eluted immune complexes were diluted 10× with a re-
ChIP buffer and then immunoprecipitated again using an Ab specific for the coactivator SRC-1
(Affinity Bioreagents). Following this step, the assay was continued as a routine ChIP assay.
Input samples were diluted 100-fold, and for re-ChIP, the initial PPARα immunoprecipitation
sample was diluted 10-fold. Five μl of DNA was used for each PCR. PCR amplification of the
IL-4, IL-5, GATA3, and cMaf promoters was performed. The primers used were as follows:
IL-4, 5′-CGGACACCTGTGACCTCTTCCTTC-3′ and 5′-
CCAATCAGCACCTCTCTTCCAGGAG-3′; IL-5, 5′-CCTGAGTTTCAGGACTCGCC-3′
and 5′-CCAGACACAGCTGAGAGTCA-3′; GATA3, 5′-
GGAAAGCTGGTTCGGAGGCA-3′ and 5′-GCCGATTCATTCGGGCTCAG-3′; and cMaf,
5′-CGAGGGATCCGGAGAGAGAA-3′ and 5′-GCGCTTTGCATAAGGAGGGC-3′. PCR
conditions were 55°C for 1 min, 72°C for 1 min, and 94°C for 30 cycles using previously
described PCR mixes (27).

Statistics
Student’s two-tailed t test was used to determine statistical significance of cytokine production
between different experimental groups. The Mann-Whitney U test was used for analysis of
mean clinical scores. All statistics were performed using GraphPad Prism software.

Results
Gemfibrozil increases GATA3 and decreases T-bet expression in vitro and ex vivo in mouse
splenocytes

It has been shown previously that PPARα agonists can increase IL-4 production and decrease
IFN-γ production in immune cells (8,20,24,28). We wanted to determine whether the agonists
were mediating these effects by modulating the transcription factors GATA3 and T-bet, which
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are known to regulate IL-4 and IFN-γ production, respectively (29,30). TCR transgenic
splenocytes that express Vβ8.2, which recognizes MBP Ac1–11 when paired with Vα2.3, were
stimulated with MBP Ac1–11 in the presence or absence of gemfibrozil. Vβ8.2 transgenic mice
have a frequency of MBP Ac1–11-specific T cells of 1 in 103 to 104, providing a model for
studying Ag-specific T cells in the context of a diverse T cell repertoire. Western blot analysis
indicated that GATA3 expression increased and T-bet expression decreased when splenocytes
were cultured with gemfibrozil, suggesting that this PPARα agonist cannot only alter IL-4 and
IFN-γ production, as shown previously (8), but can also modulate the transcription factors that
regulate expression of these cytokines (Fig. 1A).

Directly ex vivo, similar to what was observed in vitro, GATA3 expression was increased and
T-bet expression was decreased in the splenocytes of mice immunized with MBP Ac1–11 and
fed gemfibrozil compared with vehicle-fed controls. These changes correlated with an increase
in nuclear PPARα expression in the gemfibrozil-fed mice (Fig. 1B). We also found that IL-23R
expression was decreased in the splenocytes of EAE mice that were given gemfibrozil 30 days
postimmunization per feeding compared with vehicle-fed controls (Fig. 1B). This is in
agreement with our recent observation that T-bet regulates IL-23R expression (31).
Furthermore, activation of splenocytes with MBP Ac1–11 from vehicle-fed controls resulted
in successful adoptive transfer in 9/9 mice, whereas 4/17 mice receiving MBP Ac1–11-
activated splenocytes from gemfibrozil fed mice developed EAE (supplemental Table I).4

Gemfibrozil partially mediates its protective effects in EAE in an IL-4-dependent manner
To determine whether the efficacy of gemfibrozil treatment in EAE was dependent on increased
production of IL-4, IL-4 deficient or WT B10.PL mice were given a diet continuously
supplemented with gemfibrozil before and after the induction of EAE. Gemfibrozil-fed mice
that were deficient in IL-4 were not protected from disease to the same extent as the WT
gemfibrozil-fed controls (Fig. 2A). Incidence and mean disease severity of the mice in this
experiment are shown in Table I. In addition, IL-4-deficient mice were found to have decreased
nuclear PPARα expression ex vivo compared with WT controls even in the presence of
gemfibrozil (Fig. 2B). This decreased expression correlated with increased disease severity.

The PPARα agonist gemfibrozil modulates the immune response in a receptor-dependent
manner

It has been suggested previously that PPARα agonists mediate their anti-inflammatory effects
in a PPARα-independent manner (24,32). To determine whether this was true in our system,
splenocytes were transfected with a siRNA specific for PPARα and stimulated in the presence
of gemfibrozil in vitro. Following administration of siRNA, PPARα expression was decreased
in vitro (Fig. 3A). Furthermore, when PPARα expression was suppressed, there was no longer
an increase in GATA3 expression in the presence of gemfibrozil (Fig. 3A). This data suggests
that the increase in GATA3 expression that occurs in the presence of gemfibrozil (Fig. 1, A
and B) occurs in a receptor-dependent manner.

To investigate whether the PPARα agonist gemfibrozil was mediating its protective effects in
EAE in a receptor-dependent manner in vivo, siRNA specific for PPARα or a siRNA NS control
was administered to gemfibrozilfed mice before the induction of EAE. Silencing PPARα in
vivo decreased the efficacy of gemfibrozil treatment in EAE (Fig. 3B). Overall, disease was
most severe in mice that received siRNA PPARα (gemfibrozil and EtOH fed), suggesting an
important role for this receptor and possibly its endogenous ligands in protection from EAE.
The incidence and mean severity of disease for the mice in this experiment are shown in Table
II. To confirm that PPARα expression was successfully silenced in vivo, splenocytes were
isolated from mice on day 15 and PPARα expression was measured ex vivo by Western
blotting. PPARα expression was decreased in mice given siRNA specific for PPARα compared
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with siRNA NS controls, confirming that knockdown of PPARα was successful in vivo (Fig.
3C).

To verify that gemfibrozil induced a shift to a Th2-like phenotype in siRNA PPARα-treated
mice, splenocytes were removed from the mice in the previous experiment, activated with MBP
Ac1–11, and cytokine secretion was measured by ELISA. Interestingly, splenocytes taken from
siRNA PPARα-treated mice were unable to secrete significant amounts of IL-4 and IL-5 even
if the mice were fed gemfibrozil. Mice given siRNA NS and fed gemfibrozil were able to
produce increased IL-4 and IL-5 compared with EtOH-fed controls (Fig. 4, A and B). These
data suggest that the ability of the PPARα agonist gemfibrozil to induce a Th2-like phenotype,
as determined by increased Th2 cytokine secretion, is receptor dependent. Furthermore, we
found that splenocytes taken from siRNA PPARα-treated mice produced increased amounts
of IL-17 even if the mice were fed gemfibrozil in vivo compared with EtOH-fed controls (Fig.
4C). Contrary to what was found for IL-4 and IL-5, siRNA NS-treated mice that were fed
gemfibrozil were impaired in their ability to secrete IL-17 compared with EtOH-fed controls.
Therefore, this suggests that gemfibrozil, via interaction with its receptor PPARα, ameliorates
EAE by increasing Th2 cytokine production and decreasing IL-17 production.

PPARα regulates IL-4 and IL-5
Because we no longer observed an increase in the Th2 cytokines IL-4 and IL-5 in the presence
of gemfibrozil when PPARα is silenced, we wanted to ascertain whether PPARα could directly
regulate these genes. To determine whether PPARα binds directly to the IL-4 and/or IL-5
promoter regions, ChIP assays were performed. Prior work had identified a PPRE in the IL-4
promoter (24). In the presence of gemfibrozil, following stimulation with Ag, PPARα bound
the IL-4 and IL-5 promoters (Fig. 5A). This binding was not observed in the absence of ligand
or when we immunoprecipitated with an isotype control Ab. In addition, the IL-4 and IL-5
promoters contain a PPRE located ~317 and 1738 bp upstream from the transcription start site,
respectively, and this is the region of each promoter that was amplified. To determine whether
PPARα could also regulate IL-4 and IL-5 production indirectly via regulation of the
transcription factors GATA3 and c-Maf, which are known to regulate Th2 cytokine genes, the
DNA immunoprecipitated with a PPAR-α specific Ab was also amplified using primer sets
specific for the GATA3 and c-Maf promoters. We were unable to detect binding to either of
these regulatory regions by PPARα (Fig. 5A), suggesting that regulation of IL-4 and IL-5
production is not occurring indirectly through regulation of GATA3 or c-Maf. Rather, it is
possible that PPARα-dependent Th2 cytokine production, specifically IL-4 production, can
lead to the increased GATA3 expression that is seen in the presence of gemfibrozil (Fig. 1,
A and B).

To verify the specificity of this binding, another ChIP assay was performed in which the
Vβ8.2 transgenic splenocytes were transfected with siRNA PPARα or siRNA NS before
activation. When PPARα expression is inhibited using RNA interference (RNAi), we no longer
observe binding to the IL-4 or IL-5 promoters in the presence of gemfibrozil compared with
the siRNA NS-transfected controls (Fig. 5B).

To provide further evidence that PPARα is transactivating the IL-4 gene, which would therefore
indicate functional binding, we examined whether PPARα is bound to the coactivator SRC-1
when it is bound to the IL-4 promoter. To accomplish this, a ChIP re-ChIP assay was performed.
Splenocytes were stimulated in the presence or absence of gemfibrozil and ChIP was performed
using an Ab specific for PPARα. Following immunoprecipitation with PPARα, another
immunoprecipitation was performed using an Ab specific for the coactivator SRC-1. DNA that
was specifically bound to PPARα when SRC-1 was bound was then used as a template in a
PCR. We found that a primer set that spans a PPRE amplified a sequence within the IL-4
promoter when the cells were cultured in the presence of gemfibrozil (Fig. 5C). These data, in
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combination with the inability of gemfibrozil to increase IL-4 production when PPARα is
silenced (Fig. 4), suggest that PPARα can transactivate the IL-4 promoter and that the binding
is functional.

Treatment of EAE mice with the PPARα agonists gemfibrozil and fenofibrate ameliorates
disease course

To determine whether treatment with the PPARα agonists gemfibrozil and fenofibrate could
ameliorate EAE once the disease has already been established, mice with clinically definite
EAE were fed gemfibrozil, fenofibrate, or vehicle controls by gavage for 5 days to ensure that
the mice were getting an equivalent dose. After 5 days, the mice were given a diet supplemented
with the PPARα agonists for the duration of the experiment. Treating mice with gemfibrozil
and fenofibrate after disease was established ameliorated their disease course (supplemental
Fig. 1). The incidence and mean severity of EAE for the animals in this experiment are depicted
in Table III.

Discussion
The current study investigates the mechanism by which PPARα agonists induce an anti-
inflammatory phenotype and protect mice from EAE. Gemfibrozil has been shown to affect
cytokine production but was also found in this study to alter the expression of the transcription
factors T-bet and GATA3, which are essential for the differentiation of CD4+ T cells. Changes
in the expression of these transcription factors were observed following culture in vitro, as well
as directly ex vivo when taken from mice that had been given a diet supplemented with
gemfibrozil. In addition, it has been shown by us and others that decreased T-bet expression
correlates with protection from EAE (27,31,33). T-bet knockout mice and mice that have had
T-bet silenced using RNAi are protected from disease and have been shown to have a
correlative increase in GATA3 expression (27,31,33). Furthermore, we have demonstrated that
T-bet, via direct regulation of the IL-23R, can influence the fate of pathogenic IL-17-producing
cells (31). Although Th17 cells have been shown to differentiate independently of T-bet, they
appear to rely on T-bet for optimal IL-23 responsiveness and, therefore, survival. We have
found that T-bet can directly regulate the IL-23R and when T-bet is silenced using RNAi,
IL-23R expression and IL-17 expression are decreased, resulting in protection from EAE
(31). The current study suggests that at least one mechanism by which PPARα agonists exert
their protective effects in EAE is through down-regulation of T-bet and up-regulation of
GATA3. This altered transcription factor expression results in a Th2-like phenotype and may
lead to decreased proliferation/expansion of encephalitogenic Th1 as previously demonstrated
(8) or Th17 cells, as evidenced by a decrease in IL-23R expression and decreased IL-17
production in gemfibrozil-fed mice. Furthermore, it has been shown that T-bet and GATA3
can regulate one another and, in doing so, may affect downstream signaling (34,35). Therefore,
if PPARα, through interaction with its ligand, can regulate either of these transcription factors
directly or indirectly, this could result in the regulation of the other transcription factor.

This study also demonstrates that the protective effects of gemfibrozil treatment in EAE are
partially dependent on IL-4. The data indicate that there may be more than one mechanism by
which gemfibrozil exerts it protective effects in EAE, but suggest that IL-4 does play an
important role in this protection. An additional mechanism for protection may be mediated via
APCs such as microglia, which have been implicated in the pathology of EAE and MS (36).
PPARα and RXR agonists have been shown to inhibit microglial and astrocyte production of
NO, IL-1β, TNF-α, IL-6, and MCP-1, all of which contribute to pathogenesis in EAE (37,
38), and the PPARα agonist fenofibrate has been demonstrated to suppress LPS induction of
IL-12, IL-23, and IL-27p28 by microglia (39). In addition, PPARα agonists may mediate
protection from EAE in part by repression of transcription factors such as NF-κB and T-bet,
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which regulate Th1 or Th17 inflammatory genes, or by negatively regulating the production
of proinflammatory cytokines, such as IFN-γ, as has been demonstrated for PPARs (8,40–
42). Increased nuclear expression of PPARα in WT gemfibrozil-fed mice was also observed
(Fig. 1). However, this expression was decreased in IL-4−/− gemfibrozil-fed mice to levels seen
in vehicle controls, suggesting an important role for IL-4 in the regulation of PPARα. There is
evidence of cross-talk between PPAR signaling pathways and STAT and GATA transcription
factors (43). It is possible that PPARα agonists induce increased IL-4 expression that then
drives Th2 differentiation via STAT6 and GATA3. Additional studies are required to further
investigate the role of IL-4 in induction of PPARα expression and to elucidate other
mechanisms of protection by gemfibrozil in IL-4-deficient mice.

It has previously been suggested that fibrates increase IL-4 production via a PPARα-
independent mechanism. The PPARα agonist WY14,643 was found to induce modest IL-4
production in splenocytes from PPARα knockout mice after stimulation with a T cell mitogen
(24). In addition, PPARα knockout mice were found to benefit from gemfibrozil treatment
(32). Contrary to these results, we found that gemfibrozil increases GATA3 expression and ex
vivo IL-4 and IL-5 production by Ag-specific T cells in a PPARα-dependent manner.
Furthermore, gemfibrozil was shown to exert its protective effects in EAE in a receptor-
dependent manner when PPARα was silenced in vivo using siRNA. Our data suggest that IL-4
at least partially mediates the therapeutic effect of gemfibrozil in a receptor-dependent manner
but do not exclude the possibility that receptor-independent mechanisms may contribute to the
therapeutic effect. There may be a number of reasons for the discrepancy between our data and
that generated in PPARα knockout mice. Rather than using PPARα knockout mice, we silenced
PPARα expression using RNAi, thereby avoiding the redundancy or compensation that may
occur when a gene is not expressed during development. For example, PPARγ and PPARδ
expression are increased in T cells from PPARα-deficient mice (44). In addition, the genetic
background of PPARα-deficient mice is distinct from that of the B10.PL mice used this study
(45). Moreover, there may be additional mechanisms by which gemfibrozil mediates protection
in EAE other than increasing IL-4 production, such as inhibiting production of the
proinflammatory cytokines IL-17 or IL-23, which may be dependent on receptor-ligand
interactions (39). Importantly, this study demonstrates that PPARα directly regulates IL-4 and
IL-5 by binding to PPREs in the regulatory regions of these genes as shown by ChIP assay.
These data, in combination with the inability of siRNA PPARα-treated mice to produce
increased IL-4/IL-5 and decreased IL-17, suggest that regulation of these cytokine genes is one
way in which gemfibrozil induces immune deviation to a Th2-like phenotype and protects mice
from EAE. Furthermore, the finding that PPARα binds the IL-4 promoter when the coactivator
SRC-1 is bound is further support that PPARα, following ligand binding, can directly
transactivate the IL-4 gene. In an unliganded state, PPARα is bound to a corepressor complex.
In the presence of ligand, this corepressor complex dissociates and is targeted for degradation.
The PPARα/RXR heterodimer can then associate with a coactivator complex and bind to
PPREs in promoters and enhancers of target genes. It is this coactivator complex that induces
chromosomal modifications such as chromatin acetylation and remodeling and allows
transcriptional machinery to gain access to the regulatory regions of genes that are regulated
by PPARα (46). Association of PPARα with the coactivator complex on the IL-4 promoter is
strong evidence of transactivation and receptor-dependent regulation of IL-4 in the presence
of gemfibrozil.

Finally, in this study established EAE was ameliorated with the PPARα agonists gemfibrozil
and fenofibrate. This is important because it suggests that PPARα agonists could be used
clinically for the treatment of immune-mediated inflammatory diseases. Fibrates are taken
orally; this differs from the method of administration of current MS therapies, which are given
by s.c. or i.m. injections. Therefore, the use of these drugs could improve the quality of life of
the MS patient if proven to be effective in reducing disease severity.
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Overall, this study provides new insight into the anti-inflammatory mechanism of the
PPARα agonist gemfibrozil and further delineates how this drug ameliorates EAE. It suggests
for the first time that PPARα agonists mediate their protective effects in a receptor-dependent
manner via transcriptional activation of the Th2 cytokine genes IL-4 and IL-5. This regulation
of IL-4 and IL-5 results in immune deviation to a Th2-like phenotype via altered expression
of the transcription factors T-bet and GATA3. The model we propose for the protective
mechanism of gemfibrozil in EAE is as follows (Fig. 6). In the presence of PPARα agonists,
PPARα heterodimerizes with RXR, dissociates from its nuclear corepressor complex,
associates with a coactivator complex, and binds to PPREs in the promoter region of IL-4 and/
or IL-5. The transactivation of IL-4/IL-5 leads to increased expression of GATA3, which in
turn results in decreased T-bet expression and down-regulation of the Th1/Th17 inflammatory
response. This study suggests that fibrates could provide an effective therapy for MS, and
insight gained from dissecting the mechanism of action of fibrates in EAE could be used for
the development of new drugs with fewer side effects to be used for the treatment of immune-
mediated inflammatory diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Gemfibrozil increases GATA3 and decreases T-bet expression in vitro and ex vivo in mouse
splenocytes. A, The PPARα agonist gemfibrozil (Gem) (100 μM) or vehicle control (EtOH)
was added to Vβ8.2 TCR transgenic splenocytes from a B10.PL mouse, and cells were
stimulated with MBP Ac1–11 for 48 h. Nuclear extracts were made and GATA3 and T-bet
expression were measured by Western blotting. B, B10.PL mice were given a diet
supplemented with 0.25% (w/w) gemfibrozil or vehicle control (EtOH) beginning 1 day before
immunization with MBP Ac1–11. On days (d) 15 and 30 postimmunization, splenocytes were
isolated and GATA3, T-bet, IL-23R, and PPARα expression were measured ex vivo by
Western blotting. Densitometry was performed on Western blots and relative GATA3, T-bet,
IL-23R, and PPARα expression was determined by normalizing to actin. All results shown are
representative of at least three experiments.
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FIGURE 2.
Gemfibrozil partially mediates its protective effects in EAE in an IL-4 dependent manner. A,
B10.PL mice deficient in IL-4 or WT for the IL-4 gene were given a diet supplemented with
0.25% (w/w) gemfibrozil (Gem) or vehicle control (EtOH) beginning 1 day before
immunization with MBP Ac1–11 to induce EAE. Mice were monitored for clinical signs of
disease. Disease incidence is indicated in parentheses. Mann-Whitney nonparametric analysis
was performed; gemfibrozil WT vs gemfibrozil IL4−/−, p < 0.0001; EtOH WT vs EtOH
IL4−/−, p = 0.0557. B, Thirty days postimmunization feeding splenocytes were isolated from
representative mice in A and nuclear extracts were made. PPARα expression was measured
directly ex vivo by Western blotting. Densitometry was performed and relative PPARα
expression was determined by normalizing to actin. Results shown are representative of at least
three experiments.
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FIGURE 3.
Gemfibrozil modulates the immune response in a receptor-dependent manner. A, Splenocytes
isolated from a Vβ8.2 TCR transgenic B10.PL mouse were transfected with an siRNA specific
for PPARα or an siRNA NS control. Cells were cultured in the presence of 100 μM gemfibrozil
or vehicle control (EtOH) with or without the Ag MBP Ac1–11 for 48 h. Whole cell lysates
were made and PPARα and GATA3 expression were measured by Western blotting. B, siRNA
PPARα or siRNA NS were administered to B10.PL mice in vivo via tail vein and diet was
supplemented with 0.25% (w/w) gemfibrozil (Gem) or vehicle control (EtOH) 1 day before
immunization with MBP Ac1–11. Mice were monitored for clinical signs of EAE. Disease
incidence is indicated in parentheses. Mann-Whitney nonparametric analysis was performed;
gemfibrozil plus siRNA NS vs gemfibrozil plus siRNA PPARα, p < 0.0001; EtOH plus siRNA
NS vs EtOH plus siRNA PPARα, p <0.0169; gemfibrozil plus siRNA PPARα vs EtOH plus
siRNA PPARα, p = 0.8668; gemfibrozil plus siRNA NS vs EtOH + siRNA NS, p < 0.0001.
C, Splenocytes were isolated from mice receiving siRNA PPARα or siRNA NS 15 days
postimmunization/feeding and PPARα expression was measured directly ex vivo by Western
blotting to verify gene silencing in vivo. Densitometry was performed and relative GATA3
and PPARα expression was determined by normalizing to actin.
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FIGURE 4.
Gemfibrozil induces Th2 cytokine secretion in a receptor-dependent manner. Splenocytes were
isolated from representative EAE mice in B and restimulated in vitro with MBP Ac1–11. At
72 h supernatants were collected and IL-4 (A), IL-5 (B), and IL-17 (C) secretion were measured
by ELISA. siRNA PPARα plus gemfibrozil (Gem) vs siRNA NS plus gemfibrozil, p < 0.001
for IL-4 and IL-5. siRNA PPARα plus gemfibrozil vs siRNA NS plus Gem, p < 0.01 for IL-17.
All results shown are representative of two or more independent experiments.
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FIGURE 5.
PPARα regulates transcription of Th2 cytokine genes in a ligand-dependent manner. A,
Splenocytes were isolated from a Vβ8.2 TCR transgenic B10.PL mouse and cultured in the
presence of 100 μM gemfibrozil or vehicle control (EtOH). Cells were stimulated with or
without MBP Ac1–11 for 48 h and crosslinked for ChIP. ChIP assays were performed using
an Ab specific for PPARα and immunoprecipitated DNA was amplified using primers specific
for the IL-4, IL-5, GATA3, and cMaf, promoter regions. B, Splenocytes were isolated as
described in A and transfected with an siRNA specific for PPARα or an siRNA NS control.
Cells were cultured in the presence of 100 μM gemfibrozil or vehicle control (EtOH) with or
without MBP-Ac1–11 for 48 h and crosslinked for ChIP assays. ChIP assays were performed
with a PPARα-specific Ab and immunoprecipitated DNA was amplified with primers specific
for the IL-4 and IL-5 promoter regions that contained PPREs. C, Splenocytes were isolated
and cultured as described in A. Cells were crosslinked for ChIP re-ChIP assay. ChIP re-ChIP
was performed by immunoprecipitating first with a PPARα-specific Ab. Eluted immune
complexes were then immunoprecipitated again using an Ab specific for SRC-1.
Immunoprecipitated DNA was amplified using primers specific for the IL-4 promoter
containing a PPRE. Results shown are representative of multiple experiments.
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FIGURE 6.
A model for PPARα-mediated protection in EAE. In the presence of PPARα agonists,
PPARα heterodimerizes with RXR, dissociates from its nuclear corepressor complex,
associates with a coactivator complex, and binds to PPREs in the promoter region of IL-4 and/
or IL-5. The trans-activation of IL-4/IL-5 leads to increased expression of GATA3, which in
turn results in decreased T-bet expression and down-regulation of the Th1/Th17 inflammatory
response. This shift in the immune response to a Th2-like phenotype results in amelioration of
EAE.
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Table I

Incidence and severity of EAE in IL-4−/− vs WT mice treated with gemfibrozil

Incidence Mean Severitya

EtOH IL4−/− 10/11 3.1

EtOH WT 6/7 3.0

Gemfibrozil IL4−/− 6/11 2.3

Gemfibrozil WT 3/7 1.7

a
Mean of the maximum clinical disease score of individual animals in each treatment group.
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Table II

Incidence and severity of EAE in siRNA PPAR-α vs siRNA NS-treated mice fed gemfibrozil

Incidence Mean Severitya

Gemfibrozil fed/siRNA PPAR 5/6 3.0

Gemfibrozil fed/siRNA NS 2/7 1.0

EtOH fed/siRNA PPAR 6/6 2.5

EtOH fed/siRNA NS 6/6 2.3

a
Mean of the maximum clinical disease score of individual animals in each treatment group.
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Table III

Incidence and severity of EAE in PPAR-α agonist-treated mice

Incidence MCS Day 32a Mean Severityb

Gemfibrozil fed 5/5 0.8 2.4

Fenofibrate fed 6/7 0.9 2.0

EtOH fed 4/4 2.0 2.8

DMSO fed 6/6 2.5 3.5

a
Mean clinical disease score of individual animals in each treatment group at day 32 postimmunization (day 18 posttreatment).

b
Mean of the maximum clinical disease score of individual animals in each treatment group.
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