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Endoplasmic reticulum (ER) stress is a causative factor of
inflammatory bowel diseases. ER stress mediators, including
CCAAT enhancer-binding protein (C/EBP) homologous pro-
tein (CHOP), are elevated in intestinal epithelia from patients
with inflammatory bowel diseases. Thepresent study arose from
the question of how chemical ER stress and CHOP protein were
associated with nuclear factor-�B (NF-�B)-mediated epithelial
inflammatory response. In a human intestinal epithelial cell cul-
ture model, chemical ER stresses induced proinflammatory
cytokine interleukin-8 (IL-8) expression and the nuclear trans-
location of CHOPprotein. CHOPwas positively involved in ER-
activated IL-8 production and was negatively associated with
expression of peroxisome proliferator-activated receptor �
(PPAR�). ER stress-induced IL-8 production was enhanced by
NF-�B activation that was negatively regulated by PPAR�.
Mechanistically, ER stress-induced CHOP suppressed PPAR�
transcription by sequestering C/EBP� and limiting availability
of C/EBP� binding to the PPAR� promoter. Due to the CHOP-
mediated regulation of PPAR� action, ER stress can enhance
proinflammatory NF-�B activation and maintain an increased
level of IL-8 production in human intestinal epithelial cells. In
contrast, PPAR�was a counteracting regulator of gut inflamma-
tory response through attenuation ofNF-�Bactivation. The col-
lective results support the view that balances between CHOP
and PPAR� are crucial for epithelial homeostasis, and disrup-
tion of these balances in mucosal ER stress can etiologically
affect the progress of human inflammatory bowel diseases.

Endoplasmic reticulum(ER)2 is a proteinbiosynthesis organelle
in which newly synthesized proteins are accurately folded into
their proper conformation. However, under diverse pathological
stress, folding may occur improperly, or proteins may unfold; the

aberrant proteins trigger a severe stress response called the ER
stress response (1). Phosphorylation of eukaryotic translation ini-
tiation factor 2-� (eIF2�) is a highly conserved point of conver-
gence for the distinct signaling pathways that adapt eukaryotic
cells to diverse stressful conditions, including ER stress (2, 3). It
provides stress resistancebyglobal protein translational arrest and
inductionofnumerous stress-triggeredgenes.CCAAT/enhancer-
binding protein (C/EBP) homologous protein (CHOP) is a repre-
sentative stress-responsive factor induced by eIF2� phosphoryla-
tion-dependent cellular insults, such as ER stress and nutritional
deprivation (4–6). CHOP is a transcription factor that primarily
mediates stress-linked apoptosis. Among various pathogenic con-
ditions, ER stress is closely associated with inflammatory diseases
inmanyorgans, including intestine, lung, liver, kidney, and central
nervous system, and is mediated by proinflammatory triggers,
such as microbes, cytokines, and reactive radicals (7–9). CHOP is
also involved in various inflammatory responses (10–12). En-
dotoxemia enhances CHOP activation, leading to caspase-pro-
cessed activation of interleukin-1� (8), and the proinflammatory
cytokine tumor necrosis factor-� (TNF-�) induces ER stress and
CHOP expression (13). In an experimental ulcerative colitis
model, mucosal inflammatory response is critically modulated by
CHOP protein that mediates production of proinflammatory
cytokines and caspase-dependent cytotoxicity (11). ER stress can
bea causative factorof inflammatoryboweldiseases (IBD), includ-
ing Crohn’s disease and ulcerative colitis. ER stress indicators,
including CHOP, are elevated in intestinal epithelia from IBD
patients (14, 15).
Gut epithelial tissues are directly confronted with a variety of

xenobiotic factors, including intestinal microbiota and dietary
components that can trigger host immune responses (16, 17). In
response to these triggers, epithelial tissues become tolerant by
suppressing excessive mucosal sensitivity to avoid harmful effects
of the inflammatory response. Particularly, tolerant mucosal epi-
thelia can be hyporesponsive to commensal bacteria and their
components via pattern recognition receptors (18). Mechanisti-
cally, pre-exposure to commensals or their components can
desensitize humancells to thepattern recognition receptor-linked
proinflammatory signals, such as nuclear factor �B (NF-�B) and
MAPK signal transduction (19). Epithelial recognition of micro-
bial fingerprints attenuates subsequent triggeringofproinflamma-
tory cytokineproduction.Manygastrointestinal disorders, includ-
ing IBD, are associated with mucosal intolerance derived from
disruption of the epithelial barrier (20–22). One critical factor
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mediatingmucosal tolerance is peroxisome proliferator-activated
receptor � (PPAR�). PPAR� is a member of the nuclear receptor
superfamily of transcription factors and is a ligand-dependent
nuclear receptor. PPAR� is abundantly expressed in adipocytes
and colonic epithelium (23). PPAR� has been investigated as a
critical regulator of gut homeostasis because epithelial PPAR�
activation generally reduces gene expression of proinflammatory
mediators by suppressing NF-�B-linked signals (24–26). Down-
regulationofPPAR�expressionmayexistwithin intestinal epithe-
lial cells of IBD patients, which are susceptible to uncontrolled
inflammation, and ligands of PPAR� can be efficient in the treat-
ment of IBD (27, 28). PPAR� expressed in gut epithelium has a
protective effect against colonic inflammatory responses to both
commensal and pathogenic insults.
The present study investigated the nature of chemical ER

stress and CHOP protein association with epithelial inflamma-
tory response, including NF-�B-mediated cytokine production
in human intestinal epithelial cells. As well, how the mucosal
regulatory factor PPAR� is involved in ER stress-mediated
cytokine production was assessed.

MATERIALS AND METHODS

Cell Culture Conditions and Reagents—The human epithe-
lial cell lines HCT-8, HT-29, and HCT-116 were sourced from
human embryonic jejunum and ileum and were purchased
from the American Type Culture Collection (Rockville, MD).
They were maintained in RPMI medium supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma-
Aldrich), 50 units/ml penicillin (Sigma-Aldrich), and 50 �g/ml
streptomycin (Sigma-Aldrich) in a 5% CO2 humidified incuba-
tor at 37 °C. Cell number was assessed by trypan blue (Sigma-
Aldrich) dye exclusion using a hemacytometer. Thapsigargin
(TG) was purchased from Assay design (Ann Arbor, MI), and
Bay 11-7082 was purchased from Calbiochem. All other chem-
icals were purchased from Sigma-Aldrich.
Construction of Plasmid—Dominant negative CHOP

(dnCHOP) and wild type CHOP constructs were provided by
Dr. TomomiGotoh (KumamotoUniversity), and FLAG-tagged
WT PPAR� plasmid was provided by Dr. Krishna Chatterjee
(University of Cambridge). Interleukin-8 (IL-8) transcriptional
activity was measured using IL-8 promoter-luciferase reporter
constructs (a part of the human IL-8 promoter ranging from
nucleotides �416 to �44), which was kindly provided by Dr.
Hsing-Jien Kung (University of California, Davis, CA). The
humanCHOP promoter, ranging fromnucleotides�649 to�91,
was kindly providedbyDr. Pierre Fafournoux (TheNational Insti-
tute for Agricultural Research (INRA), France). PPAR� transcrip-
tional activity was measured using PPAR�3 promoter-luciferase
reporterconstructs (apartof thehumanPPAR�promoter ranging
from nucleotides �851 to �1 in generated pGL3 basic vectors.
AfterPCRof thepromoter regionwithPfu turboDNApolymerase
(Stratagene, La Jolla, CA), the fragment was cloned into the TA
vector (Invitrogen), sequenced, and subcloned into thepGLBasic3
vector.Cytomegalovirus (CMV)-driven small hairpin interference
RNA (shRNA) was constructed by inserting an shRNA template
into pSilencer 4.1-CMV-neo vector (Ambion, Austin, TX). The
C/EBP� shRNA-containing vector was designated ShC/EBP�; it
targeted the sequence GAAGAAACGTCTATGTGTA.

Western Immunoblot Analysis—Levels of protein expression
were compared by Western immunoblot analysis using anti-
human actin, anti-C/EBP, anti-I-�B� rabbit polyclonal anti-
body, and anti-CHOPmousemonoclonal antibody (SantaCruz
Biotechnology, Inc., Santa Cruz, CA). Cells were washed with
ice-cold phosphate buffer, lysed in boiling lysis buffer (1% (w/v)
SDS, 1.0 mM sodium orthovanadate, and 10 mM Tris, pH 7.4),
and sonicated for 5 s. Lysates containing proteins were quanti-
fied using the BCA protein assay kit (Pierce). Fifty micrograms
of protein was separated by minigel electrophoresis (Bio-Rad).
Proteins were transferred onto a polyvinylidene fluoride mem-
brane (Amersham Biosciences), and the blots were blocked for
1 h with 5% skim milk in Tris-buffered saline plus Tween 0.1%
(TBS-T) and probed with each antibody for a further 2 h at
room temperature or overnight at 4 °C. After washing three
times with TBS-T, blots were incubated with horseradish-con-
jugated secondary antibody for 1 h and washed with TBS-T a
further three times. Protein was detected by ECL chemilumi-
nescent substrate (Amersham Biosciences).
IL-8 Enzyme-linked Immunosorbent Assay (ELISA)—IL-8

was quantified from each cell supernatants using ELISA. HCT8
cells were dispensed at 3 � 104 cells in each well of a 24-well
plate and allowed to adhere. After treatment with deoxynivale-
nol or vehicle, cell culture medium was collected and centri-
fuged to remove cell debris. Levels of IL-8 were determined by
ELISA using an OptEIA human IL-8 ELISA kit (BD Bio-
sciences) according to the manufacturer’s instructions. Briefly,
capture antibody was coated onto ELISA plates overnight at
4 °C. After washing with Tween 20-containing PBS (PBST) and
blocking with PBS supplemented with 10% (v/v) FBS overnight
at 4 °C, plates were incubated with serial dilutions of IL-8 sam-
ples and standards. After treatment with detection antibody
and tetramethyl benzidine substrate, absorbancewasmeasured
at 405 nm using an ELISA reader. The assay detection limit was
3.1 pg/ml of IL-8.
Reverse Transcription (RT) Conventional PCR and Real-time

PCR—RNA was extracted with TRIzol (Invitrogen) according
to the manufacturer’s instructions. RNA (100 ng) from each
sample was transcribed to cDNA by Prime RT premix (Genet-
bio, Nonsan, South Korea). The amplification was performed
with Takara HS ExTaq DNA polymerase (Takara Bio, Shiga,
Japan) in a Mycycler Thermal Cycler (Bio-Rad) using the fol-
lowing parameters: denaturation at 94 °C for 2 min and 25
cycles of reactions of denaturation at 98 °C for 10 s, annealing at
59 °C for 30 s, and elongation at 72 °C for 45 s. An aliquot of
each PCR product was subjected to 1.2% (w/v) agarose gel elec-
trophoresis and visualized by staining with ethidium bromide.
The 5� forward and 3� reverse complement PCR primers for
amplification of each gene were as follows: human PPAR-� (5�-
TTCAGAAATGCCTTGCAGTG-3� and 5�-CACCTCTTT
GCT CTG CTC CT-3�), human CHOP (5�-CTT GGC TGA
CTG AGG AGG AG-3� and 5�-TCA CCA TTC GGT CAA
TCAGA-3�), human IL-8 (5�-ATGACTTCCAAGCTGGCC
GTG GCT-3� and 5�-TCT CAG CCC TCT TCA AAA ACT
TCT C-3�), and human glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (5�-TCA ACG GAT TTG GTC GTA TT-3�
and 5�-CTG TGG TCA TGA GTC CTT CC-3�). In real-time
PCR, 6-carboxyl-fluorescein was used as fluorescent reporter
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dye and conjugated to 5�-ends of probes to detect amplified
cDNA in iCycler Thermal Cycler (Bio-Rad) using the following
parameters: denaturation at 94 °C for 2 min and 40 cycles of
reactions of denaturation at 98 °C for 10 s, annealing at 59 °C for
30 s, and elongation at 72 °C for 45 s. Each sample was tested in
triplicate to ensure statistical significance. The relative quanti-
fication of gene expression was performed using the compara-
tive Ct method. The Ct value is defined as the point where a
statistically significant increase in the fluorescence has
occurred. Thenumber of PCRcycles (Ct) required for the 6-car-
boxyl-fluorescein intensities to exceed a threshold just above
background was calculated for the test and reference reactions.
In all experiments, GAPDH was used as the endogenous con-
trol. Results were analyzed in a relative quantitation study with
the vehicle treated.
Transient and Stable Transfection—Cells were transfected

with a mixture of plasmids using Lipofectamine 2000 (Invitro-
gen) or Carrigene reagent (Kinovate, Oceanside, CA) according
to the manufacturer’s protocol. For transfection of the lucifer-
ase reporter gene, amixture of 2�g of firefly luciferase reporter
and 0.2 �g of Renilla luciferase, pRL-null vector (Promega,
Madison, WI) per 2 �l of Carrigene was applied to wells of a
6-well culture plate. For the luciferase assay, 12 h after transfec-
tion, cells were exposed to chemicals for a further 12 h for IL-8
promoter-luciferase reporter constructs and lysed for the dual
luciferase reporter assay system (Promega). All transfection
efficiency was maintained at around 50–60%, which was con-
firmed with pMX-enhanced green fluorescent protein vector.
To create stable cell lines, cells were transfected using Lipo-
fectamine 2000 reagent. After 48 h, cells were subjected to
selection for stable integrants by exposure to 700 �g/ml G418
(Invitrogen) in complete medium containing 10% FBS. Selec-
tion was continued until monolayers were formed. The trans-
fectants were then maintained in medium supplemented with
10% FBS and 350 �g/ml G418.
Luciferase Assay—Cells were washed with cold PBS, lysed

with passive lysis buffer (Promega), and centrifuged at 12,000�
g for 4 min. The supernatant was collected, isolated, and stored
at �80 °C until assessed for luciferase activity. Luciferase activ-
ity was measured with amodel TD-20/20 dual mode luminom-
eter (Turner Designs, Sunnyvale, CA) after briefly mixing the
supernatant (10 �l) with 50 �l of firefly luciferase assay sub-
strate solution, followed by 50 �l of stopping Renilla luciferase
assay solution (Promega). The firefly luciferase activitywas nor-
malized against Renilla luciferase activity by dividing the for-
mer activity by the latter.
Chromatin Immunoprecipitation (ChIP) Assay—Cells were

cross-linked for 10 min in 1% formaldehyde. The reaction was
stopped by the addition of glycine to 125 mM, and cells were
washed twice with 1� PBS. Chromatin was fragmented by son-
ication for 10 s to a size of 1000–2000 bp in lysis buffer (1%
(w/v) SDS, 10 mM EDTA, pH 8.0, 50 mM Tris-HCl, pH 8.0),
protease inhibitor mixture) using Vibra-Cell (Sonics &Materi-
als, Inc., Newtown, CT). The soluble chromatin was immuno-
precipitated with 2 �g of mouse monoclonal anti-GADD153
antibody and rabbit polyclonal anti-C/EBP� antibody in a mix-
ture of nine parts dilution buffer (1% Triton X-100, 150 mM

NaCl, 2 mM EDTA, pH 8.0, 20 mM Tris, pH 8.0, and protease

inhibitormixture) and one part lysis buffer. After rotating over-
night at 4 °C, protein G-Sepharose 4 fast flow (GE Healthcare)
was added in 100 �l of a 9:1 mixture of dilution buffer and lysis
buffer containing 100 �g/ml BSA) (Promega) and 500 �g/ml
salmon sperm DNA (Invitrogen) per sample. After centrifuga-
tion of the protein G-Sepharose mixture, each sample was
washed twice in dilution buffer, and finally the chromatin was
resuspended in the 9:1 dilution buffer/lysis buffer solution and
incubated at 37 °C with proteinase K and RNase A (500 �g/ml
for each sample). Chromatin was purified using aMEGAquick-
spinTM kit (Intron, SungNam, South Korea).
Co-immunoprecipitation Assay—Cellular lysate was pre-

pared in immunoprecipitation lysis buffer (50 mM Tris, pH 7.2,
150 mM NaCl, 1 mM EDTA, 400 mM Na3VO4, and 2.5 mM phe-
nylmethanesulfonylfluoride) containing 0.1%TritonX-100 and
incubated on ice for 40 min. Mouse monoclonal anti-CHOP
was added and rotated overnight at 4 °C. Protein G-Sepharose
in antibody-cell lysatewere incubated by rotating at 4 °C for 3 h.
Immunoprecipitates were collected by centrifugation and sub-
jected to SDS-PAGE.
Cellular Viability Assay—Colorimetric analysis of cell

growth was performed with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Cells (5 � 104/
well) were cultured in a 96-well plate for each time, and MTT
(20 �l from 5 mg/ml stock solution) was added to cells for 2 h.
Supernatant was removed and dissolved with 200 �l of DMSO.
Optical density was read at 560 nm, which was subtracted by
background optical density at 670 nm. Optical density was
directly correlated with cell quantity.
Statistical Analyses—Data were analyzed using SigmaStat

forWindows (Jandel Scientific, San Rafael, CA). For compar-
ative analysis of two groups of data, Student’s t test was per-
formed. For comparative analysis of multiple groups, data
were subjected to analysis of variance, and pairwise compar-
isons were made by the Student-Newman-Keuls method.
Data not meeting normality assumptions were subjected to a
Kruskal-Wallace analysis of variance on ranks, and then
pairwise comparisons were made by the Student-Newman-
Keuls method.

RESULTS

Chemical ER Stresses Induce Proinflammatory Cytokine Inter-
leukin-8 Expression—ER stress response has been implicated as
an etiological factor of human intestinal inflammatory diseases
in various models (9, 11, 14, 29). TG as a representative ER
stress inducer was used to assess effects on proinflammatory
gene IL-8 in different human intestinal epithelial cells, includ-
ing HCT-8, HT-29, and HCT-116. In all tested cells, IL-8
mRNA expression was induced by TG in a dose-dependent
manner, and among these cell lines, HCT-8 cells were the most
sensitive IL-8 producer in response to chemical ER stress (Fig.
1A). HCT-8 cells are a frequently used human epithelial cell
culture model for microbial infection and inflammatory dis-
eases (30–32) and were presently used hereafter in the assess-
ment of ER stress. In addition to IL-8 mRNA, transcriptional
activity of IL-8 gene expression was also enhanced by TG in a
dose-dependentway (Fig. 1B).Moreover, tunicamycin, another
ER stress inducer, was shown to promote gene expression of
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IL-8 and CHOP, one representative indicator of ER stress
response (Fig. 1C). In agreement with experiments in diverse
tissues and cell types, ER stress also triggered CHOP transcrip-
tional activation in human intestinal epithelial cells (Fig. 1D).
Because the CHOP transcription factor is also involved in var-
ious inflammatory responses (10–12), the next experiments
were performed to assess the effect of CHOP on ER stress-
induced IL-8 production.
CHOP Is Positively Involved in ER-activated IL-8 Production

andNegatively Associatedwith Expression of PPAR�—CHOP is
a C/EBP homologous protein that plays crucial roles in cellular
translational stress conditions, making epithelial cells sensitive

to xenobiotic-induced injuries (33).
In the present study, chemical ER
stresses were assessed for their
effects on stress-inducible CHOP
expression and its association with
inflammatory cytokine production.
First, effects of chemical ER stress
on CHOP expression and cellular
localization were observed. Both
TG and tunicamycin promoted
nuclear translocation of CHOP pro-
tein as well as its gene induction in
human intestinal epithelial cells
(Fig. 2A). To check effects of CHOP
on IL-8 induction, cells expressing
dnCHOP were compared with the
empty vector-expressing control
cells for its inducible effects on IL-8
production. Suppression of CHOP
reduced IL-8 production (Fig. 2, B
and C), which implied a positive
relationship between CHOP and
IL-8 induction in human intestinal
epithelial cells. This association was
confirmed by measuring IL-8
mRNA, where it was observed that
CHOP suppression reduced ER
stress-induced IL-8 mRNA expres-
sion (Fig. 2D).
Because CHOP is a well known

dominant negative factor of C/EBP�
action (34), C/EBP�- downstream
targets, includingPPAR�, can be sup-
pressed (35, 36). Moreover, PPAR� is
an anti-inflammatory modulator of
the NF-�B signaling cascade. Appro-
priately, the influence of the sup-
pression of CHOP on levels of
PPAR� in response to proinflam-
matory stimulation was assessed.
Whereas CHOP mediated up-regu-
lation of proinflammatory IL-8 (Fig.
2), CHOP suppression enhanced
mRNA levels of PPAR� (Fig. 3A),
indicating negative association
between CHOP and PPAR� expres-

sion. The next experiment tested whether PPAR� could sup-
press CHOP-enhanced IL-8 production and its gene expres-
sion. Cells with exogenously introduced PPAR� (Fig. 3D)
showed reduced gene expression and release of IL-8 compared
with the control human intestinal epithelial HCT-8 cells (Fig. 3,
B and C).
ER Stress-induced CHOP Suppresses PPAR� Expression by

Limiting C/EBP�—CHOP is a dominant negative form of
C/EBP�. C/EBP members can form homodimers or het-
erodimers (37), but CHOP cannot compose its homodimer.
Moreover, CHOP has no ability to bind functional DNA bind-
ing domains, including C/EBP binding sites (38), but CHOP

FIGURE 1. Effects of ER stress on IL-8 and CHOP production in human intestinal epithelial cells. A, HCT-8,
HT29, or HCT-116 cells were treated with TG for 1 h, and each mRNA was measured using RT-real-time PCR. The
boxed panel below the graph indicates representative results of three independent experiments using RT-
conventional PCR. B, HCT-8 cells transfected with IL-8 reporter plasmid were treated with 0.1 �M TG for 12 h.
C, HCT-8 cells were treated with 0.1 �M TG or 1 �g/ml tunicamycin, and each mRNA was measured using
RT-real-time PCR. The boxed panel below the graph indicates representative results of three independent
experiments using RT-conventional PCR. D, HCT-8 cells transfected with CHOP reporter plasmid were treated
with TG for 12 h. Groups with an asterisk are significantly different (p � 0.05) from the vehicle control group.
Error bars, S.D.
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interacts with the other C/EBP members to form a het-
erodimer, which competitively inhibits the action of the other
C/EBPs. In the present study, the cross-talk between CHOP
and C/EBP� protein was assessed in response to chemical ER
stress. To observe protein interaction between C/EBP� and
CHOP, aChIP assaywas performed, demonstrating thatCHOP
formed a complexwithC/EBP�protein in response to ER stress
(Fig. 4A). Exogenous expression of dnCHOP interferedwith the
interaction between CHOP and C/EBP� in response to ER
stress. In terms of regulation of CHOP and C/EBP� for IL-8

transcription, binding action of
CHOP and C/EBP� to the IL-8 pro-
moter was not altered (data not
shown). Based on an assumption
that CHOP can interfere with bind-
ing of C/EBP� to the PPAR� pro-
moter by forming a heterodimer
with C/EBP�, it can be speculated
that binding of C/EBP� to the
PPAR� promoter would be in-
creased if the action of CHOP was
inhibited. Binding of C/EBP� to
the PPAR� promoter was more
enhanced in CHOP-suppressed
cells than the control cells in
response to ER stress (Fig. 4B).
Therefore, CHOP-suppressed cells
using dominant negative CHOP
showed a greater increase in PPAR�
promoter activity than control cells
(Fig. 4C). In response to ER stress,
CHOP expression was induced at
an early time (3 h) and gradually
decreased. C/EBP� was also in-
duced with ER stress but showed
another late induction (12 h) with
decreasing CHOP expression (sup-
plemental Fig. S1A). PPAR� also
had a biphasic induction pattern
with delayed time because C/EBP�
is a critical inducer of PPAR�
expression. Based on the assump-
tion that CHOP is a negative regula-
tor of C/EBP�-mediated PPAR�
expression, binding of C/EBP� to
the PPAR� promoter was measured
using a ChIP assay (supplemental
Fig. S1B). Compared with the early
binding of C/EBP� to the pro-
moter, it wasmore enhanced when
CHOP drop and C/EBP� went up
again (12 h), indicating suppres-
sion of C/EBP�-mediated PPAR�
by CHOP protein in response to ER
stress. In addition, to assess the
direct interaction between CHOP
and C/EBP� protein in cells in the
presence of ER stress, cellular local-

ization of both proteins was analyzed using confocal micros-
copy. In response to ER stress agent, both proteins were
observed to interact mostly in the nuclear area of human intes-
tinal epithelial cells (Fig. 4D).
ER Stress-induced IL-8 Production Is Enhanced by NF-�B

Activation That Is Negatively Regulated by PPAR�—The NF-
�B pathway is activated by diverse cellular stresses, including
ER stress (39). Chemical-inducedER stresswas also assessed for
the induction of the proinflammatory cytokine IL-8 via the
NF-�B signaling pathway using the inhibitor Bay 11-7082,

FIGURE 2. Involvement of CHOP in TG-induced IL-8 production. A, HCT-8 cells were treated with 0.1 �M TG
for 6 h, fixed, and stained for confocal microscopy analysis. B and C, stable cell lines (empty vector- or dnCHOP-
expressing HCT-8) were treated with 0.1 �M TG or 1 �g/ml tunicamycin. Culture supernatant was analyzed for
IL-8 secretion using ELISA. Groups with an asterisk are significantly different (p � 0.05) from the treatment
control group. D, stable cell lines (empty vector- or dnCHOP-expressing HCT-8) were treated with 0.1 �M TG or
1 �g/ml tunicamycin for 1 h, and each mRNA was measured using RT-real-time PCR. The inset in the graph
indicates Western blot of cellular lysates from each stable cell lines (empty vector- or dnCHOP-expressing
HCT-8). Different letters above each bar represent significant differences between two groups (p � 0.05). The
boxed panel to the right of the graph indicates representative results of three independent experiments using
RT-conventional PCR. Error bars, S.D.
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which specifically blocks I-�B kinase (IKK) phosphorylation.
Induction of IL-8 mRNA by ER stress was mediated by NF-�B
signals (Fig. 5A), and cis-activation of theNF-�B sitewas crucial
in ER stress-mediated IL-8 gene expression in human intestinal
epithelial cells (Fig. 5B). Cells transfected with the mutant IL-8
reporter in the NF-�B binding site displayed repressed IL-8
activation in response to ER stress. ER stress-induced CHOP
had negative regulatory effects on PPAR� expression, which
could be expected to suppress NF-�B-mediated proinflamma-
tory responses. Chemical ER stress promoted degradation of
I�B� in human intestinal epithelial cells, but cells stably trans-
fected with dnCHOP or overexpression of PPAR� had less
NF-�B activation in response to ER stress (Fig. 5C). The
observations are consistent with the view that ER stress-

activated CHOP repressed PPAR�
expression, which attenuated re-
pression of NF-�B-linked produc-
tion of proinflammatory cytokine in
human intestinal epithelial cells
(Fig. 6).

DISCUSSION

The present study provides mo-
lecular insights into ER stress-
linked NF-�B activation via regula-
tion of PPAR� by CHOP protein in
human enterocytes, which can
explain up-regulation of diverse
proinflammatory mediators, in-
cluding cytokines, eicosanoids, and
adhesion molecules in response to
ER stress. Another recent study
also suggested that CHOP can
affect interleukin-1� activation,
which is only limited to caspase-
processed cytokines (8, 12). Other
than CHOP-linked modulation, ER
stress sensormolecules, such as ino-
sitol-requiring ER-to-nucleus signal
kinase 1 (IRE1), RNA-dependent
protein kinase-like ER kinase
(PERK), and activating transcrip-
tion factor 6 (ATF6), can trigger the
NF-�B signaling pathway to induce
proinflammatory mediators (40).
IRE1 interacts with the C terminus
of TNF receptor-associated factor 2,
which involves ER stress-induced
NF-�B activation (41). PERK acti-
vates NF-�B via phosphorylation of
eIF2�, inhibiting translation. Phos-
phorylation of eIF2� also triggers
activation of NF-�B by eukaryotic
initiation factor 2 � kinase 4,
another kinase of eIF2� (39). ATF6
also activates NF-�B signals via the
protein kinase B signaling pathway.
ER stress has been positively associ-

ated with chronic proinflammatory diseases (7, 42, 43). Partic-
ularly in intestinal epithelia, ER stress-induced X-box binding
protein 1 confers genetic susceptibility to human IBD, includ-
ing ulcerative colitis and Crohn’s disease (9).
Because NF-�B activation occurs earlier than CHOP induc-

tion by ER stress, the CHOP-mediated proinflammatory
responsemay be crucial inmaintaining thewhole inflammatory
process. Early activation of NF-�B signals may be associated
with other ER stress sensormolecules, such as IRE1, PERK, and
ATF6. Instead, CHOP was presently associated with mainte-
nance of low levels of PPAR� in human epithelia. Without
CHOP action in the epithelial cells, PPAR� was strongly up-
regulated, which abolished proinflammatory cytokine produc-
tion by ER stress. Therefore, CHOP is expected to be a crucial

FIGURE 3. Involvement of PPAR� in ER stress-induced IL-8 production. A, stable cell lines (empty vector- or
dnCHOP-expressing HCT-8) were treated with 0.1 �M TG, and each mRNA was measured using RT-real-time
PCR. Different letters above each bar represent significant difference between two groups (p � 0.05). The boxed
panel below the graph indicates representative data of three independent experiments using RT-conventional
PCR. B, stable cell lines (empty vector- or WT PPAR�-expressing HCT-8) were treated with 0.1 �M TG. Culture
supernatant was analyzed for IL-8 secretion using the ELISA method. Groups with an asterisk are significantly
different (p � 0.05) from the treatment control group. C and D, stable cell lines (empty vector- or WT PPAR�-
expressing HCT-8) were treated with 0.1 �M TG, and each mRNA was measured using RT-real-time PCR. Differ-
ent letters above each bar represent significant difference between two groups (p � 0.05). The inset in the graph
indicates Western blot of cellular lysates from each stable cell line (empty vector- or WT PPAR�-expressing
HCT-8). Boxed panels below each graph indicate representative results of three independent experiments using
RT-conventional PCR. Error bars, S.D.
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FIGURE 4. Regulation of PPAR� expression by ER stress-triggered CHOP with C/EBP�. A, stable cell lines (empty vector-, dnCHOP-, or WT CHOP-expressing
HCT-8) were treated with 0.1 �M TG, and total lysates were immunoprecipitated with anti-CHOP or IgG antibody. Precipitated samples were subjected to
Western blot analysis. The graph indicates statistical analysis of three independent experiments. Different letters above each bar represent significant difference
between two groups (p � 0.05). The boxed panel below the graph indicates representative results of three independent experiments. The arrows indicate lysate
samples from cells transfected with expression plasmid of each recombinant gene (CHOP and C/EBP�) as the positive control (PC). B, stable cell lines (empty
vector- or dnCHOP-expressing HCT-8) were treated with 0.1 �M TG, and cellular chromatin was immunoprecipitated with anti-C/EBP� antibody. Collected
chromatin was subjected to real-time PCR. Different letters above each bar represent significant difference between two groups (p � 0.05). The boxed panel
below the graph indicates representative results of three independent experiments using conventional PCR. C, stable cell lines (empty vector- or dnCHOP-
expressing HCT-8) were transfected with PPAR� reporter plasmid and were treated with 0.1 �M TG for 24 h. Different letters above each bar represent significant
difference between two groups (p � 0.05). D, HCT-8 cells were treated with 0.1 �M TG or 1 �g/ml tunicamycin for 6 h, fixed, and stained for confocal microscopy
analysis. Error bars, S.D.
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mediator to support prolonged
inflammatory responses to mucosal
insults by ER stress. In addition,
CHOP was also partly involved in
ER stress-induced cell death (sup-
plemental Fig. S2, A and B). Chemi-
cal ER stress inducers, including TG
and tunicamycin, at higher doses
than those in proinflammatory
responses caused epithelial cell
death, which was also associated
with CHOP protein. Particularly,
ER stress has been associated with
diverse chronic inflammatory dis-
ease rather than acute inflammatory
responses (11, 44, 45). Additional
proinflammatory signals can exist
to support persistent NF-�B signals
in response to ER stress. One exam-
ple is boosting kinases, including
small GTPase p21-activated ki-
nase, for prolonged phosphory-
lation of NF-�B (46). In contrast,
the results of the present study
support the suggestion that CHOP
controls cellular levels of PPAR-
suppressing NF-�B signals, finally
achieving a high level of proin-
flammatory cytokine production.
Intestinal epithelial NF-�B can

contribute to up-regulation of pro-
inflammatory cytokines related to
chronic intestinal inflammatory dis-
eases, such as IBD. In response to
the proinflammatory stress, PPAR�
is a critical regulator of gut homeo-
stasis by suppressing NF-�B-linked
signals as shown both previously

(24–26) and presently. Impaired expression of PPAR� without
any mutation of PPAR� sequences in patients with ulcerative
colitis indicates that PPAR� is a keymediator of anti-inflamma-
tory responses in human gut epithelia and can be a crucial tar-
get of therapeutic agents of IBD (47). The human gut is contin-
uously confronted by commensal bacteria, and human
intestinal epithelial cells are generally the first contact targets of
the bacteria. Gut epithelial cells show hyporesponsiveness to
bacterial pattern moiety, particularly attenuation of proinflam-
matoryNF-�B signals by PPAR�. Mechanistically, commensal-
mediated PPAR� attenuates epithelial inflammatory responses
by triggering nuclear export of p65 protein in complex with
PPAR� (48). Moreover, PPAR� also can affect proinflamma-
tory cytokine production via an indirect activation of NF-�B.
PPAR� interferes with the cytosol-to-membrane translocation
of protein kinase C�, which induces cellular desensitization to
proinflammatory stimulation (49). Whereas C/EBP� can sup-
press NF-�B activation by enhancing PPAR� production in the
present study, another explanation can be that C/EBP� inter-
feres with NF-�B signals by directly snatching p65 protein (50).

FIGURE 5. NF-�B-mediated IL-8 production via CHOP and PPAR�. A, HCT-8 cells were pretreated with 20 �M

(E)-3-[(4-methylphenyl)sulfonyl]-2-propenenitrile (BAY 11-7082) for 2 h and treated with 0.1 �M TG for 1 h. Each
mRNA was measured using RT-real-time PCR. Different letters above each bar represent significant difference
between two groups (p � 0.05). The boxed panel below the graph indicates representative results of three
independent experiments using RT-conventional PCR. B, HCT-8 cells were transfected with wild type IL-8
reporter plasmid or mutant IL-8 reporter in NF-�B binding site and were treated with 0.1 �M TG for 12 h.
Different letters above each bar represent significant difference between two groups (p � 0.05). C, stable cell
lines (empty vector-, dnCHOP-, or WT PPAR�-expressing HCT-8) were treated with 0.1 �M TG for 30 min, and
total cell lysate was subjected to Western blot analysis. Different letters above each bar represent significant
difference between two groups (p � 0.05). Right panels indicate representative results of three independent
experiments. Error bars, S.D.

FIGURE 6. A putative involvement of CHOP and PPAR� in ER stress-in-
duced IL-8 production in human intestinal epithelial cells. In the
schematic signaling pattern, ER stress induces epithelial proinflammatory
cytokine production, which is mediated by NF-�B signals. Epithelial NF-�B-
mediated proinflammatory responses are suppressed by PPAR� expression
that is regulated by CHOP protein. CHOP limits the transcriptional activation
of PPAR� by C/EBP� protein via a heterodimer formation in human intestinal
epithelial cells.
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Moreover, bacterial lipopolysaccharide delays the activation of
PPAR�, which attenuates proinflammatory responses by oxida-
tive stress or mucosal ribotoxic stresses in human epithelial
cells (51, 52). However, although activation of intestinal epithe-
lial NF-�B increases harmful proinflammatory cytokines
related to chronic intestinal inflammatory diseases or colon
cancers, it is not always bad news in terms of the defense against
microbial infection. In diverse mechanical injury models,
NF-�B is involved in protective action, including wound heal-
ing responses, in particular by promoting cellular proliferation
(53, 54). Moreover, NF-�B promotes the reconstitution of
injured epithelial monolayer via NF-�B target genes, such as
inducible nitric-oxide synthase and cyclooxygenase-2, which
are strong mediators of epithelial migration to the injury site
(55, 56). Thus, it can be speculated that ER stress-activated
NF-�B can protect intestinal epithelial cells from the toxic
insults of proinflammatory response and even facilitates the
woundhealing process after epithelial injury to lessenmicrobial
translocation (57). Therefore, more careful observations are
needed for homeostatic counteraction between activated
NF-�B and PPAR�-mediated regulation in the intestinal epi-
thelia. In particular, the present study provides a promising
insight into the molecular mechanism of epithelial decision in
the progress of ER stress-linked IBD.
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