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Background: An increase in remyelination in multiple sclerosis (MS) lesions is a possible therapeutic approach.
Results: Gemfibrozil, an FDA-approved drug for hyperlipidemia, stimulates the expression of myelin genes in primary human
oligodendroglia via PPAR-�.
Conclusion: These results delineate a novel myelinogenic property of gemfibrozil.
Significance: Gemfibrozil may be of therapeutic benefit in MS and other demyelinating diseases.

An increase in CNS remyelination and a decrease in CNS
inflammation are important steps to halt the progression of
multiple sclerosis. Earlier studies have shown that gemfibrozil, a
lipid-lowering drug, has anti-inflammatory properties. The cur-
rent study identified another novel property of gemfibrozil in
stimulating the expression of myelin-specific genes (myelin
basic protein, myelin oligodendrocyte glycoprotein, 2�,3�-cy-
clic-nucleotide 3�-phosphodiesterase, and proteolipid protein
(PLP)) in primary human oligodendrocytes, mixed glial cells,
and spinal cord organotypic cultures. Although gemfibrozil is a
known activator of peroxisome proliferator-activated recep-
tor-� (PPAR-�), we were unable to detect PPAR-� in either
gemfibrozil-treated or untreated human oligodendrocytes, and
gemfibrozil increased the expression of myelin genes in oligo-
dendrocytes isolated from both wild type and PPAR-�(�/�)
mice. On the other hand, gemfibrozil markedly increased the
expression of PPAR-� but not PPAR-�. Consistently, antisense
knockdown of PPAR-�, but not PPAR-�, abrogated the stimu-
latory effect of gemfibrozil onmyelin genes in human oligoden-
drocytes. Gemfibrozil also did not up-regulate myelin genes in
oligodendroglia isolated from PPAR-�(�/�) mice. Chromatin
immunoprecipitation analysis showed that gemfibrozil induced
the recruitment of PPAR-� to the promoter of PLP and myelin
oligodendrocyte glycoprotein genes in human oligodendro-
cytes. Furthermore, gemfibrozil treatment also led to the recruit-
ment of PPAR-� to the PLP promoter in vivo in the spinal cord of
experimental autoimmune encephalomyelitis mice and suppres-
sion of experimental autoimmune encephalomyelitis symptoms in
PLP-T cell receptor transgenic mice. These results suggest that
gemfibrozil stimulates the expression ofmyelin genes via PPAR-�
and that gemfibrozil, a prescribed drug for humans, may find fur-
ther therapeutic use in demyelinating diseases.

Myelination is a complex process that requires proliferation
of oligodendrocyte progenitors, migration to various brain
regions, and synthesis and deposition of themyelin membrane.
There are a number of human disorders (multiple sclerosis,
spinal cord injury, X-linked adrenoleukodystrophy, adrenomy-
eloneuropathy, neurotrauma, and HIV encephalomyelopathy)
in which the loss of myelin is observed. The major approach
to the management of demyelinating disorders involves an
increase in remyelination of axons, resulting in clinical
improvement. Oligodendrocytes are the only myelin-synthe-
sizing cells in the CNS that express several myelin-specific
genes like myelin basic protein (MBP),2 2�,3�-cyclic-nucleotide
3�-phosphodiesterase (CNPase), myelin oligodendrocyte gly-
coprotein (MOG), and proteolipid protein (PLP) (1–5). There-
fore, an increase in the expression of myelin-specific genes is a
prerequisite to an increase in CNS remyelination. However,
despite intense investigation, very few drugs are available that
may increase the expression of myelin genes and help in
remyelination.
Peroxisome proliferator-activated receptors (PPARs), tran-

scription factors belonging to the nuclear hormone receptor
superfamily, have been reported to be expressed in brain (5–9).
To date, three different PPAR subtypes, PPAR-�, PPAR-�, and
PPAR-�/�, have been identified in vertebrate species. PPAR-�
is implicated in the regulation of lipid metabolism, whereas
PPAR-� plays important roles in proliferation and differentia-
tion of adipose cells and regulation of inflammation in many
cell types including brain cells (10–14). On the other hand,
PPAR-� participates in diabetes, dyslipidemia, cell prolifera-
tion, and tumorigenesis (6, 15–19).
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Gemfibrozil, an activator of PPAR-�, often has been pre-
scribed in patients to lower the level of triglycerides (6, 20), to
increase the level of high density lipoprotein (HDL) cholesterol,
and to decrease the level of low density lipoprotein (LDL) cho-
lesterol (20, 21). Earlier we have demonstrated that gemfibrozil
attenuates the expression of inducible nitric-oxide synthase in
human astrocytes (22). Others have also shown an anti-inflam-
matory effect of gemfibrozil in other cells (23, 24). In the cur-
rent work, we present evidence that gemfibrozilmarkedly stim-
ulated the expression of myelin-specific genes (MOG, PLP,
CNPase, andMBP) in human primary oligodendrocytes, mixed
glial cells, and spinal cord organotypic cultures. On the other
hand, gemfibrozil was unable to stimulate the expression of
either astroglia-specific glial fibrillary acidic protein (GFAP) or
microglia-specific CD11b. Furthermore, we demonstrate that
gemfibrozil executed this novel myelinogenic property via
PPAR-� but not via either PPAR-� or PPAR-�. These results
raise the possibility that this lipid-lowering drugmay be of ther-
apeutic value in human demyelinating diseases.

EXPERIMENTAL PROCEDURES

Reagents—Fetal bovine serum,Hanks’ balanced salt solution,
trypsin, and DMEM/F-12 were from Mediatech (Washington,
D. C.). Gemfibrozil, WY14643, Solvent Blue 38, cresyl violet
acetate, and lithium carbonate were obtained from Sigma.
Heat-killed Mycobacterium tuberculosis (H37RA) was pur-
chased fromDifco. Incomplete Freund’s adjuvant was obtained
from Calbiochem. Proteolipid protein (PLP139–151) was pur-
chased from Tocris Bioscience (Ellisville, MO). Antibodies
against human PLP and MOG were obtained from Millipore
(Billerica, MA). Antibodies against PPAR-�, PPAR-�, and
PPAR-� were purchased fromAbcam (Cambridge, MA). Phos-
phorothioate-labeled antisense and scrambled oligodeoxy-
nucleotides were synthesized in the DNA-synthesizing facility
of Invitrogen. The following antisense (ASOs) and scrambled
(ScOs) oligonucleotides for different PPAR genes were used:
PPAR-�: ASO, 5�-GCC TTG TCC CCG CAC ACC CG-3�;
ScO, 5�-GCCTCCGCACACCGTTCCCG-3�; PPAR-�: ASO,
5�-TAC GGA GAG ATC CAC GGA G-3�; ScO, 5�-GGA GAT
CCACGGAGTACAG-3�; PPAR-�, ASO: 5�-GGCCTCGAG
TGGGGAGAGGGG-3�; ScO, 5�-TGC GCA CAC CCG CCC
TGG CCT-3�.
Isolation of Human Mixed Glial Cultures and Primary

Oligodendrocytes—Human fetal brain tissues were obtained
from the Human Embryology Laboratory, University of Wash-
ington (Seattle, WA). All of the experimental protocols were
reviewed and approved by the Institutional ReviewBoard of the
Rush University Medical Center. Briefly, 14–16-week-old fetal
brains obtained from theHuman Embryology Laboratory, Uni-
versity of Washington were dissociated by trituration and
trypsinization (0.25% trypsin in PBS at 37 °C for 15 min). The
trypsin was inactivated with 10% heat-inactivated FBS (Medi-
atech). The dissociated cells were filtered successively through
380- and 140-�mmesh (Sigma) and pelleted by centrifugation.
The resulting suspension was centrifuged for 10 min at 1500
rpm and then resuspended in DMEM/F-12 supplemented with
20% heat inactivated FBS. Cells were plated on poly-D-lysine-
coated 75-cm2 flasks and incubated at 37 °Cwith 5%CO2 in air.

Culture medium was changed after every 3 days. The initial
mixed glial cultures (grown for 9 days) were placed on a rotary
shaker at 240 rpm at 37 °C for 2 h to remove loosely attached
microglia. The oligodendrocytes were detached after shaking
for 18 h at 200 rpm at 11 days. To purify oligodendrocytes from
astrocytes and microglia, the detached cell suspension was
plated in tissue culture dishes (2� 106 cells/100mm) for 60min
at 37 °C. This step was repeated twice for non-adherent cells to
minimize the contamination. The non-adhering cells (mostly
oligodendrocytes) were seeded onto poly-D-lysine-coated cul-
ture plates in complete medium (DMEM/F-12 supplemented
with 10% heat inactivated FBS) at 37 °C with 5% CO2 in air.
Earlier we (1, 2) have shown that oligodendrocytes isolated
through this procedure are more than 98% pure.
Isolation of PrimaryMouse Oligodendrocytes—Oligodendro-

cytes were isolated from brains of 2–3-day-old pups of wild
type, PPAR-�(�/�), and PPAR-�(�/�) mice as described
above. Briefly, on the 9th day, mixed glial cultures were placed
on a rotary shaker at 240 rpm at 37 °C for 2 h to remove loosely
attached microglia. Then on the 11th day, flasks were shaken
again at 180 rpm at 37 °C for 18 h to obtain oligodendroglia.
These cells were allowed to adhere on uncoated plates for 1 h to
remove any residual microglia and astroglia. Non-adherent
cells were mostly oligodendroglia (�98% pure), which were
centrifuged and plated on poly-D-lysine-coated plates.
Treatment of Primary Oligodendrocytes with Gemfibrozil

(Gem)—Cells were initially cultured on poly-D-lysine-coated
plates in DMEM/F-12 containing 10% FBS for 24 h. Then cells
were treated with different concentrations of gem under
serum-free conditions.
Immunostaining of GalC, CNPase, MOG, PLP, and PPAR-�—

Immunostaining was performed as described earlier (1, 2).
Briefly, coverslips containing 200–300 cells/mm2 were fixed
with 4% paraformaldehyde for 15 min followed by treatment
with cold ethanol (�20 °C) for 5 min and two rinses in PBS.
Samples were blocked with 3% BSA in PBS containing Tween
20 (PBST) for 30 min and incubated in PBST containing 1%
BSA and rabbit anti-PPAR-� (1:50), goat anti-GalC (1:50), goat
anti-MOG (1:50), rabbit anti-PLP (1:70), and rabbit anti-CN-
Pase (1:50). After three washes in PBST (15 min each), slides
were further incubatedwithCy5, Cy3, andCy2 (Jackson Immu-
noResearch Laboratories, West Grove, PA). For negative con-
trols, a set of culture slides was incubated under similar condi-
tions without the primary antibodies. The samples were
mounted and observed under a Bio-Rad MRC1024ES confocal
laser-scanning microscope.
Measurement of Oligodendrocyte Process Length—Analyses

of oligodendrocyte process length were performed using the
ImageJ program (National Institutes of Health, Bethesda, MD).
The length of the each process was measured from the base of
the process to its tip.
Semiquantitative RT-PCRAnalysis—Total RNAwas isolated

using the Qiagen RNEasy kit following the manufacturer’s pro-
tocol. To remove any contaminating genomic DNA, total RNA
was digested with DNase. Semiquantitative RT-PCR was car-
ried out as described earlier using oligo(dT)12–18 as primer and
Moloney murine leukemia virus reverse transcriptase (Clon-
tech) in a 20-�l reaction mixture. The resulting cDNA was
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appropriately diluted, and diluted cDNA was amplified using
Titanium Taq polymerase and the following primers: human
primers: hMBP: sense, 5�-GGA AAC CAC GCA GGC AAA
CGA GA-3�; antisense, 5�-GAA AAG AGG CGG ATC AAG
TGG GG-3�; hPLP: sense, 5�-CTT CCC TGG TGG CCA CTG
GAT TGT-3; antisense, 5�-TGA TGT TGG CCT CTG GAA
CCC CTC-3�; hMOG: sense, 5�-TCC TCC TCC TCC TCC
AAG TGT CT-3�; antisense, 5�-AGT GGG GAT CAA AAG
TCC GGT GG-3�; hCNPase: sense, 5�-GGC CAC GCT GCT
AGA GTG CAA GAC-3�; antisense, 5�-GGT ACT GGT
ACT GGT CGG CCA TTT-3�; hGFAP: sense, 5�-TGA GTC
GGT GGA GGA GGA GAT-3�; antisense, 5�-TAG TCG TTG
GCT TCG TGC TTG-3�; hCD11b: sense, 5�-CAA CCA AAG
GGGCAGCCTCTACCAG-3�; antisense, 5�-CTGGGATGA
TGC TAC CAG ACC ATC-3�; hPPAR-�: sense, 5�-CCA GTA
TTT AGG ACG CTG TCC-3�; antisense, 5�-AAG TTC TTC
AAG TAG GCC TCG-3�; PPAR-�: sense, 5�-TCT CTC CGT

AAT GGA AGA CC-3�; antisense, 5�-GCA TTA TGA GAC
ATC CCC AC-3; hPPAR-�: sense, 5�-CTG AGG TCC GGG
AAG AGG AGG AGA A-3�; antisense, 5�-GCG CTC ACA
CTT CTC GTA CTC CAG C-3�; hGAPDH: sense: 5�-GTT
GTC ATT GTT GTG AGC CG-3; antisense, 5�-CAT CAC
AGC CAT GAT GTT GC-3�; mouse primers: mouse MOG:
sense, 5�-CCT CTC CCT TCT CCT CCT TC-3�; antisense,
5�-AGA GTC AGC ACA CCG GGG TT-3�; mPLP: sense,
5�-CTT CCC TGG TGG CCA CTG GAT TGT-3�; anti-
sense, 5�-CCG CAG ATG GTG GTC TTG TAG TCG-3�;
mGAPDH: sense, 5�-CAG GGG ATG ATC ATG GCT TCT
CC-3�; antisense, 5�-GAT GCT CAC AAG AGC CCC GTT
AGC-3�; mGAPDH: sense, 5�-GGT GAA GGT CGG AGT
CAA CG-3�; antisense, 5�-GTG AAG ACG CCA GTG GAC
TC-3�. Amplified products were electrophoresed on a 1.8%
agarose gel and visualized by ethidium bromide staining. The
message for the glyceraldehyde-3-phosphate dehydrogenase

FIGURE 1. Gem stimulates the differentiation of human fetal oligodendrocytes and protects these cells from serum deprivation-induced death. After
separation from other glial cells, fetal oligodendrocytes were cultured on poly-D-lysine-coated plates with DMEM/F-12 containing 10% FBS for 24 h. Then cells
were treated with different concentrations of gem for 24 h under serum-free conditions followed by phase-contrast imaging (A). Process length (B) was
monitored as described under “Experimental Procedures.” Three individual experiments were performed, and the data were summarized and analyzed using
the Mann-Whitney test. A total of 50 oligodendrocytes per treatment was analyzed for each assay. MTT reduction activity (C) and lactate dehydrogenase (LDH)
release (D) assays were performed under similar treatment conditions. Values obtained from the control group (�serum �gem) served as 100%, and data
obtained in the other groups were calculated as a percentage of control accordingly. a, p � 0.001 versus control (�serum �gem) group; b, p � 0.001 versus
(�serum �gem) group. Error bars represent S.D.
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(GAPDH) genewas used to ascertain that an equivalent amount
of cDNA was synthesized from different samples.
Real Time PCR Analysis—Real time PCR analysis was per-

formed using the ABI PRISM 7700 sequence detection system
(Applied Biosystems, Foster City, CA) as described earlier (1,
25). All primers and fluorescein amidite-labeled probes were
obtained from Applied Biosystems. The mRNA expression of
myelin genes was normalized to the label of GAPDH mRNA.
Data were processed by ABI Sequence Detection System 1.6
software and analyzed by analysis of variance.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed using a kit (Upstate Biotechnology, Lake
Placid, NY) as described earlier (26). Briefly, after 3 h of stimu-
lation, cells were fixed by adding formaldehyde, and cross-
linked adducts were resuspended and sonicated. ChIP was per-
formed on the cell lysate by overnight incubation at 4 °C with 2
�g of either anti-PPAR-� antibodies or control IgG followed by
incubation with protein G-agarose (Santa Cruz Biotechnology)
for 2 h. The beads were washed and incubated with elution
buffer. To reverse the cross-linking and purify the DNA, pre-

FIGURE 2. Effect of gem on the expression of myelin genes in human fetal oligodendrocytes. Cells were treated with different concentrations of gem for
18 h under serum-free condition followed by analysis of MBP, PLP, MOG, and CNPase mRNAs by semiquantitative RT-PCR (A) and quantitative real time PCR (B).
Results are means � S.D. of three different experiments. a, p � 0.001 versus control (Cont). After 24 h of gem treatment, the protein level of PLP, MOG, and MBP
was examined by Western blot (C). Cells were also immunostained with antibodies against PLP and MOG (D). The setting of the confocal microscope was kept
unaltered during the entire study. Figures are representative of three independent experiments. Scale bars represent 20 �m. Cells were treated with 25 �M

gemfibrozil for different time intervals followed by monitoring the mRNA expression of PLP, MOG, and MBP by semiquantitative RT-PCR (E) and quantitative
real time PCR (F). Results are means � S.D. of three different experiments. a, p � 0.001 versus control. At different time intervals, the protein level of PLP, MOG,
and MBP was examined by Western blot (G). Results represent three independent experiments. Error bars represent S.D.
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cipitates were incubated in a 65 °C incubator overnight and
digested with proteinase K. DNA samples were then purified
and precipitated, and precipitates were washed with 75% etha-
nol, air-dried, and resuspended in Tris-EDTA buffer. The fol-
lowing primers were used for amplification of chromatin frag-
ments of human MOG and PLP genes: MOG promoter
(spanning proximal PPRE; 144 bp): sense, 5�-TCC AAC CTT
GCCTCTCTGAGCA-3�; antisense, 5�-TCTTCTACCGCG
AAT CCA AAC T-3�; MOG promoter (spanning distal PPRE;
163 bp): sense: 5�-TGG AAC CTG CTA CCA ATG CTG GTC
T-3�; antisense: 5�-CAGAGCCAGCATACAGGACACGCT
C-3�; human PLP promoter (spanning both PPREs; 315 bp):

sense, 5�-CCA CCC TCA ATC CAC ATT TCC AGA-3�; anti-
sense, 5�-TCC AGC CTC CTT CTT CGG TCT TTT-3�.
Spinal Cord Organotypic Culture—Spinal cord organotypic

cultures were prepared from spinal cord tissues from 11- to
13-week-old human embryos that were obtained from the
Human Embryology Laboratory, University of Washington.
Fetal spinal cords (thoracic part) were cut using a scalpel blade
into�1.0-mm-thick slices. The sliceswere subsequently placed
in 6-well sterile plastic culture plates. Each well contained 2 ml
of complete medium. The cultures were maintained at 37 °C in
an atmosphere of 5% CO2 in air for 2 days. After 2 days, slices
were washed three times with serum-free medium and then

FIGURE 3. Effect of gem on the expression of myelin genes, CD11b, and GFAP in human fetal mixed glial cultures. A, mixed glial cultures were treated with
different concentrations of gem. After 18 h of treatment, total RNA was analyzed for the expression of PLP, MOG, CNPase, CD11b, and GFAP by semiquantitative
RT-PCR. B, cells were treated with different concentrations of gem, WY14643, and fenofibrate, and total RNA was analyzed for the expression of PLP, MOG, and
CNPase mRNAs by quantitative real time PCR. Results are means � S.D. of three different experiments. a, p � 0.001 versus control. After 24 h of treatment, the
protein level of PLP and GFAP was examined by Western blot (C). Cells were treated with 25 �M gemfibrozil for different time intervals followed by monitoring
the mRNA expression of PLP, MOG, MBP, GFAP, and CD11b by semiquantitative RT-PCR (D). The mRNA expression of PLP, GFAP, and CD11b was monitored by
quantitative real time PCR (E). Results are means � S.D. of three different experiments. a, p � 0.001 versus control. At different time intervals, the protein level
of PLP, MOG, MBP, and GFAP was examined by Western blot (F). Results represent three independent experiments. Error bars represent S.D.
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treated with gem for 96 h under serum-free conditions. After
96 h, tissues were thoroughly washed with PBS three times.
Fixation and Sectioning—The cultured thoracic spinal cord

slices were fixed with 4% paraformaldehyde in PBS overnight
followed by three PBS washes (15 min each). Paraformalde-
hyde-fixed tissues were then embedded in OCT (TissueTek,
Elkhart, IN) at�80 °C and processed for conventional cryosec-
tioning. Frozen longitudinal sections (6 �m) were immuno-
stained as described above.
Cell Viability Measurement—Mitochondrial activity was

measured with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Sigma).
Lactate Dehydrogenase Measurement—The activity of lac-

tate dehydrogenase was measured using a direct spectrophoto-
metric assay using an assay kit from Sigma.
Induction of EAE in PLP-TCR Transgenic Mice—PLP-TCR

(5B6) transgenic mice (a kind gift from Prof. Vijay Kuchroo of
the HarvardMedical School) were genotyped by FACS analysis
of Thy1.1, CD4, and V�6. These Tg mice develop EAE sponta-
neously in all backcross generations at an overall average occur-
rence of 40%. However, upon immunization with a low dose of
PLP139–151, these Tg mice exhibit severe EAE (27). There-
fore, theseTgmicewere immunized subcutaneouslywith 10�g
of PLP139–151 and 60 �g of M. tuberculosis in incomplete
Freund’s adjuvant. Animalmaintenance and experimental pro-
tocols were approved by the Rush University Medical Center.
Animals were observed daily for clinical symptoms of EAE as
described by us (25, 28–30). Experimental animals were scored
by a masked investigator as follows: 0, no clinical disease; 0.5,
piloerection; 1, tail weakness; 1.5, tail paralysis; 2, hind limb
weakness; 3, hind limbparalysis; 3.5, forelimbweakness; 4, fore-
limb paralysis; 5, moribund or death.
Staining for Myelin—Spinal cord sections were stained with

Luxol fast blue for myelin as described earlier (28, 30). Slides
were assessed in a blinded fashion for demyelination by three
examiners using the following scale: 0, normal white matter; 1,
rare foci; 2, a few areas of demyelination; and 3, large areas of
demyelination. At least six sections of each spinal cord from
each of five mice per group were scored and statistically ana-
lyzed by analysis of variance.

RESULTS

Gem Promotes the Differentiation of Human Fetal Oligo-
dendrocytes—As reported earlier (1, 2), oligodendrocytes iso-
lated from human fetal brains were highly pure (Fig. 1). These
cells were positive for GalC, MBP, MOG, PLP, and CNPase (1,
2). However, we were unable to detect any GFAP-positive
astroglia and CD11b-positivemicroglia in this oligodendroglial
preparation (1, 2). Rarely did we observe one GFAP-positive
astrocyte of 50 or more GalC-positive oligodendrocytes (1, 2).
To investigate whether gem prevents the death of oligodendro-
cytes, we treated human oligodendrocytes with different doses
of gem under serum-free conditions. As expected, after serum
withdrawal, oligodendrocytes lost processes and died (Fig. 1, A
and B). However, gem markedly prevented serum deprivation-
induced oligodendroglial death (Fig. 1,A and B). Although gem
was not very effective at a dose of 5�M, the protective effect was
visible at 10 �M (data not shown),and the effect was maximal at

a dose of either 25 or 50 �M (Fig. 1A). This protection was
confirmed further by MTT/lactate dehydrogenase assay.
Serum withdrawal reduced cell viability as evidenced by a
decrease in MTT metabolism (Fig. 1C) and an increase in lac-
tate dehydrogenase release (Fig. 1D). Interestingly, gem effec-
tively prevented serum withdrawal-induced loss of MTT
metabolism (Fig. 1C) and stimulation of lactate dehydrogenase
release (Fig. 1D). However, gem at a concentration of 200�Mor
higher was toxic to oligodendrocytes (Fig. 1A). In addition to
protecting oligodendrocytes from serum withdrawal-mediated
death, gem also induced oligodendroglial differentiation under
serum-free conditions as evidenced by elaboration and exten-
sion of processes in gem-treated cells compared with the
serum-free control (Fig. 1, A and B). These results suggest that
gem is capable of promoting oligodendroglial differentiation
and preventing oligodendrocyte death.

FIGURE 4. Effect of gem on the expression of myelin genes, CD11b, and
GFAP in human fetal spinal cord mixed glial cultures. Mixed spinal cord
cultures were treated with different concentrations of gem. After 18 h of
treatment, total RNA was analyzed for the expression of MBP, MOG, PLP,
CNPase, GFAP, and CD11b by semiquantitative RT-PCR (A). Total RNA was also
analyzed for the expression of PLP and MOG mRNAs by quantitative real time
PCR (B). Results are means � S.D. of three different experiments. a, p � 0.001
versus control. Error bars represent S.D.
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Dose-dependent Effect of Gem on the Expression of Myelin
Genes in Human Fetal Oligodendrocytes—How does gem stim-
ulate differentiation? One of the prerequisites of enhanced
oligodendroglial differentiation is increased expression of
myelin-specific genes (e.g. MBP, MOG, CNPase, and PLP) in
oligodendrocytes. Therefore, to investigate the effect of gem on
the expression of myelin-specific genes in primary oligoden-
drocytes, cells were treated with different concentrations of
gem for 18 h. The expression of MBP, MOG, PLP, and CNPase
was analyzed by semiquantitative RT-PCR and real time PCR.
Semiquantitative RT-PCR results in Fig. 2A clearly show that
gem increased the mRNA expression of MBP, CNPase, MOG,
and PLP in a dose-dependent manner. Quantitative real time
PCR data in Fig. 2B also support this conclusion and demon-
strate that the stimulatory effect of gem was more prominent
for PLP and MOG than for MBP and CNPase.
Next we determined the effect of gem on the expression of

myelin proteins in primary oligodendrocytes. As evident from
the Western blot in Fig. 2C, gem dose-dependently increased
the expression of PLP, MOG, and MBP proteins in human
oligodendroglia. Similarly, immunofluorescence analyses also
show that gem markedly increased the protein expression of
MOG and PLP in human oligodendroglia (Fig. 2D). Next we
performed a time-dependent analysis of gem-treated oligoden-
droglia. Gemwas able to increase themRNAexpression of PLP,
MOG, and MBP as early as 3 h (Fig. 2, E and F). Similarly, gem
also increased the protein expression of PLP, MOG, and MBP
in a time-dependent manner (Fig. 2G). Taken together, these
results suggest that gem alone is capable of enhancing the

expression ofMOG, PLP,MBP, and CNPase in primary human
oligodendrocytes.
Effect of Gem on the Expression of Myelin Genes in Human

Fetal BrainMixed Glial Cultures—Next we examined whether
gemwas capable of enhancing the expression ofmyelin genes in
human fetal brainmixed glial cultures. It is clearly evident from
semiquantitative RT-PCR in Fig. 3A and real time PCR in Fig.
3B that gemwas capable of enhancing themRNA expression of
MOG, PLP, and CNPase in mixed glial cells. Consistent with
marked stimulation of MOG and PLP by gem in purified oligo-
dendrocytes, the increase of these twomyelin genes by gemwas
more prominent than that of CNPase in mixed glial cultures
(Fig. 3, A and B). Apart from oligodendrocytes, mixed glial cul-
tures contained other glial cells like astroglia and microglia.
Although GFAP is a marker of astrocytes, microglia are identi-
fied byCD11b. Similarly, the expression ofGFAP increases dur-
ing activation of astrocytes and astrogliosis, whereas the
expression of CD11b goes up during activation ofmicroglia and
microgliosis (31, 32). Therefore, to understand whether the
effect of gemwas specific for oligodendrocytes, we analyzed the
mRNA expression of GFAP and CD11b in gem-treated mixed
glial cells. In contrast to the stimulation of oligodendrocyte-
specific genes, gemhad no effect onmRNAexpression of either
astroglia-specific GFAP or microglia-specific CD11b (Fig. 3, A
and B). Western blot analyses show that gem was capable of
increasing the protein expression of PLP, but not GFAP, in
human mixed glial cells (Fig. 3C). Time-dependent analyses of
gem-treated mixed glial cells demonstrate that gem increased
the mRNA expression of MOG, PLP, and MBP, but not GFAP

FIGURE 5. Immunofluorescence analysis of MOG and PLP in gem-treated human fetal spinal cord organotypic slice cultures. Spinal cord (thoracic)
organotypic tissues (�1.0 mm thick) were treated with 25 �M gem, and after 4 days of treatment, longitudinal sections were immunostained with antibodies
against MOG and PLP as described under “Experimental Procedures.” The selected area was magnified to show myelination of an axon. Figures represent three
independent experiments.
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and CD11b, in mixed glial cells (Fig. 3D). This finding is also
supported by real time PCR (Fig. 3E). Similarly, gem also up-
regulated the protein expression of PLP, MBP, and MOG,
but not GFAP, in humanmixed glial cells (Fig. 3F). Together,
these results suggest that gem is capable of stimulating the
expression of myelin genes in oligodendrocytes in the pres-
ence of other brain cells and that the effect of gem is specific
for oligodendrocytes.
To test whether other agonists of PPAR-� also induce the

expression of myelin genes, mixed glial cultures were treated
with different concentrations of fenofibrate and WY14643. As
evident from real time data in Fig. 3B, fenofibrate stimulated
the expression of only MOG, but not PLP, in mixed glial cells.
However, fenofibrate remained less potent than gem in induc-

ing the expression of MOG. On the other hand, WY14643, a
synthetic ligand of PPAR-�, did not increase the expression of
MOG and PLP mRNAs (Fig. 3B). Because WY14643 is consid-
ered as a specific agonist of PPAR-�, these results suggest that
PPAR-� signaling pathway may not be required for enhance-
ment of myelin genes in human oligodendrocytes.
Effect of Gem on the Expression of Myelin Genes in Human

Fetal Spinal Cord Mixed Cultures—Next we tested whether
gem was capable of stimulating the expression of myelin genes
in human spinal cord mixed glial cultures. As evident from
semiquantitative RT-PCR in Fig. 4A and real time PCR in Fig.
4B, gem markedly increased the mRNA expression of MBP,
MOG, PLP, and CNPase in a dose-dependent manner as com-
pared with the control. To determine whether the stimulatory

FIGURE 6. Effect of gem on the expression of different PPARs. Human fetal oligodendrocytes (A) and mixed glial cells (B) were treated with different
concentrations of gem for 18 h followed by analysis of PPAR-�, PPAR-�, and PPAR-� mRNAs by semiquantitative RT-PCR. Oligodendrocytes were treated with
different concentrations of gem for 24 h followed by analysis of PPAR-� protein by Western blot (C). Bonds were scanned and represented as relative expression
(D). Cells were analyzed for PPAR-� by immunofluorescence (E). Scale bars represent 20 �m. Spinal cord organotypic slices were treated with 25 �M gem for 96 h
followed by immunofluorescence analysis with antibodies against PPAR-� and GalC (E). Results represent three independent experiments. Error bars represent
S.D.
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effect of gemwas specific for oligodendrocytes, we analyzed the
mRNA expression of CD11b and GFAP in gem-treated spinal
cord mixed glial cells. Similarly to that found in brain mixed
glial cells (Fig. 3), gem had no stimulatory effect on the expres-
sion of either GFAP or CD11b in human spinal cordmixed glial
cells, suggesting that the stimulatory effect of gem is specific for
oligodendroglial genes.
Effect of Gem on the Expression of Myelin Proteins in Human

Fetal Spinal Cord Organotypic Cultures—The above results
encouraged us to determine whether gem was capable of
increasing the protein level of myelin markers in spinal cord
organotypic cultures. For this purpose, thoracic spinal cord
slices were treated with 25 �M gem for 96 h followed by immu-
nofluorescence analysis of MOG and PLP. Interestingly, a
marked increase in protein expression of MOG and PLP was
observed in spinal cord organotypic cultures after gem treat-
ment (Fig. 5). Enhanced myelination of axons is also evident in
the magnified image (Fig. 5). These results raise the possibility
that gem may be used to remyelinate demyelinated axons in
spinal cord and that human fetal spinal cord organotypic slice
culture may provide a convenient model for testing conditions
or agents for promoting myelination.
Expression of PPARs in Human Fetal Oligodendrocytes,

Mixed Glial Cells, and Spinal Cord Organotypic Cultures—
Next we investigated mechanisms by which gem increased
myelin genes. Gem, a known agonist of PPAR-�, stimulates the
�-oxidation of fatty acids in peroxisomes andmitochondria via
the activation of PPAR-� (33). At first, we analyzed the level of
different PPARs in cultured oligodendrocytes and mixed glial
cells. However, despite several attempts, we were unable to
detect the expression of PPAR-� mRNA in purified oligoden-
drocytes by semiquantitative RT-PCR (Fig. 6A). This is also

consistent to previous reports that PPAR-� protein ormRNA is
not present at a detectable level in rat andmouse primary oligo-
dendrocytes (4, 34, 35). On the other hand, human oligoden-
drocytes expressed both PPAR-� and PPAR-� mRNAs (Fig.
6A). However, the expression of PPAR-� was very low in com-
parison with PPAR-� (Fig. 6A). We observed a detectable level
of PPAR-� expression in primary oligodendrocytes only at a
higher cycle number of PCR (Fig. 6A). Although gemmarkedly
stimulated the expression of PPAR-�, this drug was unable to
modulate the expression of PPAR-� in oligodendrocytes (Fig.
6A). In fetal brain mixed glial cells, the expression of all three
PPARs was visible (Fig. 6B). Similarly to that in primary oligo-
dendrocytes, gem stimulated the expression of PPAR-� in
mixed glial cells (Fig. 6B). However, surprisingly, gem inhibited
the expression of both PPAR-� and PPAR-� in mixed glial cells
(Fig. 6B). Next we examined the protein level of PPAR-� in
oligodendrocytes by Western blot (Fig. 6, C and D) and immu-
nofluorescence analysis (Fig. 6E). Consistent with mRNA
results, gem dose-dependently increased the level of PPAR-�
protein in primary oligodendrocytes (Fig. 6, C–E).
Similarly, when we tested the level of PPAR-� protein in spi-

nal cord organotypic slice cultures, we also observed a sharp
increase of the PPAR-� protein level in gem-treated spinal cord
compared with the control (Fig. 6F). This increased PPAR-�
co-localized with GalC in gem-treated oligodendrocytes (Fig.
6F). These results clearly demonstrate that gem increases the
expression of PPAR-� in human fetal oligodendrocytes, mixed
glial cells, and spinal cord organotypic cultures.
Gem Stimulates the Expression of Myelin Genes in Primary

Mouse Oligodendrocytes via PPAR-� but Not PPAR-�—The
results described above raise the possibility that gemmay stim-
ulate the expression of myelin genes in oligodendrocytes with-

FIGURE 7. Gem induces the expression of myelin genes in primary mouse oligodendrocytes via PPAR-� but not PPAR-�. Mouse primary oligodendro-
cytes isolated from 2–3-day-old wild type, PPAR-�(�/�), and PPAR-�(�/�) pups were treated with 50 �M gem for 18 h followed by analysis of MOG and PLP
mRNAs by semiquantitative RT-PCR (A) and real time PCR (B). Results represent the mean � S.D. of three separate experiments. a, p � 0.001 versus control
(Cont)-WT; b, p � 0.001 versus control-PPAR-�(�/�). Error bars represent S.D.
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out involving PPAR-�. To investigate this possibility, we exam-
ined the effect of gem on the expression of myelin genes in
oligodendrocytes isolated from wild type, PPAR-�(�/�), and
PPAR-�(�/�) mice. We observed that gem was capable of
increasing the mRNA expression of MOG and PLP to a similar
extent in oligodendrocytes isolated from both WT and PPAR-
�(�/�) mice (Fig. 7,A and B). In contrast, gem did not up-reg-
ulate themRNA expression ofMOGand PLP in PPAR-�(�/�)
oligodendrocytes (Fig. 7, A and B). To further confirm these
results, we performed immunofluorescence analysis of PLP and
MOG in control and gem-treated oligodendrocytes isolated
fromWT, PPAR-�(�/�), and PPAR-�(�/�) mice. Consistent
with stimulation in mRNA expression, gem increased the
expression of PLP and MOG proteins in oligodendrocytes iso-
lated from WT (Fig. 8A) and PPAR-�(�/�) (Fig. 8B), but not
PPAR-�(�/�), mice (Fig. 8C). Similarly, gem also increased
oligodendroglial processes in oligodendrocytes isolated fromWT
and PPAR-�(�/�), but not PPAR-�(�/�), mice (Fig. 8D). These
findings clearly suggest that gem requires PPAR-�, but not
PPAR-�, to stimulate myelin genes in mouse oligodendrocytes.
Gem Stimulates the Expression of Myelin Genes in Primary

Human Oligodendrocytes via PPAR-� but Not PPAR-�—Next
we investigated the role of PPAR-� in gem-mediated stimula-
tion of myelin genes in primary human oligodendrocytes. It is
difficult to transfect primary human oligodendrocytes with
lipid reagents. Phosphorothioate-labeled antisense oligonu-
cleotides provide an important option to knock down specific
gene in primary non-dividing cells like oligodendrocytes (48)
and neurons (49) without either changing the primary property
of cells that is seen with transduction by adenoviral constructs
or causing any cell death that is always associated with trans-
fection experiments. Therefore, we used antisense oligonucleo-
tides to knock down PPAR-� and PPAR-� in primary human
oligodendrocytes. As shown in Fig. 9A, PPAR-� was mainly
visible in gem-treated oligodendrocytes, andASO, but not ScO,
against PPAR-� inhibited the expression of PPAR-�, but not
PPAR-�, mRNA in gem-treated cells. On the other hand,
PPAR-� was present in equal amount in both control and gem-
treated cells (Fig. 9B). As expected, ASO, but not ScO, against
PPAR-� inhibited the expression of PPAR-�, but not PPAR-�,
mRNA (Fig. 9B). Consistent with mouse oligodendrocytes
(Figs. 7 and 8), knockdown of PPAR-�markedly suppressed the
stimulatory effect of gem on the expression of MOG in human
oligodendrocytes (Fig. 9, A and C). Similarly, GSK0660, a spe-
cific antagonist of PPAR-�, abrogated the ability of gem to up-
regulate the mRNA expression of PLP and MOG in human
oligodendrocytes (Fig. 9D). However, PPAR-� knockdown had
no effect on the basal level ofMOG in control oligodendrocytes
(Fig. 9,A andC). In contrast to the knockdownof PPAR-�, ASO
against PPAR-� had no effect on gem-mediated expression of
MOG mRNA (Fig. 9, B and C). Taken together, these results
suggest that gem stimulates the expression of myelin genes in
oligodendrocytes via PPAR-�.
Gem Stimulates the Recruitment of PPAR-� to the Promoters of

MOG and PLP Genes in Primary Human Oligodendrocytes—
PPAR-�, a lipid-lowering transcription factor, is known to bind
the PPRE present in the promoters of different genes (36, 37).
Using MatInspector V2.2 search machinery, we searched the

promoter regions of human MBP, PLP, MOG, and CNPase
genes for a PPRE. We found that both MOG and PLP promot-
ers harbor consensus PPREs. On the other hand, we did not
detect any PPREs in human MBP and CNPase promoters.
Therefore, by using ChIP analysis, we examined whether
PPAR-� was in fact recruited to the promoters of humanMOG
and PLP genes. Fig. 10A shows the position of two PPREs in the
MOG promoter. First, we examined the recruitment of
PPAR-� to the proximal PPRE that is present within �597 to
�575 (Fig. 10A). After immunoprecipitation of chromatin frag-
ments by antibodies against PPAR-�, we were able to amplify
144-bp fragments flanking the proximal PPRE in gem-treated,
but not control untreated, oligodendrocytes (Fig. 10A). On the
other hand, no amplification productwas observed in any of the

FIGURE 8. Gem induces the protein expression of PLP and MOG in primary
mouse oligodendrocytes via PPAR-� but not PPAR-�. Mouse primary
oligodendrocytes isolated from 2–3-day-old wild type (A), PPAR-�(�/�) (B),
and PPAR-�(�/�) (C) pups were treated with 50 �M gem for 24 h followed by
analysis of PLP and MOG proteins by immunofluorescence. DAPI was used to
visualize the nucleus. Phase-contrast images are shown to indicate morphol-
ogy. Results represent three independent experiments. D, process elongation
was monitored as described above. A total of 50 oligodendrocytes per treat-
ment was analyzed for each assay. a, p � 0.001 versus control (Cont)-WT; b, p �
0.001 versus gemfibrozil-WT. Error bars represent S.D.
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immunoprecipitates obtained with control IgG (Fig. 10A), sug-
gesting the specificity of these interactions. This result was con-
firmed by real time PCR analysis (Fig. 10B). Next we examined
the recruitment of PPAR-� to the distal PPRE that is present
within�876 to�854 (Fig. 10C). After immunoprecipitation by
antibodies against PPAR-�, we were able to amplify 163-bp
fragments flanking the distal PPRE in gem-treated, but not con-
trol untreated, oligodendrocytes (Fig. 10C). Again, we did not
observe any amplification product in any of the immunopre-
cipitates obtained with control IgG (Fig. 10C), an effect we con-
firmed by real time PCR (Fig. 10D). These results suggest that
the recruitment of PPAR-� to both proximal and distal PPREs
of the MOG promoter is inducible by gem.
Next we analyzed the PLP promoter. Fig. 10E shows the posi-

tion of two PPREs in the human PLP promoter. Because these
two PPREs are separated by only 84 nucleotides, we analyzed
these two PPREs together. After immunoprecipitation of chro-
matin fragments by antibodies against PPAR-�, we amplified
315-bp fragments flanking both PPREs in gem-treated oligo-
dendrocytes (Fig. 10, E and F). These results suggest that gem
stimulates the recruitment of PPAR-� to the human PLP
promoter.
Effect of Gem on Demyelination, the Recruitment of PPAR-�

to the PLP Promoter in Vivo in the Spinal Cord, and the Disease
Process of EAE in PLP-TCR Transgenic Mice—Earlier we have
demonstrated that gem enters into the CNS and suppresses the
disease process of EAE in female SJL/Jmice (29).Herewe exam-
ined whether gem increased and/or normalized the recruit-

ment of PPAR-� to the myelin gene promoter, restored the
level ofmyelin-associated proteins, and ameliorated the disease
process in PLP-TCR transgenic mice. Gem is prescribed in
adult humans at a dose of 600–1200 mg/day. Therefore, Tg
mice were treated with a dose of 15 mg/kg of body weight/day
via gavage. As expected, PLP immunization led to a marked
induction of EAE symptoms in female PLP-TCR Tg mice (Fig.
11A). However, gem treatment markedly suppressed clinical
symptoms of EAE (Fig. 11A). Next, we examined the recruit-
ment of PPAR-�, PPAR-�, and PPAR-� to the mouse PLP pro-
moter in vivo in the spinal cord of EAE mice. The mouse PLP
promoter harbors one consensus PPRE between �121 and
�144 (Fig. 11B). Consistent with cell culture results, only
PPAR-� was recruited to the PPRE of the PLP promoter in vivo
in the spinal cord of non-Tg control mice (Fig. 11C), suggesting
the specificity of the effect. However, this PPAR-� recruitment
was inhibited in EAE mice (Fig. 11C), and gem treatment was
capable of restoring and/or increasing this recruitment in vivo
in the spinal cord of EAEmice (Fig. 11C). Earlier we have dem-
onstrated a decrease in myelin gene expression in CNS tissues
of EAE mice (28, 30). Accordingly, here we also saw decreased
protein levels of PLP and MOG in the spinal cord of PLP-TCR
Tg mice compared with the non-Tg control (Fig. 11D). How-
ever, gem treatment restored and/or increased PLP and MOG
in vivo in the spinal cord of EAE mice (Fig. 11D). Accordingly,
we observed widespread demyelination in the spinal cord of
EAE mice; less demyelination was observed after gem treat-
ment (Fig. 11, E and F).

FIGURE 9. Antisense-mediated knockdown of PPAR-�, but not PPAR-�, abrogates the stimulatory effect of gem on myelin gene expression in primary
human oligodendrocytes. Human fetal oligodendrocytes cultured in complete medium received either ASO or ScO (0.5 �M) against PPAR-�. After 24 h of
incubation, cells were treated with 25 �� gem under serum-free conditions for 18 h followed by analysis of total RNA for the expression of PPAR-�, PPAR-� (as
control), and MOG by semiquantitative RT-PCR (A). Similar experiments were performed with ASO and ScO against PPAR-�, and cells were analyzed for the
expression of PPAR-�, PPAR-� (as control), and MOG (B). Total RNA was also analyzed for the expression of MOG mRNA by quantitative real time PCR (C). Results
are the mean � S.D. of three separate experiments. a, p � 0.001 versus gem. D, cells preincubated with GSK0660 (a PPAR-� antagonist) for 30 min were
stimulated with gem. After 18 h, the mRNA expression of PLP and MOG was monitored by semiquantitative RT-PCR. Error bars represent S.D.

Gemfibrozil Stimulates Myelin Genes

34144 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 41 • OCTOBER 5, 2012



DISCUSSION

In multiple sclerosis, the body’s failure to repair myelin is
believed to lead to nerve damage, causing disease symptoms
and increasing disability. It is expected that by remyelination
nerves would be able to send proper signals again, restoring any
loss of function as well as preventing further damage. There-
fore, delineating mechanisms to encourage remyelination is an
important area of multiple sclerosis research. In the CNS,
myelin is synthesized by specialized cells called oligodendro-
cytes. Several lines of evidence presented in this work clearly
establish that gemfibrozil, a United States Food and Drug
Administration-approved drug for hyperlipidemia in human,
stimulates the expression of myelin genes in human primary
oligodendrocytes. Our conclusion is based on the following.
First, upon serum deprivation, human oligodendrocytes lost
processes and underwent cell death. However, gemfibrozil pro-

tected oligodendrocytes from serum deprivation-mediated cell
death and induced significant elaboration and extension of pro-
cesses. Second, gemfibrozil stimulated the expression of
myelin-specific genes (MBP, MOG, CNPase, and PLP) in
human primary oligodendrocytes, mixed glial cells, and spinal
cord organotypic cultures. On the other hand, gemfibrozil had
no such stimulatory effect on either the astroglial geneGFAPor
the microglial gene CD11b in primary mixed glial cells. These
studies suggest that the effect of gemfibrozil is oligodendro-
cyte-specific and that it does not happen in the other two types
of glial cells (astroglia and microglia).
Similar to other fibrate drugs, gemfibrozil is a known activa-

tor of PPAR-�. However, gemfibrozil does not require PPAR-�
to stimulate myelin genes in oligodendrocytes. For example,
PPAR-� mRNAwas present in primary oligodendrocytes at an
undetectable level. This is consistent with a previous report by

FIGURE 10. ChIP analysis of gem-treated human oligodendrocytes for the recruitment of PPAR-� to the promoters of MOG and PLP genes. A, positions
of two PPREs in the human MOG promoter are shown in the upper panel. Cells were treated with 50 �M gem for 6 h under serum-free conditions. Then
immunoprecipitated chromatin fragments were amplified by semiquantitative (A, lower panel) and quantitative (B) PCR for the indicated region. Immunopre-
cipitated chromatin fragments were amplified by semiquantitative (C, lower panel) and quantitative (D) PCR for the indicated region spanning the distal PPRE
of the MOG promoter. E, positions of two PPREs in the human PLP promoter are shown in the upper panel. After gem treatment, immunoprecipitated chromatin
fragments were amplified by semiquantitative (E, lower panel) and quantitative (F) PCR for the indicated region spanning both PPREs of the PLP promoter.
Results are the mean � S.D. of three separate experiments. a, p � 0.001 versus control-anti-PPAR-� antibody. Error bars represent S.D.
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Granneman et al. (4) that also shows the absence of PPAR-� in
rat and mouse oligodendrocytes (4, 35, 38). Gemfibrozil was
also unable to stimulate the level of PPAR-� in oligodendro-
cytes. Although PPAR-� was detected in primary mixed glial
cells, it was strongly inhibited by gemfibrozil treatment. Fur-
thermore, gemfibrozil increased the expression ofmyelin genes
in oligodendrocytes isolated from PPAR-�(�/�) mice. On the
other hand, human oligodendrocytes expressed both PPAR-�
and PPAR-�. However, gemfibrozil stimulated the expression
of PPAR-�, but not PPAR-�, in oligodendrocytes. Actually,
gemfibrozil inhibited the expression of PPAR-� in mixed glial
cells. Recently it has been reported that PPAR-� may function
to repress PPAR-� and PPAR-� target gene expression in cer-
tain type of cells (39). Similarly to the stimulation of PPAR-� in
pure oligodendrocytes, gemfibrozil was also able to increase the
level of PPAR-� in primary mixed glial cells and spinal cord
organotypic cultures. Moreover, antisense knockdown of

PPAR-�, but not PPAR-�, abrogated the stimulatory effect of
gemfibrozil on the expression of myelin genes in primary
human oligodendrocytes. Similarly, genetic knockdown of
PPAR-� also eliminated the ability of gem to up-regulate
myelin genes inmouse oligodendrocytes.WY14643 is a specific
ligand for PPAR-� (40). However, in contrast to gemfibrozil,
WY14643 was unable to increase the expression of myelin
genes in primary oligodendrocytes. Taken together, these
results indicate that gemfibrozil stimulates the expression of
myelin genes via PPAR-� but not via either PPAR-� or PPAR-�.
Our results are consistent with published reports that demon-
strate reduced myelination of the corpus callosum in PPAR-�-
null mice and suggest a role of PPAR-� in oligodendroglial lipid
metabolism and myelinogenesis (41, 42).
However, at present, mechanisms by which PPAR-� regu-

lates myelinogenesis are poorly understood. PPAR-� is a tran-
scription factor, and therefore, one possibility could be direct

FIGURE 11. Gemfibrozil treatment restores the recruitment of PPAR-� to the mouse PLP promoter, inhibits demyelination in spinal cord, and sup-
presses EAE in PLP-TCR transgenic mice. A, PLP-TCR Tg mice were immunized with 10 �g of PLP139 –151, and from 8 days postimmunization, mice were
treated with either gemfibrozil (15 mg/kg of body weight) or vehicle (0.1% methylcellulose) via gavage. Mice (n 	 6 in each group) were scored daily until 30
days postimmunization. B, position of one PPRE in the mouse PLP promoter is shown. C, at 18 days postimmunization, the recruitment of PPAR-�, PPAR-�, and
PPAR-� to the mouse PLP promoter was examined in spinal cord by in situ ChIP. D, at 18 days postimmunization, levels of PLP and MOG were monitored in spinal
cord by Western blot. E, at 18 days postimmunization, spinal cord sections of non-Tg control, PLP-TCR Tg, and gemfibrozil-treated PLP-TCR Tg mice were
stained with Luxol fast blue. Digital images were collected under bright field setting. F, demyelination in spinal cord is represented quantitatively using a scale
as described under “Experimental Procedures.” Data are expressed as the mean � S.E. of five different mice (n 	 5) per group. a, p � 0.001 versus non-Tg control;
b, p � 0.001 versus PLP-TCR Tg. Error bars represent S.E. Ab, antibody.
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transcriptional regulation of myelin genes by PPAR-�. In fact,
while looking at the 5�-upstream regions of MBP, PLP, MOG,
and CNPase for regulatory elements, we found that promoter
regions of PLP and MOG genes contained consensus PPREs.
ChIP analysis also revealed that gem markedly stimulated the
recruitment of PPAR-� to the promoters of PLP and MOG in
human oligodendrocytes. To understand whether this recruit-
ment of PPAR-� to the myelin gene promoter also occurs in
adult oligodendrocytes, we induced EAE in PLP-TCR Tg mice.
Similarly to that in cultured oligodendroglia, PPAR-�, but not
PPAR-� and PPAR-�, was also recruited to themouse PLP pro-
moter in vivo in the spinal cord. The decrease in PPAR-� bind-
ing to the PLP promoter during EAE and restoration of this
binding after gemfibrozil treatment clearly indicate the impor-
tance of PPAR-� recruitment to the myelin gene promoter in
physiology and pathophysiology.
Although PLP andMOGgenes could be directly regulated by

PPAR-� at the transcriptional level, we did not detect any
PPREs in the promoters of human MBP and CNPase genes.
Accordingly, our real time data also show that gemfibrozil led
to a robust increase in mRNA expression of PLP andMOG and
a modest increase in mRNA expression of MBP and CNPase in
oligodendrocytes. In the absence of any direct transcriptional
regulation via PPAR-�, gemfibrozil may increase the myelin
gene expression via modulation of other regulators of myelina-
tion. Recent studies have delineated that different transcription
factors such as cAMP-response element-binding protein,
OLIG1, and Sox10 play an important role in the transcription of
myelin genes in oligodendrocytes (43–47). Therefore, gemfi-
brozil may increase the expression of MBP and CNPase via
PPAR-�-mediated up-regulation of cAMP-response element-
binding protein, OLIG1, and/or Sox10.
In summary,we have demonstrated that gemfibrozil protects

oligodendrocytes from serum deprivation-induced cell death
and stimulates the expression of myelin genes in oligodendro-
cytes via PPAR-�. Although the regulation of PPAR-� by gem-
fibrozil in the CNS microenvironment of patients with demy-
elinating disorders may differ from that observed in the
cultured primary oligodendrocytes and the in vitro situation of
human fetal oligodendrocytes in culture and spinal cord orga-
notypic cultures may not truly resemble the in vivo situation of
oligodendrocytes in the CNS of patients, our results suggest
that gemfibrozil may be used to boost the expression ofmyelin-
specific genes via PPAR-� and promote remyelination in the
CNS of patients with demyelinating disorders.
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