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1 The transcription factor family CCAAT/enhancer binding proteins (C/EBP) is involved in
in¯ammation via the regulation of the gene expression of various pro-in¯ammatory cytokines and
proteins. PAF and endotoxin (lipopolysaccharide, LPS) are known agents causing intestinal
in¯ammation and injury. In this study, we examined the binding activity of C/EBP isoforms in rat
small intestine in response to PAF (1.5 mg kg71, i.v.) or LPS (5 mg kg71, i.v.).

2 We found that C/EBP is constitutively active in normal small intestine, mainly as C/EBP-a and b
(C/EBP-b4a). Both C/EBP-a and b are localized in the intestinal epithelial cells: C/EBP-a mainly in
the crypts, and C/EBP-b in both villi and crypts, as well as in some lamina propria cells. Only
minute amounts of C/EBP-d were found.

3 PAF rapidly upregulates the binding activity of C/EBP-a and b within 30 min. The increase in
C/EBP-a is prominent in the crypt cells, whereas the change of C/EBP-b is more widespread. LPS
also increases the binding activity of C/EBP-a and b, and the response is slower than PAF. PAF
synergizes with LPS to markedly activate all three subunits. The increase in C/EBP-a is transient,
whereas the other two have a sustained elevation until 120 min.

4 After challenge with PAF (but not LPS), small amounts of nuclear factor -kB (NF-kB) p50 and
p65 subunits are found in the C/EBP-DNA binding complex, indicating cross-dimerization of the
two transcription families. Pretreatment of rats with pyrrolidine dithiocarbamate (PDTC) suppresses
LPS-, but not PAF-, induced NF-kB and C/EBP binding activity, and signi®cantly increases the
C/EBP-d subunit in LPS- or PAF-induced C/EBP complex.

5 These results suggest that PAF and LPS activate intestinal C/EBP in vivo, probably via di�erent
pathways.
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Introduction

PAF (platelet-activating factor) is a potent in¯ammatory
mediator synthesized endogenously by many cells (Snyder,
1990). PAF may play a pivotal role in the pathogenesis of

gastrointestinal in¯ammatory diseases including gastric ulcer
(Rosam et al., 1986), necrotizing enterocolitis (Caplan et al.,
1990), and in¯ammatory bowel disease (Nassif et al., 1996).

Administration of endotoxin, or lipopolysaccharide (LPS), a
gram-negative bacterial cell wall component, causes shock
and intestinal injury; the latter e�ect probably mediated by

endogenous PAF (Hsueh et al., 1987). Systemic administra-
tion of either PAF or LPS induces intestinal injury in rats,
and the e�ect of these two agents is synergistic (Gonzalez-
Crussi & Hsueh, 1983). At high doses (42.5 mg kg71, i.v.),

PAF causes severe bowel necrosis and systemic in¯ammatory
response. Similar adverse e�ects can be achieved at low doses

of PAF (51.5 mg kg71), if the animal is ®rst `primed' with a
low dose of LPS (Gonzalez-Crussi & Hsueh, 1983).
The in vivo e�ect of PAF is long lasting, despite its

extremely brief half-life due to its immediate degradation to
lyso-PAF by serum and tissue acetylhydrolase (Wang et al.,
1997). This prolonged e�ect may be attributed to, at least in

part, by the role of PAF as a regulator of various pro-
in¯ammatory genes. The promoter/enhancer region of many
pro-in¯ammatory cytokines, enzymes and adhesion molecules

such as IL-1, IL-6, tumour necrosis factor (TNF)-a, inducible
nitric oxide synthase (iNOS), ICAM-1, containing binding
sites for transcription factors NF-kB and C/EBP (Baeuerle,
1994; Poli, 1998; Umek et al., 1991). We have previously

shown that PAF up-regulates the gene expression (Tan et al.,
1994) and activity (De Plaen et al., 1998) of NF-kB in the
intestine. Although it has been reported that C/EBP-a,
C/EBP-b and C/EBP-d mRNA are constitutively expressed
in the intestine (Alam et al., 1992), the e�ect of PAF on the
C/EBP activation in this organ has not been investigated.
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C/EBPs are a family of leucine zipper protein transcription
factors involved in the in¯ammatory response. These proteins
consist of three structural components: a C-terminal leucine-

zipper dimerization domain, a basic DNA-binding region,
and a N-terminal activation domain. C/EBP-b and C/EBP-d
are involved in the regulation of the expression of acute
phase plasma proteins during the acute phase response and

cellular response to in¯ammation (Poli, 1998). The gene
expression of these two isoforms is induced by stimuli such as
LPS, IL-1, and IL-6 (Alam et al., 1992; Hu et al., 1998;

Ramji et al., 1993). C/EBP-a, on the other hand, had been
traditionally considered mainly as a regulator of cell growth
and proliferation (Umek et al., 1991; Yeh et al., 1995), but

the recent demonstration that it is indispensable for the
neonatal acute in¯ammatory response, suggests that it also
plays a role in in¯ammation (Burgess-Beusse & Darlington,

1998). Recent in vitro studies indicated that NF-kB and
C/EBP synergistically up-regulate the gene expression of
in¯ammatory cytokines IL-6 and IL-8 (Matsusaka et al.,
1993), acute phase protein reactant serum amyloid A2 (Xia et

al., 1997), pro-in¯ammatory enzyme iNOS (Eberhardt et al.,
1998), adhesion molecule ICAM-1 (Catron et al., 1998) and
C-reactive protein (Cha-Molstad et al., 2000).

Both LPS and PAF (Huang et al., 1994) stimulate the
intestinal production of TNF-a, a pro-in¯ammatory cytokine
implicated in bowel injury (Beutler et al., 1986). However,

despite the fact that PAF is a major endogenous mediator for
LPS-induced intestinal injury (Hsueh et al., 1987), PAF and
LPS may di�er in their e�ects on the gene regulation of pro-

in¯ammatory cytokines and enzymes in the intestine. For
instance, LPS potently induces iNOS (Boughton-Smith et al.,
1993), whereas the e�ect of PAF on intestinal iNOS is minimal
(Qu et al., 1999). This may be accounted for, at least in part, by

the dissimilar e�ect of PAF and LPS on NF-kB activation.
Although both PAF and LPS (De Plaen et al., 1998; 2000)
activate NF-kB in the small intestine, the subunit composition

of this transcription factor di�ers in response to PAF and LPS.
LPS induces the activation of the classical NF-kB, i.e., p50 ±
p65 heterodimers (Essani et al., 1996), which has been shown to

be necessary for the gene expression of iNOS. In contrast, in
response to PAF, NF-kB in the intestine consists predomi-
nantly of p50 subunits (De Plaen et al., 1998). Since previous
reports showed functional and physical association between

NF-kB p50 or p65 with C/EBP family members (Stein et al.,
1993), it is possible that NF-kB may dimerize with C/EBP
subunits to activate the expression of pro-in¯ammatory

proteins. The purpose of this study is to examine: (i) the
activity of C/EBP-a, C/EBP-b, and C/EBP-d isoforms in
normal small intestine and after stimulation with PAF, LPS,

or LPS plus PAF; (ii) the cellular localization of C/EBPs in the
intestine and their change following challenge with PAF or
LPS; and (iii) the cross-coupling interaction between the two

transcription factor families C/EBP and NF-kB in the C/EBP-
DNA binding complex after PAF or LPS injection.

Methods

Materials

PAF ( 1- 0 -hexadecyl- 2 -acetyl- sn -glycero- 3 -phosphocholine)
and Poly(dT-dC) were purchased from Sigma Chemical Co.

(St. Louis, MO, U.S.A.), PAF was prepared fresh in saline
containing 5 mg/ml bovine serum albumin. LPS from
Salmonella typhosa was purchased from Difco (Detroit, MI,

U.S.A.), [g-32P]-ATP (3000 Ci mmol71, 10 mCi ml71) and
ECL kit were purchased from Amersham, Arlington Heights
(IL, U.S.A.), C/EBP gel shift oligonucleotide (sc-2525) and
mutant oligonucleotide (sc-2526), rabbit polyclonal antibo-

dies against C/EBP-a (#sc-61X), b (#sc-150X), d (#sc-151X);
against NF-kB p50 (#sc-114X), p65 (#sc-109X) and control
peptides; and goat polyclonal antibodies against NF-kB p50

(#sc-1191), p65 (#sc-372-G) were obtained from Santa Cruz
Biotechnology, Santa Cruz (CA, U.S.A.).

Animal experiment

Young male Sprague-Dawley rats (60 ± 100 g) were fasted

overnight, anaesthetized with Nembutal (65 mg kg71, i.p.) and
placed under warm light. After endotracheal incubation, the
carotid artery and jugular vein were catheterized for
continuous blood pressure recording, drug injection and blood

sampling. Blood samples were collected at 0, 30, 60, and
120 min for white blood cell count (WBC) and assessment of
haematocrit (Hct). The rats were divided into six groups: (a)

PAF (1.5 mg kg71, i.v.); (b) LPS (5 mg kg71, i.v.); (c) LPS
(0.5 mg kg71) 30 min before PAF (1.5 mg kg71, i.v.); (d)
PDTC (100 mg kg71, i.p.) 1 h before PAF (1.5 mg kg71,

i.v.); (e) PDTC (100 mg kg71, i.p.) 1 h before LPS (5 mg kg71,
i.v.); (f) Sham-operated (saline only). Low doses of PAF and
LPS were selected to avoid massive intestinal necrosis, which

may hinder the extraction of intact nuclei. Rats were
euthanized at di�erent time points after PAF or LPS injection.
The small intestine was removed, rinsed with ice-cold saline to
remove the intestine content, minced, and immediately frozen

in liquid nitrogen. Sections were also taken for immunohis-
tochemical studies. The protocol was approved by the
Institutional Animal Care and Use Committee.

Preparation of nuclear extracts

Approximately 0.5 g of frozen tissue was ground into powder
with a mortar in liquid nitrogen. The powder was brie¯y
homogenized in 5 ml Bu�er A in mM (HEPES 10, NaCl 150,
EDTA 1, 0.6% Nonidet P-40, PMSF 0.5) and centrifuged at

2000 r.p.m. for 1 min at 48C to remove any large debris. The
supernatant was placed on ice for 5 min and nuclei were
obtained by centrifugation at 5000 r.p.m. for 5 min at 48C.
After staining with Mayer's haematoxylin (Sigma) and
checking the integrity of nuclei with a microscope, the nuclei
were lysed in 0.5 ml Bu�er B (in mM: HEPES 20, NaCl 420,

MgCl2 1.2, DTT 0.5, 25% glycerol, EDTA 0.2, benzamidine
2.0, PMSF 0.5, and 5 mg/ml each of leupeptin, aprotinin,
trypsin-chymotrypsin inhibitor, pepstatin) and centrifuged at

15,0006g for 1 min at 48C. The nuclear extract (supernatant)
was aliquoted and stored at 7808C. Protein concentrations
were determined by Bradford's method using a protein assay
kit (Biorad Labs, Hercules, CA, U.S.A.).

Electrophoretic mobility shift assay (EMSA)

The C/EBP consensus double strand oligonucleotide DNA
(5'-TGCAGATTGCGCAATCTGCA-3' annealed with 3'-
ACGTCTAACGCGTTAGACGT-5') was labelled by r-32P-
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ATP (3000 Ci mmol71, 10 mCi ml71, Amersham, Arlington
Heights, IL, U.S.A.). (Underlined sequence corresponds to
the binding motif of the CCAAT enhancer binding proteins).

All binding reactions were performed at 258C for 30 min in a
20 ml mixture containing 10 ml of nuclear extract (1 mg ml71 in
Bu�er B), in mM 4% glycerol, MgCl2 1, EDTA 0.5, DTT 0.5,
NaCl 50, Tris-HCl 10, pH 7.5, 2 mg of poly(dI-dC), and

0.5 ng of probe. Some binding reactions included 20 fold and
100 fold excess quantities of unlabelled C/EBP consensus
oligonucleotide DNA or mutant oligonucleotide DNA (5'-
TGCAGAGACTAGTCTCTGCA-3' annealed with 3'-
ACGTCTCTGATCAGAGACGT-5'). The sample was mixed
with loading bu�er and electrophoresed through 7.5%

polyacrylamide gels in 0.56TBE bu�er, using a gel shift
assay system kits (Promega, Madison, WI, U.S.A.). For
supershifts, after binding reaction described above, 1 mg of

antibody against C/EBP-a, C/EBP-b, C/EBP-d, NF-kB p50
or NF-kB p65 was added, and the sample was incubated at
48C overnight. To con®rm the speci®city of C/EBP-DNA
binding activity, a competitive experiment was done by

adding unlabelled or mutant oligonucleotide to the reaction
mixture.

Immunoprecipitation and Western blot analysis

After precleaning with protein G plus agarose, 1.0 ml nuclear

extract (1.0 mg protein) was incubated with rabbit polyclonal
antibody against C/EBP-a (5 mg) and against C/EBP-b (5 mg)
at 48C with gentle shaking for 3 h, followed by incubation

with 50 ml protein G plus agarose beads overnight at 48C.
The immunoprecipitate was collected and the bound immune
complex was eluted by the addition of 50 ml Laemmli bu�er
and boiling for 5 min. After centrifugation at 10,0006g for

5 min, 50 ml supernatant was loaded on a 10% Tris-HCl
Ready gel (Bio-Rad, Hercules, CA, U.S.A.) for electrophor-
esis resolution. The resolved protein was transferred to a

nitrocellulose membrane, and the blot was detected subse-
quently with goat polyclonal anti- NF-kB p50 or NF-kB p65
antibody, horseradish peroxidase-labelled mouse anti-goat

IgG antibody (Pierce, Rockford, IL, U.S.A.), and visualized
with an ECL kit.

Immunohistochemistry

Frozen sections of the small intestine were post-®xed in PLP
solution (0.02 M NaIO4/PBS (pH 7.4)/2% (w v71) parafor-

maldehyde) for 10 min at 48C and then incubated with 0.3%
(v v71) H2O2 in PBS for 30 min to quench the endogenous
peroxidase activity. After blocking with 1.5% (v v71) normal

serum in PBS, the slides were incubated with speci®c anti-C/
EBP antibody in 1% BSA in PBS for 1 h, and immuno-
stained by the avidin-biotin peroxidase complex method

using a Vectastain Kit. The peroxidase label was visualized
by exposing the sections to diaminobenzidine. The positive
signals were con®rmed by comparing with negative controls
(antibody pre-incubated with a 10 fold excess of control

peptide before reacting with the tissue sections).

Statistical analysis

All values in the ®gures and text are expressed as mean+
s.e.mean. Data sets were examined by one-way analysis of

variance, and individual group means were compared with
the Student's unpaired t-test. A P value of 50.05 was
considered signi®cant.

Results

C/EBP is constitutively active in normal small intestinal
epithelial cells and lamina propria cells, which includes
mainly C/EBP-a and C/EBP-b subunits

C/EBP activity is constitutively expressed in the nuclei of
normal small intestinal cells, as shown by EMSA (Figure 1).

A competitive experiment with excess 20 fold or 100 fold
unlabelled or mutant oligonucleotide probes con®rms the
speci®city of the C/EBP-DNA binding activity. One hundred

fold excess of unlabelled probe, but not mutant probe,
completely abolishes the C/EBP-DNA binding band. Super-
shift experiments using speci®c antibody against C/EBP-a, b,
and d show that the DNA-binding activity of C/EBP is

composed of all three subunits, with C/EBP-b being the
predominant component, followed by C/EBP-a. C/EBP-d is
present only in a minute amount (Figure 1). Immunohisto-

chemical studies reveal that both C/EBP-a and b are localized
in the intestinal epithelial cells: C/EBP-a especially intense in
the crypts, and C/EBP-b in both villi and crypts, as well as in

some lamina propria cells (Figure 2).

PAF or LPS increases the activity of C/EBP, mostly a
and b subunits, in the intestinal epithelium

Synergy of PAF and LPS PAF (1.5 mg kg71) rapidly
activates C/EBP as early as 30 min, peaking at 60 min

(Figure 3). The increase of C/EBP binding activity in

Figure 1 EMSA and supershift assay showing constitutive DNA-
binding activity of C/EBP a, C/EBP b, and C/EBP d in normal rat
intestine and its blocking by unlabelled C/EBP probe. Nuclear extract
was prepared from normal small intestine, and EMSA was performed
using a 32P-labelled C/EBP probe. Supershift assays were performed
using normal rabbit serum (N), anti-C/EBP-a, anti-C/EBP-b, or anti-
C/EBP-d Ab. Competitive experiments were done with 20 fold or 100
fold excess of unlabelled C/EBP or mutant C/EBP oligonucleotide
probe that was added to the sample during the binding reaction. Since
the normal, constitutive C/EBP activity is very weak, the gel was over-
exposed to enhance the density of the bands to facilitate visualization.
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response to LPS injection is slower than that of PAF. The
increase becomes apparent at 60 min and reaches a peak at
120 min (Figure 3). LPS at a low dose (0.5 mg kg71)

synergizes with PAF to induce C/EBP activity quickly,
peaking at 30 ± 60 min (Figure 3).
Supershift experiments show that the kinetics of PAF-

induced C/EBP activation for each subunit is di�erent.

C/EBP-a and C/EBP-b, which are the predominant subunits
activated by PAF, peak at 60 min. In contrast, no signi®cant
change of C/EBP-d is noted (Figure 4).

Immunohistochemical studies con®rm the results of EMSA
and supershift experiments. There is a marked increase of
C/EBP-a and C/EBP-b within 60 min. The increase in

C/EBP-a is especially prominent in crypt cells, whereas the
increase in C/EBP-b appears to be widespread, in villus
epithelial cells, crypt epithelial cells, and lymphocytes (Figure

2).
LPS also induces intestinal C/EBP activity, which slowly

increases up to 120 min. Activated C/EBP consists mainly of
a and b subunits. Supershift experiments show that the

Figure 2 Immunohistochemical localization of C/EBP's in rat small intestine. Frozen sections of the ileum were prepared and
reacted with anti-C/EBP-a or anti-C/EBP-b antibody (1 : 2000 dilution), followed by staining with a Vectastain ABC kit. (A):
C/EBP-a, untreated. (B): C/EBP-a, PAF (1.5 mg kg71), 60 min. (C and E): C/EBP b, untreated. (D and F): C/EBP-b, PAF 60 min.
Note arrows showing the markedly increased C/EBP-a and b in PAF-treated groups (B, D and F). The increase in C/EBP-a is
especially marked in crypt cells (B), whereas the increase in C/EBP-b appears to be widespread, in both villus and crypt epithelial
cells (D and F).

Figure 3 EMSA showing the time course of C/EBP activation in rat
small intestine after challenge with PAF, LPS, or LPS plus PAF.
Animals were killed at di�erent time points after receiving PAF
(1.5 mg kg71), LPS (5 mg kg71), or PAF (1.5 mg kg71) following
pretreatment with low dose LPS (0.5 mg kg71). Nuclear extract was
prepared from small intestine, and EMSA was performed using a 32P-
labelled C/EBP probe.
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kinetics of activation of the subunits are di�erent, with C/
EBP-a peaking at 60 min and C/EBP-b peaking at 120 min
after LPS challenge (Figure 4). Immunohistochemical studies

show a pattern of cellular localization of C/EBP-a and C/
EBP-b similar to that of PAF-stimulated intestine (not
shown), except that the rate of enhancement in response to
LPS is slower than that of PAF.

The e�ect of combined LPS and PAF on C/EBP induction
is synergistic and rapid. Unlike PAF alone, combined
LPS/PAF induces all three subunits (Figure 4), as indicated

by the slowing down of the migration of the C/EBP-
oligonucleotide-DNA complex by antibodies against
C/EBP-a, b and d. Both C/EBP a and b are markedly

activated at 30 and 60 min. However, C/EBP-a declines
sharply at 120 min, leaving C/EBP-b as the predominant
binding species at this time point, followed by C/EBP-d.

NF-kB p50 and p65 are both components of C/EBP-DNA
binding complex in response to the stimulation by PAF
(but not LPS)

Figure 5 shows the presence of small amounts of NF-kB p50
and p65 in the C/EBP-DNA binding complex. In the PAF-
treated group, NF-kB p50 and p65 subunits become

detectable at 60 min, and remain elevated throughout the
2 h period. In contrast, no apparent NF-kB p50 or p65
subunit is detected in the LPS treated group. In rats receiving

LPS plus PAF, the appearance of NF-kB p50 or p65 is more
rapid than that of rats receiving PAF alone. NF-kB p50 or
p65 appears at 30 min and 60 min, but declines rapidly and

becomes undetectable at 2 h.
In order to con®rm that NF-kB p50 and p65 are

components of C/EBP-DNA binding complex after PAF-

stimulation, we performed Western blotting of NF-kB p50 or
p65 using goat anti-NF-kB p50 or p65 antibody, after
immunoprecipitation with the speci®c antibodies (anti-
C/EBP-a and anti-C/EBP-b). As shown in Figure 6, there

Figure 4 EMSA and supershift assays showing the activation of
various subunits of C/EBP in rat small intestine after challenge with
PAF, LPS, or LPS plus PAF. Animals were killed at di�erent time
points after receiving PAF (1.5 mg kg71), LPS (5 mg kg71), or PAF
(1.5 mg kg71) following pretreatment with LPS (0.5 mg kg71).
Nuclear extracts were prepared from the intestine, and supershift
assays were performed by adding normal serum (` ± ' sign) or speci®c
antibody against di�erent subunits of C/EBP's.

Figure 5 EMSA and supershift assays showing that NF-kB p50 and
p65 are components of intestinal C/EBP-DNA binding complex after
PAF adminstration. Animals were killed at di�erent time points after
challenged with PAF, LPS, or LPS plus PAF. Nuclear extracts were
prepared from the small intestine, and supershift assays were
performed using anti-NF-kB p50, or anti-NF-kB p65 Ab.
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were faint bands of NF-kB p50 or p65 in PAF- or LPS plus
PAF- challenged rats, indicating small amounts of these
subunits in the C/EBP-DNA binding complex. These bands

were not observed in rats receiving LPS alone.

PDTC suppresses LPS- (but not PAF-) induced NF-kB
and C/EBP binding activity, and significantly increases
the C/EBP-d subunit in LPS- or PAF-induced C/EBP
complex

Previous studies reported that PDTC speci®cally inhibits NF-
kB activation, but not AP-1, CREB, and Sp-1 in vitro
(Schreck et al., 1992) or in vivo (Liu et al., 1999). The data

presented here demonstrate that PDTC inhibits intestinal
NF-kB and C/EBP binding activity in LPS-challenged rats,
but not in rats receiving PAF (Figure 7A,B). Supershift

experiments show that the subunit composition of activated
C/EBP activation in PDTC pretreated rats changes, com-
pared to rats receiving PAF or LPS alone: As shown above,
C/EBP-a and C/EBP-b are the predominant subunits

activated by PAF or LPS (Figure 4). In contrast, PDTC
pretreatment induces C/EBP-d activation, which becomes the
predominant subunit (Figure 7C).

Systemic pathophysiological changes

PAF at a dose of 1.5 mg kg71 induces only a transient
hypotension and the blood pressure returns to near normal
after 60 min. LPS (5 mg kg71) causes mild hypotension after

injection, which persists to the end of the experiment.
Priming with low dose (0.5 mg kg71) LPS aggravates and
prolongs PAF- induced hypotension. PAF also causes
peripheral leukocytosis and haemoconcentration (increased

haematocrit), and LPS causes haemoconcentration but
peripheral leukopenia. LPS priming before PAF injection
results in marked leukopenia and haemoconcentration. No

gross intestinal injury is found in rats receiving PAF or LPS
alone. Combined LPS and PAF induces intestinal injury in
all rats treated.

Discussion

C/EBP-binding motifs have been identi®ed in the functional
regulatory regions of many genes involved in the acute

in¯ammatory response, such as acute phase proteins (Ramji
et al., 1993), TNF-a (Pope et al., 1994), IL-6 (Bretz et al.,
1994; Matsusaka et al., 1993), IL-1 beta (Godambe et al.,

1994), IL-8 (Matsusaka et al., 1993; Stein & Baldwin, 1993),
iNOS (Lowenstein et al., 1993), lysozyme (Ness et al., 1993),
myeloperoxidase (Ford et al., 1996), elastase (Oelgeschlager

et al., 1996;) and adhesion molecule ICAM-1 (Hou et al.,
1994). Most of the early studies on C/EBP were done in the
liver or liver cell lines because of the well-established

relationship between this transcription factor, IL-6, and the
acute phase response. In the liver both C/EBP-b and d are
strongly up-regulated by LPS and by cytokines such as IL-6,
IL-1 and TNF (Alam et al., 1992; Akira & Kishimoto, 1997).

More recent studies demonstrated similar induction of C/EBP
b and d in other tissues and organs during the acute phase
response (Alam et al., 1992), suggesting that the role of these

two isoforms in in¯ammation may be a more generalized
phenomenon. Moreover, C/EBP b has also been found to be
important in the activation and di�erentiation of

A

B

Figure 6 Immuno-blotting of NF-kB p50 or p65 in PAF or LPS-
induced nuclear C/EBP complex. Animals were killed at 60 min after
challenge with PAF, LPS, or LPS plus PAF. Nuclear extracts were
prepared from the small intestine. After immunoprecipitation with
rabbit polyclonal antibody against C/EBP-a and against C/EBP-b,
Western blotting was done with goat anti- NF-kB p50 polyclonal
antibody (A), or with goat anti- NF-kB p65 polyclonal antibody (B).

Figure 7 EMSA and supershift assay showing PDTC selectively
inhibits the LPS- (but not PAF-) induced NF-kB and C/EBP binding
activity, and signi®cantly increases the C/EBP-d subunit in LPS- or
PAF-induced C/EBP complex. Animals were pretreated with PDTC
(100 mg kg71, i.p.) 1 h before PAF or LPS, and were killed at the
time point at which PAF or LPS-induced C/EBP activation reached
peak levels. Nuclear extracts were prepared from the small intestine,
and subjected to EMSA with 32P-labelled oligonucleotide probes for
NF-kB (A) and C/EBP (B). Supershift assays were also performed by
adding normal serum (` ± ') or speci®c antibody against di�erent
subunits of C/EBP's (C).
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myelomonocytic lineage, and in immune regulation, as
suggested by the observation that C/EBP b-de®cient mice
had distorted humoral, innate and cellular immunity

(Screpanti et al., 1995). There have been some in vivo studies
on the role of C/EBPs in the maturation and di�erentiation
of the intestine (Chandrasekaran & Gordon, 1993; Mon-
tgomery et al., 1997; Oesterreicher et al., 1998) and on the

regulation of haptoglobin in intestinal epithelial cells
(Pelletier, et al., 1998). However, intestinal C/EBP in
in¯ammatory states has only rarely been examined (Alam

et al., 1992). Given the facts that intestinal epithelial cells
produce IL-6, IL-1, TNF, IL-8, and iNOS (Jobin et al., 1998;
1999; Ho�man et al., 1997; McGee et al., 1995; Tan et al.,

1993; Waterhouse & Stadnyk, 1999), and that the lamina
propria contains many immune cells, it is very likely that
C/EBP b and d are involved in intestinal in¯ammation and

injury. The present study con®rms the previous observation
(Alam et al., 1992) that three isoforms C/EBP-a, C/EBP-b,
and C/EBP-d, are constitutively present at low levels in
normal small intestine. In addition, we demonstrated that this

transcription factor is activated in vivo in response to
in¯ammatory stimuli. PAF and LPS elicit similar responses
on the activation of C/EBP isoforms, except that PAF action

is much more rapid than LPS. With respect to C/EBP-b, the
activation of this transcription factor by in¯ammatory stimuli
such as PAF and LPS is not unexpected, due to its well

established role in acute phase response (Poli, 1998).
Contrary to a previous report (Chandrasekaran & Gordon,
1993), we found that C/EBP-b is constitutively expressed in

the epithelium and some lamina propria cells. After PAF or
LPS injection, the increase of C/EBP b seems widespread, in
lamina propria cells, lymphocytes and epithelial cells, in both
villi and crypts. It is possible that C/EBP b, as transactivator,
upregulates the gene expression of pro-in¯ammatory cyto-
kines and enzymes in both epithelial cells and lamina propria
cells, in response to in¯ammatory stimuli PAF and LPS.

We found that C/EBP-d is also constitutively active in the
intestine, although at a very low level. LPS and PAF only
mildly increases C/EBP-d binding activity. These results suggest
that in the intestine, C/EBP-dmay not play an important role in
the early phase of in¯ammation in response to PAF or LPS.
However, when a low dose of LPS was given together with PAF
to induce severe bowel necrosis and systemic in¯ammation,

there was a strong and rapid increase of the activities of
intestinal C/EBP-a, b, as well as d. The activity of C/EBP-a was
relatively transient, unlike the other two isoforms. It is possible

that the prolonged activation of C/EBP-b and dmay contribute
to the exaggerated, sustained in¯ammatory response induced
by PAF plus LPS. Interestingly, after pretreating rats with

PDTC, C/EBP-d became the predominant subunit in both PAF
or LPS-induced C/EBP complex. The physiological implication
of this isoform `switch' is unclear.

The present study also demonstrates a widespread,
constitutive expression of C/EBP-a in ileal epithelial cells.
After challenge with PAF or LPS, we found a marked
increase of C/EBP-a in the epithelium, especially pronounced

in the crypt. This is discordant from a previous study
(Chandrasekaran & Gordon, 1993) which showed no C/EBP-
a in adult mouse ileal and colonic epithelium, but abundant

C/EBP-a in the duodenum and jejunum, predominantly in
the di�erentiated epithelium of the villus, and not in the
epithelial cells in the crypt. Previous studies using liver and

cultured macrophages have shown that, contrary to C/EBP-b
and d, C/EBP-a is usually down-regulated in the acute phase
response (Alam et al., 1992; Hu et al., 1998), and the amount

of complexes containing C/EBP a is dramatically reduced,
replaced by C/EBP-b and d. This change of C/EBP-a may be
organ-speci®c, since C/EBP-a mRNA in the intestine has
been reported to either remain unchanged or slightly increase

after LPS challenge (Alam et al., 1992). We found that PAF
or LPS administration markedly enhances the activity of this
isoform in the intestine. The exact role of C/EBP-a in the

small intestine is unclear. Although it is generally assumed
that C/EBP-a is important for cell growth, di�erentiation
(Yeh et al., 1995), and the maintenance of energy

homeostasis (Wang et al., 1995), a recent study revealed a
critical role of C/EBP-a for the neonatal acute phase response
(Burgess-Beusse & Darlington, 1998). Interestingly, we found

C/EBP-a localized in the intestinal crypt epithelium, where
two potent pro-in¯ammatory proteins, TNF (Tan et al.,
1993) and group II phospholipase A2 (PLA2-II) (Nevalainen
et al., 1995) are also localized. Further, since binding sites for

C/EBP have been found in the promoter region of TNF
(Pope et al., 1994) and PLA2-II (Crowl et al., 1991), and the
gene expression of both of these proteins is up-regulated after

administration of PAF or LPS (Huang et al., 1994; Tan et
al., 1996), it is possible that C/EBP-a plays a role in the
induction of TNF and PLA2-II by these agents. It is

interesting to note that the induction of the genes of TNF
and PLA2-II by PAF is also rapid, within 30 min after
injection (Huang et al., 1994; Tan et al., 1996), which

coincides with the activation of C/EBP-a. In contrast, the
induction of IL-6 in the intestine is much slower (unpublished
observation), in parallel with the elevation of C/EBP-b.
One observation in this study is that both p50 and p65

subunits of NF-kB are components of C/EBP-DNA binding
complexes in the small intestine, only after PAF (but not
LPS) administration. Functional and physical associations

between C/EBP and NF-kB p50 and p65 have been
previously reported (Stein et al., 1993). This cross coupling
was hypothesized to suppress promoters with kB enhancer

motifs but synergistically stimulate promoters with C/EBP
binding sites. The physiological implication of the association
of these two transcription factor families in the intestine after
PAF stimulation is unclear. We have demonstrated that PAF

induces the gene expression of TNF in the intestine. As
mentioned above, the TNF gene contains, in its promoter,
binding sites for NF-kB (p65 ± p50) as well as C/EBP-a and b
(Pope et al., 1994). Since PAF activates NF-kB p50
homodimers in the intestine (De Plaen et al., 1998), which
lack transactivation domain (Baeuerle & Henkel, 1994; Kopp

& Ghosh, 1995), it is possible the PAF-induced TNF gene
expression is via transcription factors other than NF-kB, such
as C/EBP-a and b homo- or heterodimers or C/EBP-NF-kB
heterodimers. Previous studies indicated that PDTC is a
relatively selective NF-kB inhibitor in vitro (Schreck et al.,
1992) and in vivo (Liu et al., 1999). We demonstrated here
that PDTC inhibits LPS-, but not PAF-induced NF-kB and

C/EBP binding activity in rat small intestine, suggesting that
the activation mechanisms of these transcription factors are
di�erent for PAF and LPS.

In conclusion, PAF and LPS activate C/EBP-a and b in
the intestine probably via di�erent pathways. Unlike LPS,
PAF acts more rapidly, and induces cross-dimerization of
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C/EBP and NF-kB. Combining PAF and LPS synergistically
activates all three subunits of C/EBP.
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