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See editorial on page 994.

ackground & Aims: The molecular targets for the
rotective actions of conjugated linoleic acid (CLA) on
xperimental inflammatory bowel disease (IBD) are
nknown. We used a loss-of-function approach to in-
estigate whether CLA ameliorated colitis through a
eroxisome proliferator–activated receptor � (PPAR
)–dependent mechanism. Methods: The expression
f PPAR �, �, and their target genes in the colon of
ice fed control or CLA-supplemented diets was as-
ayed after a 7-day dextran sodium sulfate (DSS)
hallenge by quantitative real-time polymerase chain
eaction (PCR). Additionally, nuclear factor-� B (NF-
B) p65 activation was quantified in the colon. To
etermine the involvement of PPAR � in the mecha-
ism of action of CLA directly, specific deletions of
PAR � in the colon were performed in mice by using
he Cre-lox recombination system. Colonic PPAR �
ull mice and wild-type littermates were fed either a
LA-supplemented or a control diet for 42 days and
hallenged with 2.5% DSS. The therapeutic efficacy of
LA also was examined by using the CD4�CD45RBhi

ransfer colitis model. Results: CLA induced PPAR � and
, transcriptionally modulated PPAR � and �-responsive
ene clusters involved in lipid metabolism (uncoupling pro-
ein [UCP]1, UCP3, PPAR � coactivator 1� [PGC-1�], and
D36) and epithelial cell maturation (Gob-4 and Keratin
0). Additionally, CLA repressed tumor necrosis factor �
TNF-�) expression and NF-�B activation while inducing the
mmunoregulatory cytokine transforming growth factor �
(TGF-�1). Clinically, CLA ameliorated DSS- and CD4�-

nduced colitis. Loss of the PPAR � gene in the colon
brogated the beneficial effects of CLA in DSS colitis.
onclusions: Our studies provide molecular evidence in
ivo, suggesting that CLA ameliorates colitis through a
PAR �-dependent mechanism.

nflammatory bowel disease (IBD) is a chronic, recur-
ring, immunoinflammatory illness of unknown cause

hat afflicts over 1 million Americans and is characterized
y 2 clinical and histopathologic manifestations—
rohn’s disease (CD) and ulcerative colitis (UC). Current

reatments for IBD include corticosteroids (i.e., 6-meth-
lprednisolone and budesonide), antibiotics, and immu-
omodulators (i.e., azathioprine, 6-mercaptopurine, cy-
losporine, and methotrexate).1 Novel therapies include
he Food and Drug Administration–approved anti–
umor necrosis factor (TNF)-� (Infliximab; Remicade;
entocor, Inc., Malvern, PA).1,2 Although IBD therapies
ave improved, they still are only modestly successful for
he long-term management of the disease and result in
ignificant side effects. Hence, exploring novel preven-
ive or therapeutic interventions and their molecular
argets remains important.

The use of selective peroxisome proliferator–activated
eceptor (PPAR) � agonists in the treatment of IBD has
eceived some attention.3 PPARs (�, �/�, and �) are
uclear receptors that translate nutritional and/or phar-

Abbreviations used in this paper: CLA, conjugated linoleic acid; DSS,
extran sodium sulfate; NF-�B, nuclear factor � B; PCR, polymerase
hain reaction; PGC-1�, PPAR � coactivator 1�; PPAR, peroxisome
roliferator-activated receptor; PUFA, polyunsaturated fatty acid; TGF-
1, transforming growth factor-�1; TNF, transforming growth factor;
CP, uncoupling protein.

© 2004 by the American Gastroenterological Association
0016-5085/04/$30.00

doi:10.1053/j.gastro.2004.06.049
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acologic stimuli into changes in gene expression.4 Each
eceptor is encoded by a discrete set of genes that exhibit
nique patterns of expression in vertebrate tissues.3

riginally, PPARs were identified as components of
dipocyte gene expression and differentiation, which reg-
late lipid homeostasis.5,6 More recent studies have
hown that PPARs also regulate a broader range of
iological functions contributing to IBD pathogenesis
nd/or disease severity7,8 including inflammation, immu-
ity, and epithelial cell differentiation.9–14 Synthetic
PAR � agonists such as thiazolidinediones ameliorated
BD in murine models15–17 and their therapeutic efficacy
s being tested in IBD clinical trials.3 Results of studies
sing PPAR � heterozygous mice revealed their in-
reased susceptibility to develop experimental IBD18 and
llergic encephalomyelitis.19 However, the literature is
evoid of in vivo studies that examine the modulation of
PAR � transcriptional activities by natural agonists and
heir health benefits.4,20,21

Results from in vitro studies showed that naturally
ccurring polyunsaturated fatty acids (PUFA) and their
etabolites are endogenous PPAR � ligands.22 Although
any PUFA are good PPAR � ligands, some of them do

ot cause transactivation of peroxisome proliferator re-
ponse elements.23 Hence, their ligand-binding activities
ay not be of significance transcriptionally or phenotyp-

cally. In contrast, conjugated linoleic acid (CLA) acti-
ated PPAR � in reporter assays,24,25 and elicited in vivo
ffects consistent with PPAR � activation.26–28 CLA is a
ixture of positional and geometric isomers of octade-

adienoic acid with conjugated double bonds. Structur-
lly, CLA resembles 13-hydroxyoctadecadienoic acid,
hich along with 15-hydroxyeicosatetraenoic acid and
5 deoxy-�12,14 prostaglandin J2 were identified as en-
ogenous activators of PPAR �.23,29–31 Finally, in line
ith the current use of synthetic PPAR � agonists as

nsulin-sensitizing drugs in the treatment of type 2
iabetes,32 CLA was found effective in preventing the
evelopment of hyperglycemia in the prediabetic Zucker
iabetic Fatty (ZDF) rat.24

The importance of PPAR � in regulating homeostasis
n the colon and adipose tissue is supported by the
oncentrations of PPAR � messenger RNA (mRNA) in
hese tissues, which represent the greatest in the
ody.33,34 In the colon, the highest concentrations of
PAR � have been found within the postmitotic, differ-
ntiated epithelial cells.34–36 However, PPAR � also is
xpressed by immune cells residing in the colonic mu-
osa (i.e., lymphocytes and macrophages).37,38 Previous
tudies from our laboratory showed that CLA amelio-
ated tissue damage and enhanced colonic PPAR � ex-
ression in a pig model of bacterial-induced colitis.39
thers have reported that PPAR � gene therapy alone or
n combination with the thiazolidinedione rosiglitazone
meliorated the inflammatory pathology in a mouse
odel of DSS colitis.17 Selective PPAR � ligands inhib-

ted inflammation through a nuclear factor � B (NF-
B)–dependent mechanism.15 We hypothesized that the
rotective effects of CLA in IBD are mediated, in part,
hrough PPAR �. To test this hypothesis, we examined
he ability of CLA to modulate the expression of PPAR

target genes and suppress NF-�B p65 activation in a
ouse model of DSS colitis. Additionally, the depen-

ence of the protective effect of CLA on the presence of
PAR � in the colon was investigated by using tissue-
pecific PPAR � null mice. Our findings show that the
nduction and activation of PPAR � and � by CLA
ontributes to the maintenance of intestinal homeostasis
nd prevention of experimental IBD in mice.

Materials and Methods

Animals

C57BL6/J mice were purchased from Jackson Labora-
ories (Bar Harbor, ME). Two PPAR � fl/fl (floxed) breeder pairs
ere obtained from Dr. F. Gonzalez’ laboratory at the National

nstitutes of Health/National Cancer Institute. These mice
ere generated by flanking the exon 2 of the PPAR � gene by
loxP boxes, which are recognized by a transgenic recombi-

ase.40 PPAR �fl/fl mice were bred with MMTV-Cre transgenic
ice provided by Drs. Cui and Hennighausen (National In-

titutes of Health/National Institute for Diabetes and Diges-
ive and Kidney Diseases).41 MMTV-Cre (Cre�) mice express a
ransgenic recombinase in epithelial and hematopoietic cells.
PAR � floxed mice expressing the Cre transgene (e.g.,
PAR-� fl/fl; MMTV-Cre) undergo premature termination of
ranslation after the loss of the exon 2 of PPAR � owing to the
nzymatic activity of the recombinase on genomic DNA.40

owever, it was unknown whether the recombinase would be
xpressed in the colon and the efficiency of colonic recombi-
ation in PPAR � fl/fl Cre� mice. All the generations of mice
ere genotyped before weaning by isolating genomic DNA

rom tail clippings. The colonic genotype was determined at
ecropsy. The tail and colonic genotypes of mice was deter-
ined by polymerase chain reaction (PCR) analysis as previ-

usly described.42 Briefly, primers for the PPAR � gene were
(5=-CTC CAA TGT TCT CAA ACT TAC-3=), R1 (5=-GAT
AG TCA TGT AAG TTG ACC-3=), and R2 (5=-GTA TTC
AT GGC TTC CAG TGC-3=), which yielded a 225-bp band

rom the wild-type allele, a 275-bp band from the floxed allele,
r a 400-bp band from the null allele. Primers for the Cre
ransgene were 5-GGT TCT GAT CTG AGC TCT GAG
G-3=, which binds in the MMTV-LTR, and 5=-CAT CAC
CG TTG CAT CGA CCG G-3=, which binds in the Cre

equence. The MMTV-Cre transgene yielded a 280-bp frag-
ent. The mice were maintained in the animal facilities at
irginia Polytechnic Institute and State University. All exper-
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mental protocols were approved by the Institutional Animal
are and Use committee at Virginia Polytechnic Institute and
et or exceeded guidelines of the National Institutes of
ealth.

Dietary Treatments and Induction of Colitis

Mice were fed purified diets that represented a modi-
cation of the AIN-93G diet commonly used for the growth,
regnancy, and lactation phases of mice43 in which the nutri-
ional requirements, including those for PUFA, were met or
xceeded (Table 1). The optimal doses of PUFA included in
hese diets were the result of time-course and dose-titration
tudies designed to elucidate the optimal anti-inflammatory
fficacy of each PUFA performed previously (data not shown).
iets were prepared on a weekly basis and feed was replaced on
daily basis to minimize fatty acid oxidation. Stock fatty acid

olutions (e.g., soybean oil, CLA, or (n-3) PUFA) were nitro-
en-purged every time that the bottles were opened. The CLA
ource used in the feeding trials consisted of: (1) a 50:50
ixture of the cis-9, trans-11, trans-10, cis-12 CLA isomers,

2) pure (95%) cis-9, trans-11 CLA, or (3) pure (95%) trans-
0, cis-12 CLA (Loders Croklaan BV, Channahon, IL). The
ource of (n-3) PUFA was a 50:50 mixture of eicosapentaenoic
nd docosahexaenoic acids. All the experimental diets con-
ained the same amount of energy (isocaloric) and protein
isonitrogenous). Results from the preliminary studies using a
ig model indicated that feeding CLA early in life had a
reater influence on immune system development and disease
ctivity in later stages of development.44,45 Hence, we first fed

able 1. Composition of the Experimental Diets

Ingredient Linoleic (control diet)

asein 200
-cystine 3
orn starch 397.486
altodextrin 132
ucrose 100
ellulose 50
ineral mix (AIN-93)a 35
itamin mix (AIN-93)b 10
holine bitartrate 2.5
ert-butylhydroquinonec 0.014
oybean oil 60
inoleic acid 10
PA/DHA mixture —
9, t11/t10, c12 CLA —
9, t11 or t10,c12 CLA —

PA/DHA, eicosapentaenoic/docosahexaenoic acid.
Supplied per kg of diet: 3 g nicotinic acid, 1.6 g calcium pantotenate
.02 g D-biotin, 2.5 g vitamin B12 (0.1% in mannitol), 15 g DL-� tocop
itamin D3 (cholecalciferol, 500,000 IU/g), 0.075 g vitamin K (phyllo
Supplied per kg of diet: 357 g calcium carbonate, 196 g potassium
6.6 g potassium sulfate, 24.3 g magnesium oxide, 6.06 g ferric cit
arbonate, 0.01 g potassium iodate, 0.01025 g sodium selenate, 0.
chromium potassium sulfate, 0.0174 g lithium chloride, 0.0815 g b

etrahydrate, 0.0066 g ammonium vanadate, and 220.716 g sucros
Antioxidant.
he experimental diets to the dams to facilitate transfer of CLA
o the pups through the milk. After weaning, pups were
dministered the experimental diets supplemented with 1
/100 g of the treatment oil for 42 days before the induction
f colitis and throughout the challenge period equivalent to an
ptimal therapeutic dosage of 45–80 mg/day/mouse. Colitis
as induced by challenging mice with 2.5% dextran sodium

ulfate (DSS), 36,000–44,000 mol wt (ICN Biomedicals, Au-
ora, OH) in the drinking water for 7 days. A preliminary
xperiment compared the colonic anti-inflammatory efficacy of
he CLA mixture, (n-3) PUFA, and soybean oil (control diet).
ubsequent studies examined the protective efficacy of the
LA mixture and pure CLA isomers (i.e., c9, t11 CLA; and

10, c12 CLA) against DSS colitis.

CD4�CD45RBhi Adoptive Transfer

Spleens were removed from 6-week-old, C57BL6/J
onor mice fed either control or CLA diets and weaned from
ams fed the same diet. Splenocytes were released in a Petri
ish containing 7 mL of cold phosphate-buffered saline with
.1% bovine serum albumin (Sigma, St. Louis, MO) and 2
mol/L ethylenediaminetetraacetic acid (Sigma) by gently

rushing the tissue between the frosted ends of 2 microscope
lides. Before the adoptive transfer, splenocytes were immu-
ophenotyped for determining the concentrations of PPAR �
nd � in CD4� T cells from donors. Splenocytes were enriched
n CD4� T cells to 95% purity by using the I-Mag cell
eparation system (BD Pharmingen, La Jolla, CA). Cells were
ncubated with a cocktail of biotinylated antibodies (CD4 T

Dietary treatments

mixture EPA/DHA mixture Pure CLA isomers

0 200 200
3 3 3
7.486 397.486 397.486
2 132 132
0 100 100
0 50 50
5 35 35
0 10 10
2.5 2.5 2.5
0.014 0.014 0.014
0 60 60
— — —
— 10 —
0 — —
— — 10

g pyridoxine HCl, 0.6 g thiamin HCl, 0.6 g riboflavin, 0.2 g folic acid,
acetate (500 IU/g), 0.8 g vitamin A palmitate (500,000 IU/g), 0.2 g
ne), and 974.705 g sucrose.
phate monobasic, 70.78 g potassium citrate, 74 g sodium chloride,
1.65 g zinc carbonate, 0.63 g manganous carbonate, 0.31 g cupric
5 g ammonium paramolybdate, 1.45 g sodium meta-silicate, 0.275
cid, 0.0635 g sodium fluoride, 0.0318 g nickel carbonate, hydroxide,
CLA

20

39
13
10
5
3
1

6

1

, 0.7
heryl
quino
phos
rate,
0079
oric a
e.
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ymphocyte enrichment set; BD Pharmingen) to anti-mouse
D8� T cells (CD8a; clone 53-6.7), natural killer cells

CD49b; clone HM�2), B cells (B220�; clone RA3-6B2),
rythroid cells (TER-119; clone TER-119), and macrophages
Mac-1�; clone M1/70), and after a secondary incubation with
treptavidin-conjugated iron particles, these subsets were de-
leted by exposing cells to a magnet. Subsequently,
D4�CD45RBhi or CD4�CD45RBlow T cells were selected
ositively by fluorescence-activated cell sorter sorting in an
PICS ALTRA cytometer (Coulter Corp, Miami, FL). All
opulations were more than 98% pure on reanalysis. A total of
� 105 cells were injected intraperitoneally into Scid recipi-

nts (C57BL6/J background).

Assessment of Colitis

After the DSS challenge or the adoptive transfer, mice
ere weighed on a daily basis and examined for clinical signs of
isease associated with colitis (i.e., perianal soiling, rectal bleed-
ng, diarrhea, and piloerection) by blinded observers. For the DSS
hallenge, the disease activity indices and rectal bleeding scores
ere calculated using a modification of a previously published

ompounded clinical score.46 Briefly, disease activity index con-
isted of a scoring for diarrhea and lethargy (0–3), whereas rectal
leeding consisted of a visual observation of blood in feces and the
erianal area (0–4). Results from preliminary studies showed a
igh correlation between results of fecal blood by Hemoccult
SmithKline Diagnostics, Inc., San Jose, CA) and visual observa-
ions performed by experienced veterinarians. Mice in the DSS
tudy were euthanized on day 7 of the DSS challenge. For the
doptive transfer experiment, only diarrhea/lethargy and weight
oss were examined because rectal bleeding was not observed and
ice were euthanized at 8 weeks after the transfer.

Histopathology

Colonic sections from the DSS and adoptive transfer
tudies were fixed in 10% buffered neutral formalin, later
mbedded in paraffin, and then sectioned (6 �m) and stained
ith H&E stain for histologic examination. Tissue slides were

xamined in an Olympus microscope (Olympus America Inc.,
ulles, VA). Images were captured using the FlashBus FBG

oftware (Integral Technologies, Indianapolis, IN) and pro-
essed in Adobe Photoshop Elements 2.0 (Adobe Systems Inc.,
an Jose, CA). Colons were graded with a compounded histo-
ogic score including the extent of (1) crypt damage, (2)
egeneration, (3) metaplasia/hyperplasia, (4) lamina proprial
ascular changes, (5) submucosal changes, and (6) presence of
nflammatory infiltrates. The sections were graded with a score
f 0–4 for each of the previous categories and data were
nalyzed as a normalized compounded score.

Quantitative Real-Time Reverse-
Transcriptase PCR

Total RNA was isolated from the whole colon of mice
sing the RNA isolation MiniKit (Qiagen, Valencia, CA)
ccording to the manufacturer’s instructions. All RNA sam-
les were checked for quality and quantity on the Agilent
100 BioAnalyzer system (Agilent Technologies, Palo Alto,
A). Total RNA (1 �g) from each sample was used to generate
omplementary DNA (cDNA) template using the iScript
DNA Synthesis Kit (Bio-Rad, Hercules, CA). The total re-
ction volume was 20 �L. The reaction was incubated as
ollows in a Tetrad Thermocycler (MJResearch, Waltham,

A): 5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at
5°C, hold at 4°C. cDNA products were diluted 1:10 in
iethylpyrocarbonate-treated water. The incubations also were
erformed on controls with no RNA template and omitting
he reverse transcriptase enzyme.

The PCR primer pairs were designed based on previously
ublished sequences (GeneBank) using the Oligo 6 primer
esign software (Molecular Biology Insights, Cascade, CO).
he PCR primer pair sequences, annealing temperatures, ac-
ession numbers, and PCR product lengths are shown in Table
. PCR was performed on the cDNA using Taq DNA poly-
erase obtained from Invitrogen (Carlsbad, CA) and using

reviously described conditions.39,47 Each gene amplicon was
urified by using the MiniElute PCR Purification kit (Qia-
en). The purified amplicon for each gene was quantified on an
garose gel and also with the GeneQuant Pro spectrophotom-
ter (Amersham Biosciences, Piscataway, NJ). These purified
mplicons were used further to optimize the real-time PCR
onditions and to generate the standard curves in the real-time
CR assay. Primer concentrations and annealing temperatures
ere optimized for the iCycler iQ System (Bio-Rad) for each

et of primers using the system’s gradient protocol. PCR
fficiencies were maintained at 100% for each primer set
uring optimization and also during the real-time PCR of
ample cDNA.

mRNA expression of TNF-�, PPARs (�, �, and �), CD36,
ransforming growth factor � 1 (TGF-�1), UCP1, UCP3,
ob-4, keratin 20, lipocalin 2, regenerating gene I, and PPAR
coactivator 1� (PGC-1�) in the colon was examined by

eal-time quantitative PCR by using an iCycler iQ System and
he iQ SYBR Green Supermix (Bio-Rad). Because SYBR
reen I is a general double-stranded DNA intercalating dye, it
ay result in the detection of nonspecific products and prim-

rs/dimers as well as the amplicon of interest. To determine the
umber of products that have been generated in the PCR and
he specificity of the assay, a melting curve analysis was
erformed on each sample. Specifically, after the final extension
tep of PCR, the temperature was increased to 95°C and then
ecreased at a rate of 0.5°C per 10 seconds for 140 cycles.
eal-time PCR was used to measure the starting amount of
ucleic acid by assaying each unknown cDNA on the same
6-well plate. For each gene, the results are presented as
tarting quantity of cDNA (picograms) per microgram of
olonic RNA.

Quantification of Concentration and
DNA-Binding Activity of NF-�B

The NF-�B activation was detected and quantified by
sing the Trans-AM NF-�B p65 enzyme-linked immunosor-
ent–based assay (Active Motif, Carlsbad, CA). Briefly, frozen
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olons were weighed and diced into smaller pieces using a
azor blade in lysis buffer containing dithiothreitol and a
rotease inhibitor cocktail. No differences in NF-�B activity
ere detected when using frozen vs. fresh colonic samples in

his assay. The tissue was disrupted further by using a dounce
round-glass homogenizer at 4°C. The tissue homogenate was
entrifuged for 10 minutes at 10,000 � g at 4°C. The super-
atant was used to perform a Bradford-based assay for quan-
ifying the protein concentrations and was stored at 	80°C.
he 96-well plates were coated with binding buffer containing
ouble-stranded oligonucleotides with the NF-�B consensus
ite (i.e., 5=-GGGACTTTCC-3=). The whole-cell extracts were
dded to the wells, incubated for 1 hour at room temperature,
nd washed 3 times with 200 �L of washing buffer. One
undred microliters of anti–NF-�B p65 primary antibody
1:1000 dilution in binding buffer) were added to all wells,
ncubated for 1 hour at room temperature, and washed 3 times.
ne hundred microliters of horseradish peroxidase–conjugated

econdary antibody dilution (1:1000) was added to the wells,
ncubated for 1 hour, and washed 4 times. One hundred
icroliters of the developing solution was added and incu-

ated for 5–10 minutes at room temperature. When the color
ecame dark blue, 100 �L of stop solution was added. Absor-
ance was measured at 450 nm by using a �Quant microplate
eader (Bio-Tek, Winooski, VT). Recombinant NF-�B p65
rotein was used as a standard for estimation of the amounts of
ctivated NF-�B.

able 2. Oligonucleotide Sequences for Quantitative Real-Tim

Primer Sequence

PAR �F 5=TGGGGATGAAGAGGGCTG
PAR �R 5=GGGGACTGCCGTTGTCTG
PAR �F 5=ACAGTGACCTGGCGCTCT
PAR �R 5=TGGTGTCCTGGATGGCTT
PAR �F 5=CAGGCTTGCTGAACGTGA
PAR �R 5=GGAGCACCTTGGCGAACA
D36F 5=CCGGGCCACGTAGAAAAC
D36R 5=CCTCCAAACACAGCCAGG
CP1F 5=GCCGGGTTTTGCACCACA
CP1R 5=TTGAAAAAGGCCGTCGGT
CP3F 5=CCGATACATGAACGCTCC
CP3R 5=AAGCTCCCAGACGCAGAA
NF-�F 5=CGTGCTCCTCACCCACAC
NF-�R 5=GGGTTCATACCAGGGTTT
GF-�1F 5=CAACTTCTGTCTGGGACC
GF-�1R 5=TAGTAGACGATGGGCAGT
GC-1�F 5=GCCCGGTACAGTGAGTGT
GC-1�R 5=CTGGGCCGTTTAGTCTTC
egenerating gene IF 5=ACTGTCTCAAGCAGGTGT
egenerating gene I R 5=TAGGAAAGGAGCAGAGGA
ob-4F 5=TGGCAGAGCAGTTTGTTC
ob-4R 5=GAGCCGGTTTGAGTATCG
eratin 20F 5=GACCTGTTTGGGGGCAAT
eratin 20R 5=CGGCGCGTTGGTTTCGTA
ipocalin 2F 5=TTTCACCCGCTTTGCCAAG
ipocalin 2R 5=GTCTCTGCGCATCCCAGT
-actinF 5=CCCAGGCATTGCTGACAG
-actinR 5=TGGAAGGTGGACAGTGAG

OTE. PCR primer pairs were designed for an optimal annealing tem
, forward; R, reverse.
Statistical Analyses

Data are expressed as the means 
 standard error of the
ean. Parametric data were analyzed by using the analysis of

ariance followed by Scheffe’s multiple comparison method as
reviously described.47 Nonparametric data were analyzed by
sing the Mann–Whitney U test followed by a Dunn’s mul-
iple comparisons test. Analysis of variance was performed by
sing the general linear model procedure of SAS (SAS Institute
nc., Cary, NC).48 Statistical significance was assessed at a P
alue of � 0.05.

Results

CLA Fed in Early Life Protects Against DSS
Colitis at Later Stages of Development

In a preliminary study, we sought to investigate
he therapeutic efficacy of CLA and (n-3) PUFA in DSS
olitis. A challenge with 2.5% DSS in the drinking
ater49 for 7 days induced weight loss and colitis-asso-

iated clinical disease (Figure 1). Preliminary experi-
ents established an optimal dose of fatty acids of 1

/100 g of diet (data not shown). Overall, CLA amelio-
ated the severity of colitis more effectively than (n-3)
UFA or the control diet (Figure 1). The improved
eight loss response to DSS observed in CLA-fed mice

R

Length Accession number

= 143 NM_011144

96 U10375

117 NM_011146

156 NM_007643

143 NM_009463

128 AF032902

133 M13049

150 NM_011577

140 NM_008904

116 D14010
=

149 AB016592

144 AF473907

123 NM_008491

141 X03672
=
ure of 57°C and product length shorter than 157 base pairs.
e PC

AG3
T3=
TC3=
CT3=
AG3=
3=
A3=
AC3=
CT3=
CC3=
C3=
AG3=
3=
GA3=
CT3=
GG3=
TC3=

CT3=
G3=
AAG3

TC3=
TC3=
GG3=
3=
T3=

CA3=
G3=
GC3

perat
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orrelated with improved disease activity indices and
ectal bleeding scores (Figure 1). In addition, adminis-
ration of CLA early in life (Figure 1A, C, and E)
revented colitis and colitis-associated disease more ef-
ectively than administration of CLA after weaning (Fig-
re 1B, D, and F).

Histopathologic examination of the colons recovered
rom mice fed the control diet revealed the presence of
dema with enlargement of submucosal and lamina pro-
rial spaces, increased mucosal thickness, multifocal,
ymphocytic, and polymorphonuclear cell infiltrates,
rypt hyperplasia without regeneration, and epithelial

igure 1. Effects of dietary CLA (1 g/100 g) and an isocaloric control
iet on body weight loss, disease activity indices, and rectal bleeding
uring a 7-day DSS challenge (2.5% wt/vol). (A, C, E) Mice that
eceived CLA before weaning through the placenta and milk, and after
eaning for 42 days. (B, D, F) Mice that received CLA after weaning for
2 days before the DSS challenge. Colitis-associated disease was

mproved by dietary CLA supplementation in mice receiving CLA at
ery early stages of development. No significant differences in clinical
cores were found between mice fed the control or the CLA diets not
hallenged with DSS (data not shown). *P � 0.05. Data represent
ean 
 SEM (n � 8 mice per group).
rosion (Figure 2C and F). Conversely, the tissue damage
ssociated with DSS colitis in wild-type mice fed CLA
Figure 2B and E) was very mild and the overall colonic
rchitecture resembled that of healthy colons from non-
SS controls (Figure 2A and D).

Identification of the Active CLA Isomer(s)

The source of CLA used in the studies listed
arlier was a 50:50 mixture of cis-9, trans-11 and trans-
0, cis-12 CLA isomers. To determine which CLA iso-
er was more effective against IBD, the therapeutic

fficacy of the pure CLA isomers and the CLA mixture
as examined during a DSS challenge. Weight loss and

linical disease were more accentuated in mice fed the
ontrol diet or purified isomer preparations than in mice
ed the 50:50 CLA mixture (Figure 3). Hence, the pres-
nce of both CLA isomers was necessary for optimal
rotection against DSS colitis.

Modulation of PPAR � and �
Transcriptional Activities and NF-�B p65
Activation by CLA

Previously, we showed that dietary CLA supple-
entation enhanced PPAR � expression in the colons of

igs after the onset of bacterial-induced colitis.39 In this
tudy, we sought to investigate the nutritional regula-
ion of PPAR �, �, and their target genes. Quantitative
eal-time PCR analysis showed that the concentrations of
PAR � mRNA in healthy colons of mice fed CLA not
hallenged with DSS were greater than in colons of mice
ed the control diet (Figure 4A). Additionally, the co-
onic concentrations of PPAR � were higher in non–DSS-
hallenged mice fed the control diet than CLA-fed mice
Figure 4A). After the 7-day DSS challenge, PPAR �
RNA expression was maintained in colons of CLA-fed
ice, whereas it was shut down in mice fed the control

iet (Figure 4B). In regard to PPAR �, the mRNA
oncentrations were increased slightly in mice fed CLA
fter the DSS challenge. In contrast, in mice fed the
ontrol diet, the DSS challenge decreased PPAR �
RNA to undetectable concentrations (Figure 4B). Sim-

lar levels of PPAR � were observed between treatment
roups (data not shown).
PPAR � activation results in decreased NF-�B activ-

ty and transcriptional regulation of PPAR �-responsive
enes.38,50 We examined whether the induction of PPAR
and � was associated with a transcriptional activity

onsistent with PPAR � and � activation and suppres-
ion of NF-�B activity. Specifically, we used quantitative
eal-time PCR to compare the mRNA expression of
enes that are controlled by selective agonists of PPAR �
i.e., UCP1 and UCP3 induced) or � (i.e., CD36, PGC-
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�, Keratin 20 induced, and Gob-4, TNF-� repressed)
n colons of mice fed control or CLA-supplemented diets
efore and after weaning. We found that CLA induced
CP1, UCP3, CD36, PGC-1�; Keratin 20 and repressed
ob-4 and TNF-�. Regenerating gene I is a gene re-
ressed by synthetic PPAR � ligands34 that induces
roliferation of pancreatic � and acinar cells.51 Although
LA caused a decrease in regenerating gene I mRNA
xpression, this numeric difference was not statistically
ignificant (data not shown). The DSS challenge en-
anced NF-�B p65 activation in mice fed the control
iet, whereas the concentrations of activated NF-�B p65
n mice fed CLA resembled that of the nonchallenged
ice (Figure 5). Overall, the transcriptional profiles were

onsistent with activation of PPAR � and � and the
ecreased activation of NF-�B p65 in the colon was
onsistent with activation of PPAR �.

Although TGF-�1 has not been identified as a PPAR
or � target gene, its expression was significantly greater

n colons of CLA-fed mice than those fed the control diet
Figure 6H). TGF-�1 is an anti-inflammatory cytokine
roduced by regulatory T cells and epithelial cells.7,13 A
ember of the lipocalin family (e.g., neutrophil gelati-

ase-associated lipocalin) was induced in human epithe-
ial cells by synthetic PPAR � ligands.34 Members of this
amily are characterized by their ability to transport lipid
olecules. We examined mouse colonic lipocalin 2 ex-

ression, which was induced after the DSS challenge.
owever, no significant differences in expression of co-

igure 2. Photomicrographs of H&E-stained slides of paraffin-embedd
ice fed the CLA, or (C, F) control diets and challenged with 2.5% DSS
as observed in (C) the group fed the control diet, when compared with
f 400�, the group fed the control diet showed inflammatory cell infilt
ed the CLA diet showed a moderate thickening of the colonic mucosa
olumnar shape. Mucus-producing cells were more abundant in colon
issues are representative of 8 mice from each experimental group.
onic lipocalin 2 were detected when comparing control-
nd CLA-fed mice (data not shown).

Dependence of the Protective Effect of CLA
on the Presence of PPAR � in the Colon

Whole-body deletion of PPAR � is lethal by day
10.52 Therefore, it has not been possible to investigate
irectly if colonic PPAR � is required for the mainte-
ance of intestinal homeostasis and prevention of IBD
ther than by using PPAR � heterozygotes.18 To over-
ome this obstacle, we generated tissue-specific PPAR �
ull mice40,42 by breeding PPAR � floxed (fl/fl) mice
ith transgenic mice carrying the Cre-gene under con-

rol of the MMTV-LTR promoter.41 The transgenic re-
ombinase is expressed in epithelial and hemopoietic
ells. PPAR � fl/fl Cre� express a truncated form of
RNA transcript and do not express PPAR � protein.40

he deletion of exon 2 of the PPAR � gene in mouse
olon was examined by PCR analysis. We showed re-
ombinase activity in the colons of PPAR � fl/fl Cre� mice
y detecting the recombination product resulting from
he deletion of exon 2 of the PPAR � gene (Figure 7).
re� and Cre	 littermates fed control of CLA-supple-
ented diets were challenged with 2.5% DSS in the

rinking water for 7 days. The CLA mixture fed early in
ife did not protect PPAR � fl/fl Cre� mice from DSS
olitis, although it protected PPAR � fl/fl Cre	 mice
Figure 8).

olonic tissue recovered from (A, D) non–DSS-challenged mice, (B, E)
days. At a magnification of 40�, a thickening of the colonic mucosa
e CLA-fed group or (A) the nonchallenged group. (F) At a magnification
, flattening of epithelial cells, and epithelial erosion. (D, E) The group

out erosion or infiltration. The epithelial cells maintained their normal
CLA-fed mice challenged with DSS or non–DSS-challenged mice. The
ed c
for 7
(B) th

ration
with
s of
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Modulation of CD4�CD45RBhi

T-Cell–Induced Colitis by CLA

Tissue injury in the DSS colitis model is caused
rimarily by activation of macrophages and apoptosis of
olonic epithelial cells. However, dysregulated immune
esponses such as stimulated differentiation of CD4� T
ells toward a T helper 1 phenotype also contribute to
he pathogenesis and severity of IBD.53,54 We aimed to
nvestigate whether oral administration of CLA pre-
ented or ameliorated the colitogenic effects of the
D4�CD45RBhi T-cell subset. This population was iso-

ated from the spleens of donor mice fed control or
LA-supplemented diets, transferred into immunologi-
ally naive recipients (Scid ), and tested for its colitogenic
ffects (Figure 9). Scid mice transferred with
D4�CD45RBlow T cells were used as negative controls

or the colonic immunopathology. Our results indicate
hat Scid mice receiving cells from donors fed the control
iet developed severe colitis characterized by increased
ucosal thickness (Figure 10A and B). Lesions were
ilder in mice that received CD4�CD45RBhi T cells

solated from CLA-fed donors (Figure 10E and F). No
esions were observed after the transfer of
D4�CD45RBlow T cells (Figure 10C and D).

Discussion

Traditional therapies against IBD are modestly
uccessful but result in significant side effects, including
mmune suppression and enhanced susceptibility to can-
er and infectious disease. Because the cause is unknown,
he majority of therapies target the symptoms but not
he cause of IBD. The present study was designed to
dentify novel interventions with no side effects that can
e applied to the prevention and/or treatment of human
nteric inflammatory disorders while maintaining opti-

igure 4. Quantification of mRNA expression of PPAR � and PPAR � in
A) healthy or (B) DSS-challenged colons of mice fed a control or
LA-supplemented (1 g/100 g) diet by using reverse-transcriptase,
eal-time PCR. No significant differences in expression of the house-
eeping gene (i.e., �-actin) were found between treatment groups. *P

0.05. Data represent mean 
 SEM (n � 8 mice per group).
igure 3. Effects of a CLA mixture (50% cis-9, trans-11 and 50%
rans-10, cis-12 CLA), pure cis-9, trans-11 CLA, pure trans-10, cis-12
LA, or a control diet on colitis-associated disease during a 7-day
hallenge with DSS (2.5% wt/vol). Optimal clinical protection against
SS colitis was obtained in mice receiving the CLA mixture. *P �
.05. Data represent mean 
 SEM (n � 8 mice per group).
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al levels of immune surveillance. Previous studies have
hown that PPAR � gene therapy enhances PPAR �
xpression, resulting in dramatic therapeutic benefits in
he DSS colitis model.17 We found that dietary CLA
nduced colonic PPAR � expression and provided pro-
ection against disease in a pig model of bacterial-
nduced colitis.39 Furthermore, studies in animal models
nd humans show that CLA suppresses inflammation
hile enhancing antigen-specific responses against viral

nd bacterial pathogens.45,55 Therefore, CLA protects
rom colitis while maintaining or enhancing immune
esponsiveness.

Although PPAR � is recognized as a central inhibitor
f intestinal inflammation in DSS colitis,15,18,56,57 initial
tudies in mice did not show protection against DSS
olitis by CLA. In these studies, CLA treatment was
nitiated at weaning (21 days of age); earlier studies in
igs administered CLA at earlier stages of development
howed protection from disease.39 By incorporating CLA
n the mouse diet very early in life (i.e., supplementing
he diets of dams with CLA), the protective efficacy of
LA against DSS colitis increased significantly. This

uggests that CLA may regulate molecular events related
o cellular differentiation occurring at early stages of
evelopment. These early developmental events influence
he susceptibility to enteric disease at later stages of
evelopment. The greater efficacy of the CLA mixture
hen compared with pure CLA isomer preparations is

onsistent with previous results of a human clinical trial
hat examined the immunomodulatory effects of CLA.58

The DSS colitis model resembles human UC because it
epresents a diffuse change without segmentation con-
ned primarily at the mucosal level. We reported that
xpression of PPAR � and � but not PPAR � was
ecreased after the onset of DSS colitis.59 This finding is

igure 5. Concentration of activated NF-�B p65 in (A) healthy or (B)
SS-challenged colons was determined by using an enzyme-linked

mmunosorbent–based assay. The concentrations of activated NF-�B
n colons of DSS-challenged mice are consistent with activation of
PAR �. Recombinant protein was used as a standard for estimation
f the amounts of activated NF-�B p65 in vivo. *P � 0.05. Data
epresent mean 
 SEM (n � 8 mice per group).
n line with results of a human study showing that the
olonic concentrations of PPAR � mRNA and protein in
C patients were lower than in healthy controls, whereas
C did not change PPAR � expression.60 Interestingly,
% of primary colorectal tumors in humans carried a
oss-of-function mutation in one allele of the PPAR �
ene, also suggesting a role of PPAR � in tumor sup-
ression.61 The interrelationship between chronic colonic

igure 6. Quantification of mRNA expression of (A) Keratin 20, (B)
ob-4, (C) UCP1, (D) UCP3, (E) PGC-1�, (F) CD36, (G) TNF-�, and (H)
GF-�1 in colons of mice fed a control or CLA-supplemented (1 g/100
) diet by using reverse-transcriptase, real-time PCR. No significant
ifferences in expression of the housekeeping gene (i.e., �-actin)
ere found between treatment groups. Colonic samples used in both
ssays were collected at the end of a 7-day DSS challenge (2.5%
t/vol). The changes in expression genes involved in lipid metabolism

UCP1, UCP3, and CD36), colonic epithelial cell maturation (Keratin
0 and Gob-4), and inflammation (TNF-�), as well as the co-activator
olecule PGC-1� are consistent with activation of PPAR � and �.

GF-�1 has not been identified as a PPAR � target gene but its
xpression also can be modulated by CLA. *P � 0.05. Data represent
ean 
 SEM (n � 8 mice per group).
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athologies such as IBD and/or colon cancer and expres-
ion of PPAR � has not been examined in humans.

We showed that PPAR � mRNA expression is in-
uced by CLA in colons of both healthy and DSS-
hallenged mice. Additionally, the shut down of colonic
PAR � and � mRNA expression induced by DSS was
revented by CLA treatment. Additional changes in gene
xpression caused by CLA treatment provide in vivo
vidence of PPAR �– and �–dependent transcriptional
ctivities. Specifically, CLA increased the mRNA expres-
ion of UCP1, UCP3, CD36, Keratin 20, and PGC-1�
ignificantly, while suppressing Gob-4 and TNF-�.
CP1 and UCP3, 2 genes involved in energy oxidation

nd uncoupling, are induced by PPAR � agonists.62

owever, the activation of PPAR � caused no significant
hanges on CD36 expression, a gene involved in lipid
torage, or Gob-4, a gene expressed by goblet cells and
nvolved in epithelial cell maturation.63 Keratin 20 is a
ene expressed in the most differentiated intestinal epi-
helial cells, where the greatest concentrations of PPAR

can be found.35,36,64,65 Selective PPAR � agonists
odulated the expression of CD36, Gob-4, and Keratin

0, whereas activation of PPAR � by synthetic agonists
nduced UCP1 and UCP3 expression.34,62,66

PPAR �–mediated transcriptional regulation involves
igand binding, dimerization with retinoid X receptor �,
issociation from co-repressors and clustering with co-
ctivators, nuclear translocation, and binding to DNA
esponse elements.28 Both the ligand binding and
hanges in the composition of co-repressors and co-

igure 7. Conditional deletion of the PPAR � gene in mouse colon.
MTV-Cre–mediated recombination of the PPAR � gene in the (A) tail

lippings and the (B) colon by PCR analysis. The null band (400 bp) is
he recombination product after deletion of exon 2 of the PPAR � gene
primers F/R2). The flox band (275 bp) is the floxed (fl) allele (primers
/R1). The wild-type (WT) allele of PPAR � gave a 225-bp band. (A) Left
o right: depicts fl/fl with recombination in the tail (Cre�) (lanes 1–2),
/fl without recombination (Cre	) (lanes 3–4), fl/WT (lane 5), and WT
lane 6). (B) Left to right: depicts fl/fl with efficient recombination in
he colon (Cre�) (lanes 1–4) and fl/fl without recombination (Cre	).
ctivators are necessary for effective transcriptional reg-
lation. We found that the potent co-activator of both
PAR �67 and �62 and regulator of mitochondrial bio-
enesis,68 PGC-1�, can be induced by CLA. In contrast,
PAR �–binding protein, another co-activator of PPAR
, was induced in mice fed the control diet.59 The ability
f linoleic acid and CLA to modulate co-activator expres-
ion (PPAR �–binding protein and PGC-1�, respec-
ively) differentially may delineate their regulatory ef-
ects on gene transcription in vivo. In support of this
ypothesis, Wu et al.69 reported that subtle differences
n ligand structure are perceived by PPAR � and trans-

igure 8. Effects of dietary CLA (1 g/100 g) on protection against
olitis in (A, C, E) mice expressing the exon 2 of the PPAR � gene in
he colon (PPAR � fl/fl Cre	) or (B, D, F) mice lacking the exon 2 of the
PAR � gene (PPAR � fl/fl Cre�) owing to MMTV-Cre–mediated recom-
ination. Colitis-associated disease in the group fed the control diet
as compared with the CLA-fed group in terms of (A, B) body weight

oss, (C, D) disease activity index, and (E, F) rectal bleeding. These
easurements were performed throughout a 7-day DSS challenge

2.5% wt/vol). Colitis improvement in CLA-fed mice was observed in
PAR � fl/fl Cre	but not in PPAR � fl/fl Cre� mice. *P � 0.05. Data
epresent mean 
 SEM (n � 8 mice per group).



l
b

c
i

m
n
a
r
T
s
l
o
b
P
s
b
t
T
–
e
t
t
w
R
e

P
f
�
i
s
e
e
v
P

F
1
l
a
d
o
n
i
a
t
c
C

F
r
f
O
(

September 2004 PPAR � AND � IN IBD PREVENTION 787
ated into a unique display of co-activator–receptor com-
inations.
TNF-� is a cytokine produced by macrophages, T

ells,70 and epithelial cells71 that promotes intestinal
nflammation. The efficacy of the Food and Drug Ad-

igure 9. C57BL/6J mice were fed a basal AIN-93G diet in which
4.28% of the soybean oil (i.e., 1 g/100 g diet) was replaced by

inoleic acid or the CLA isomeric mixture. The offspring were weaned
t 3 weeks of age, given the same experimental diet for 42 additional
ays, and used as donors in adoptive transfer studies. Splenocytes
btained from donor mice were enriched in CD4� T cells by magnetic
egative selection using the I-Mag cell separation system (BD Pharm-

ngen) and CD4� CD45RBhi T cells were sorted by a fluorescence-
ctivated cell sorter. Scid recipient mice were transferred (intraperi-
oneally) 4 � 105 CD4� CD45RBhi T cells obtained from either CLA- or
ontrol diet–fed mice. Scid mice receiving the same amount of CD4�

D45RBlo T cells were controls.

igure 10. (A–F) Representative photomicrographs of the colons of s
ecipients restored with CD4�CD45RBlow T cells were histologically n
rom donors fed the control diet developed severe colitis characterize
ral administration of CLA to the donors contributed to attenuation of

Top) Original magnification: 250�; and (bottom) 40� (n � 8 recipie
inistration–approved, anti–TNF-� chimeric monoclo-
al immunoglobulin G1 antibody in the acute treatment
nd management of fistulas in CD patients1 provides a
ationale for examining the effect of novel therapies on
NF-� expression. Synthetic PPAR � and � agonists

uch as rosiglitazone and GW0742 repressed several
ipopolysaccharide-responsive genes (i.e., inducible nitric
xide synthase, interleukin 12 p40, cyclooxygenase-2),
ut not TNF-� in vitro.50 In contrast, the selective
PAR � agonist pioglitazone repressed TNF-� expres-
ion in a rat model of ischemia and reperfusion.72 Hence,
ased on the controversial results of studies using syn-
hetic PPAR � agonists, the suppressive effect of CLA on
NF-� could be interpreted as a PPAR �–dependent or
independent mechanism. In contrast, more definitive
vidence shows that TNF-� expression is not regulated
hrough a PPAR �–dependent mechanism. Specifically,
he expression of TNF-� remained unchanged between
ild-type and PPAR �	/	 mouse macrophages or in
AW 264.7 cells (a mouse macrophage cell line) over-

xpressing PPAR �.73

In contrast, TGF-�1 has not been identified as a
PAR �–responsive gene; therefore, the stimulatory ef-

ect of CLA on colonic TGF-�1 expression may be PPAR
–independent. However, PPAR � and TGF-�1 signal-

ng pathways share a downstream component (i.e., TGF-
timulated clone-22), which is abundant in postmitotic
pithelial cells and plays an important role in intestinal
pithelial cell growth and differentiation.13 Further in-
estigations are required to clarify whether TGF-�1 is a
PAR �–responsive gene.

cipient mice after transfer of CD4� T cells. (C, D) The colons in scid
. (A, B) Conversely, mice receiving 4 � 105 CD4�CD45RBhigh T cells
enlargement of the colonic mucosa and lymphocytic infiltrates. (E, F)
evelopment of colitis induced by transfer of CD4�CD45RBhigh T cells.
ice per group).
cid re
ormal
d by
the d
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CLA induced PPAR � and � expression in the colon
nd modulated their ability to induce or repress target
enes involved in epithelial cell differentiation, lipid
omeostasis, and immunoregulation. Although the role
f PPAR � in IBD has been examined extensively and
ound to be beneficial, the role of PPAR � is not under-
tood completely. A recent study shows that activated
PAR � represses atherogenic inflammation by suppress-

ng the expression of macrophage inflammatory media-
ors.73 Lee et al.73 proposed that PPAR � may control an
nflammatory switch by virtue of its association (pro-
nflammatory) and disassociation (anti-inflammatory)
ith transcriptional repressors such as BCL-6. In this

egard, our data show that the concentrations of PPAR �
n healthy colons of mice fed CLA are lower than in
ontrol-fed mice. However, PPAR � can be induced
ignificantly in colons of CLA-fed mice after an inflam-
atory stimulus, indicating that PPAR � may elicit

nti-inflammatory actions after an inflammatory chal-
enge. Moreover, PPAR � activation resulted in increased
esistance of epithelial cells to death and improved
ound healing after injury,14 suggesting positive effects
f PPAR � activation on tissue restitution after an acute
pisode of IBD.

Increased concentrations of activated NF-�B have
een detected in the intestinal mucosa of patients with
BD.60 Therefore, the suppression of NF-�B p65 activity
y CLA is of significance to the prevention of human
BD. Synthetic ligands of PPAR � down-regulate the
xpression of proinflammatory genes by antagonizing the
ctivity of NF-�B.38 We have found that the DSS chal-
enge increases NF-�B p65 activation. However, the
oncentrations of activated NF-�B p65 in the colons of
LA-fed mice were significantly lower than those of mice

ed the control diet. The effects of CLA on the NF-�B
athway in vivo are consistent with in vitro results
howing that lipopolysaccharide-stimulated RAW 264.7
acrophages cultured in the presence of CLA resulted in

iminished DNA-binding affinities of NF-�B.74 Al-
hough in vivo studies directly examining the regulation
f NF-�B activation by PPAR � are not available, selec-
ive PPAR � agonists did not inhibit the nuclear entry
r DNA-binding activity of NF-�B p65 in PPAR
	/	��/� macrophages in vitro,50 suggesting that PPAR
repressed inflammatory gene expression through a NF-
B–independent mechanism.
Genetic approaches using murine models in which the

PAR � gene has been disrupted provide the most
efinitive information regarding the effect of PPAR � on
BD3 and the dependence of the protective effect of
rugs, nutrients, and nutraceuticals on the presence of
PAR �. Because whole-body PPAR �	/	 mice are not
iable owing to defects in placental vascularization and
xtensive myocardial thinning, we developed tissue-spe-
ific PPAR �	/	 mice lacking the exon 2 of the PPAR �
ene in epithelial and hematopoietic cells. In this model
f tissue-specific recombination, the most abundant cell
ypes in the colon, including epithelial cells, T and B
ells, macrophages, and neutrophils, lack the PPAR �
ene. Our findings indicate that the loss of the PPAR �
ene in the colon abrogated the beneficial effects of CLA
n DSS colitis, suggesting that the protective effects of
LA are mediated, in part, through a PPAR �–depen-
ent mechanism. In this regard, the colons of tissue-
pecific PPAR �	/	 mice resembled those of DSS-chal-
enged mice fed the control diet, in which PPAR �
xpression was shut down completely and clinical disease
as more severe. The role of PPAR � on IBD remains

argely unknown. Further studies are required to deter-
ine the role of PPAR � on intestinal homeostasis and to

dentify clinically important synergisms between PPAR
and �.
In contrast to DSS colitis, which targets primarily
acrophages and epithelial cells,7 the pathogenesis of the

doptive transfer (i.e., CD4�CD45RBhi) model of colitis
avors dysregulated CD4� T-cell responses.75 In this
eparate colitis model, chronic intestinal inflammation
as caused by polarization of naive CD4� T cells into a
helper 1 phenotype in response to stimulation with

ntigens of the resident intestinal microflora. The adop-
ive transfer model resembles human CD because T
elper 1 polarization also is enhanced in the colonic
ucosa of patients with CD.76,77 We found that CLA fed

o donor mice protected recipient mice from CD4�

-cell–induced colitis. Further, the protective effects of
LA on CD4� T-cell–induced colitis were consistent
ith results from a previous study showing the ability of
LA to ameliorate bacterially induced colitis in pigs.39

ur previous model resembled CD4� T-cell–induced
BD because a factor of bacterial origin triggered the
nset of enteric disease by stimulating polarization of
D4� T cells toward a T helper 1 phenotype.39,78 We
ypothesize that PPAR � and � contribute to the main-
enance of intestinal homeostasis through a mechanism
f intrinsic regulation of CD4� T-cell function. Future
tudies will investigate the molecular regulatory mech-
nisms by which PPAR � and � modulate CD4� T-cell
unction and differentiation at the intestinal mucosal
evel.

Katayama et al.17 envisioned PPAR � gene therapy as
n adjunct intervention to enhance the limited therapeu-
ic efficacy of synthetic PPAR � ligands in established
olitis. However, they reported that PPAR � gene ther-
py alone also was effective in suppressing inflammation
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nd attributed this finding to the action of endogenous
gonists. PUFA and their metabolites (i.e., hydroxy de-
ivatives of fatty acids, prostaglandins, and so forth)29–31

ere identified as endogenous PPAR � agonists. Previ-
usly, we showed that the endogenous concentrations of
LA in particular, and the overall fatty acid metabolome,
ould be regulated nutritionally by supplementing diets
ith this compound.39 This therapeutic intervention in-
uced PPAR � and � expression as well as PPAR � and
target genes involved in lipid metabolism, repressed

PAR � target pro-inflammatory genes, and induced or
epressed target genes involved in epithelial cell matu-
ation. All of which resulted in attenuated disease sever-
ty and inflammatory lesions during experimental IBD.

oreover, we provide molecular evidence in vivo show-
ng that the improved enteric disease phenotype observed
n CLA-fed mice is mediated through PPAR �. Finally,
ur data suggest that CLA also contributed to stabilize
mmune homeostasis in vivo by regulating CD4� T-cell
unction. In conclusion, our experimental approaches
ave confirmed that PPAR � is a molecular target for
herapeutic interventions against IBD, identified PPAR
as a potential target, and characterized important cel-

ular and molecular mechanisms by which a natural
PAR � agonist ameliorates IBD.
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