
ORIGINAL ARTICLES

Bile Salts Induce Resistance to Apoptosis Through
NF-�B-mediated XIAP Expression

Douglas J. Turner, MD,‡ Samuel M. Alaish, MD,* Tongtong Zou, PhD,‡ Jaladanki N. Rao, PhD,‡
Jian-Ying Wang, MD, PhD,‡ and Eric D. Strauch, MD*

Abstract: Apoptosis plays a critical role in intestinal mucosal
homeostasis. We previously showed that the bile salt taurodeoxy-
cholate has a beneficial effect on the intestinal mucosa through an
increase in resistance to apoptosis mediated by nuclear factor (NF)-
�B. The current study further characterizes the effect of bile salts on
intestinal epithelial cell susceptibility to apoptosis and determines if
the X-linked inhibitor of apoptosis protein (XIAP) regulates bile
salt-induced resistance to apoptosis. Exposure of normal intestinal
epithelial cells (IEC-6) to the conjugated bile salts taurodeoxy-
cholate (TDCA) and taurochenodeoxycholate (TCDCA) resulted in
an increase in resistance to tumor necrosis factor (TNF)-� and
cycloheximide (CHX)-induced apoptosis, and NF-�B activation.
Treatment with TDCA and TCDCA resulted in an increase in XIAP
expression. Specific inhibition of NF-�B by infection with an
adenoviral vector that expresses the I�B� super-repressor (I�BSR)
prevented the induction of XIAP expression and the bile salt-
mediated resistance to apoptosis. Treatment with the specific XIAP
inhibitor Smac also overcame this increase in enterocyte resistance
to apoptosis. Bile salts inhibited formation of the active caspase-3
from its precursor procaspase-3. Smac prevented the inhibitory
effect of bile salts on caspase-3 activation. These results indicate that
bile salts increase intestinal epithelial cell resistance to apoptosis
through NF-�B-mediated XIAP expression. Bile salt-induced XIAP
mediates resistance to TNF-�/CHX-induced apoptosis, at least par-
tially, through inhibition of caspase-3 activity. These data support an
important beneficial role of bile salts in regulation of mucosal
integrity. Decreased enterocyte exposure to luminal bile salts, as
occurs during starvation and parenteral nutrition, may have a detri-
mental effect on mucosal integrity.

(Ann Surg 2007;245: 415–425)

Maintenance of mucosal integrity is important for preser-
vation of normal digestive and gut barrier functions.

Normal mucosal epithelial integrity depends on a dynamic
balance between cell proliferation, growth arrest, and apopto-
sis.1–5 Increasing evidence indicates that apoptosis, rather than
exfoliation of enterocytes, accounts for the majority of cell loss
at the luminal surface of the intestine.4,6,7 Apoptosis also occurs
in the crypt, where cell division takes place, thereby contributing
to the maintenance of homeostasis in this region of the mucosal
epithelium as well.3,4,7 Tipping the balance between “cell death”
(apoptosis) and “cell birth” (from cell division) in either direc-
tion has significant pathologic consequences. For example, mu-
cosal hyperplasia may result from situations in which the rate of
cell proliferation exceeds apoptosis or the rate of cell death falls
below the rate of cell production. In contrast, mucosal atrophy
may occur if the rate of cell renewal is reduced below the rate of
apoptosis or if the rate of cell death is increased beyond the rate
of cell proliferation. Therefore, apoptosis is an important regu-
lator of intestinal mucosal integrity.

NF-�B is a ubiquitous transcription factor that regulates
the activation of a number of genes involved in proinflammatory
responses, differentiation, and growth.8–10 NF-�B is found in
the cytoplasm bound to endogenous inhibitors, known as I�Bs,
and is activated after the phosphorylation of I�B. This results in
I�B degradation, release of NF-�B, translocation of NF-�B into
the nucleus, and induction of transcription.11–15 In intestinal
epithelial cells, activated NF-�B induces the expression of nu-
merous genes that affect mucosal inflammation and repair.

NF-�B has a proapoptotic or antiapoptotic function de-
pending on the cell type and stimulus.16–21 Several proapoptotic
genes, including p53, Fas ligand, and the IL-1�-converting
enzyme, consistently have NF-�B binding sequences in their
promoter.22–25 In contrast, NF-�B activity appears to be neces-
sary for activation of genes that suppress some types of apopto-
sis. For example, in immature B cells exposed to anti-IgM and
in the developing liver, inhibition of NF-�B activity markedly
enhances apoptotic cell death.26,27 Antiapoptotic factors that are
up-regulated by NF-�B include manganese superoxide dis-
mutase, c-IAP, AKT kinase, and the zinc finger protein A20.28

Li et al21 demonstrated that polyamine depletion activates NF-
�B, which, in turn, decreases the susceptibility of IEC-6 cells to
TNF-�-induced apoptosis. Others16,20,27 have shown that
NF-�B is a cell survival factor that protects cells from death
stimuli. In general, NF-�B is thought to inhibit apoptosis
through caspase-dependent pathways. Numerous reports have
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documented the antiapoptotic action of NF-�B as well as the
proapoptotic effects of inactivating NF-�B in a variety of
cell types.16,20,27,29

Previous studies in our laboratory revealed that bile
salts have beneficial effects on the small intestinal mucosa.
Following injury, bile salts augment intestinal epithelial cell
migration. This effect is mediated at least partially by acti-
vating NF-�B, which increases the expression of TGF-�, a
cytokine known to induce intestinal epithelial cell migration
after injury.30–32 We also demonstrated that bile salts at
physiologic concentrations stimulate the proliferation of the
intestinal epithelium, which is regulated through an increase
in c-Myc expression.33 We have shown that the bile salt
taurodeoxycholate (TDCA) has a beneficial effect on intesti-
nal mucosal integrity by increasing enterocyte resistance to
apoptosis through NF-�B.34 Others have shown that a de-
crease in luminal bile salts exacerbates the mucosal atrophy
seen with the absence of enteric nutrients.35–39 In concor-
dance with these observations, animals with biliary diversion
after small bowel resection demonstrate an impaired adaptive
response.37–39 Thus, bile salts may also have potentially
beneficial effects during mucosal renewal.

The inhibitor of apoptosis (IAP) family of proteins are
potent natural factors that function by directly inhibiting the
activity of caspases, the principal effectors of apoptosis. IAPs
inhibit caspases through 2 distinct mechanisms: 1) by directly
interacting with caspases and 2) by facilitating a RING-
dependent ubiquination and proteasomal degradation of
caspases.40 Members of the mammalian IAP family include:
the X-linked inhibitor of apoptosis protein (XIAP), the cel-
lular inhibitor of apoptosis protein-1 (cIAP-1), the cellular
inhibitor of apoptosis protein-2 (cIAP-2), and others, which
directly inhibit caspase-3, caspase-7, and caspase-9.40,41 The
baculovirus IAP repeat (BIR) 3 domain is responsible for the
inhibition of active caspase-9, while the linker between BIR
1 and BIR 2 inhibits active caspase-3. Further, XIAP has
additional antiapoptotic activities because mutant XIAP pro-
teins unable to inhibit caspase-3 and caspase-9 retain their
ability to inhibit apoptosis.42,43

Recently, it has been shown that the expression of cIAP-2
and XIAP is regulated by NF-�B and that the NF-�B-mediated
IAPs are involved in protecting endothelial cells from TNF-�/
cycloheximide (CHX)-induced apoptosis.44 Moreover, NF-�B-
mediated IAP expression induces the resistance of intestinal
epithelial cells to apoptosis after polyamine depletion.45 IAPs
are important regulators of intestinal epithelial cell apoptosis. In
this study, we hypothesize that bile salts increase the cellular
resistance to apoptosis through increased XIAP expression reg-
ulated by bile salt-induced NF-�B.

MATERIALS AND METHODS

Materials
Disposable culture ware was purchased from Corning

Glass Works (Corning, NY) and Becton Dickinson (Franklin
Lakes, NJ). Tissue culture media and fetal bovine serum (FBS)
were obtained from GIBCO (Grand Island, NY). Biochemicals
were purchased from Sigma (St. Louis, MO). Antibodies against
NF-�B and XIAP were from BD Biosciences Clontech (Palo

Alto, CA), and antibodies against caspase-3 and I�B were from
Santa Cruz Biotechnology (Santa Cruz, CA).

Cell Culture and Experimental Protocol
The IEC-6 cell line was purchased from American

Type Culture Collection (Rockville, MD) at passage 13. The
IEC-6 cell line was derived from normal rat intestine and was
developed and characterized by Quaroni et al.46 IEC-6 cells
from jejunal crypt cells were maintained in T-175 flasks in
Dulbecco modified Eagle medium (DMEM) supplemented
with 5% heat-inactivated FBS, 1% antibiotic, and 0.1 U/mL
insulin. They are nontumorigenic and retain the undifferen-
tiated character of epithelial stem cells. Flasks were incubated
at 37°C in a humidified atmosphere of 95% air and 5% CO2.
Stock cells were subcultured once a week at 1:3. Passages
15–20 were used in all experiments. There were no signifi-
cant changes of biologic function within these passage num-
bers. Cells were restarted from frozen stock.

Apoptosis
Apoptosis was quantified by counting the number of

dead cells and using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL). Apoptosis iden-
tification was performed using the DeadEnd IEC-6 cells
Florometric TUNEL system (Promega, Madison, WI). Cells
were fixed in freshly prepared 4% methanol-free formalde-
hyde for 25 minutes, centrifuged at 300 g for 10 minutes at
4°C, and then washed with PBS. This cell pellet was then
resuspended in phosphate-buffered saline (PBS) at a concen-
tration of 2 � 107cells/mL; 100 �L of the cell suspension was
smeared onto poly-L-lysine-coated slides. The TUNEL re-
agent was prepared as directed (Promega). The reactions
were terminated by immersing the slides in 2� SSC for 15
minutes at room temperature. The samples were washed 3
times in PBS to remove unincorporated fluorescein-12-dUTP.
The samples were stained in 0.1 mg/mL propidium iodide
buffer. The samples were analyzed using a fluorescent mi-
croscope. Percentage of apoptotic cells was determined by
the number of stained cells per all cells by cell counting.

Preparation of Nuclear Protein and
Electrophoretic Shift Assays

Nuclear proteins were prepared by the procedure de-
scribed previously,47 and the protein contents in nuclear
preparations were determined by the method described by
Bradford.48 Six hours after wounding, cells were harvested
for nuclear protein extractions. The double-stranded oligonu-
cleotides used in these experiments included 5�-AGTT-
GAGGGGACTTTCCCAGGC-3�, which contain a consensus
NF-�B binding site that is underscored. These oligonucleo-
tides were radioactively end-labeled with ��-32P�ATP and T4
polynucleotide kinase. For mobility shift assays, 0.035 pmol
of 32P-labeled oligonucleotides (�30,000 cpm) and 10 �g of
nuclear protein were incubated in a total volume of 25 �L in
the presence of 10 mmol/L Tris ● HCL (pH 7.5), 50 mmol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L dithiothreitol, 5% glyc-
erol, and 1 �g of poly(dI-dC). The binding reactions were
allowed to proceed at room temperature for 20 minutes. There-
after, 2 �L of bromphenol blue (0.1% in water) was added, and
protein-DNA complexes were resolved by electrophoresis on
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nondenaturing 5% polyacrylamide gels and visualized by
autoradiography. The specificity of binding interactions was
assessed by competition with an excess of unlabeled double-
stranded oligonucleotide of identical sequence. Gel supershift
assays were accomplished by adding 1 �g (in 1 �L) of p65
supershift antibody to the reaction mixture and incubating for
an additional 30 minutes at room temperature.

All experiments were repeated in triplicate.

Western Blot Analysis
Cell samples, placed in SDS sample buffer, were son-

icated and centrifuged (12,000 rpm) at 4°C for 15 minutes.
The supernatant from cell samples was boiled for 5 minutes
and then subjected to electrophoresis on 7.5% SDS-PAGE
gels according to Laemmli.49 After sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the gels
were transferred to nitrocellulose membranes for 1 hour at
4°C. The blots were blocked with 5% nonfat dry milk in
PBS-0.1% Tween 20 (PBS-T) overnight at 4°C. Immunologic
evaluation was performed for 1 hour in PBS-T containing
specific antibodies against NF-�B (p65), I�B�, XIAP, and
caspase-3 proteins. The filters were subsequently washed
with PBS-T and incubated with the secondary antibodies
conjugated with horseradish peroxidase for 1 hour at room
temperature. After extensive washing in PBS-T, the blots
were developed for 30 to 60 seconds with enhanced chemi-
luminescence reagents.

I�B Super-Repressor
The recombinant replication-deficient adenovirus Ad5I�B

was constructed by the methods of Graham and Prevec50 and
Bett et al51 as performed by Iimuro et al.52 In brief, the plasmid
pCMV-I�B�M, which contains a human super-repressor of
NF-�B, was subcloned into the XbaI site of the pACCMV.
PLPASR (�) plasmid to construct the plasmid pACCMV/I�B,
in which I�B is driven by the CMV promoter/enhancer. The
plasmid DNA was prepared by the alkaline lysis method and
purified by CsCl-tethidium bromide density gradient centrif-
ugation. The recombinant adenovirus I�B was constructed by
cotransfection of the 293 embryonic human kidney cell line
with the pACCMV/I�B plasmid plus the purified fragment of
the ClaI-digested DNA from E1-deleted adenovirus type 5
(Ad5). The presence of the mutant I�B sequence packaged
into the recombinant Ad5 virus (Ad5I�B) was confirmed by
PCR and Western blotting. Ad5I�B was grown in 293 cells
and purified by banding twice on CsCl gradients. Viral titer
was determined by optical densitometry (particle per millili-
ter) and plaque assay. Recombinant virus was stored in 10%
glycerol at �20°C.

Measurement of Caspase-3 Activity
Caspase-3 activity was measured by using a caspase-3

colorimetric assay kit (R&D Systems, Minneapolis, MN) and
performed according to the protocol recommended by the
manufacturer. Briefly, cells were treated with TNF-� and
CHX for 4 hours, washed with ice-cold Dulbecco’s phos-
phate-buffered saline (D-PBS), and scraped from the dishes.
The collected cells were washed with D-PBS and then lysed
in ice-cold cell lysis buffer �50 mmol/L HEPES, pH 7.4,
3-�(3-cholamidopropyl) dimethylammonia�-1-propanesulfon-

ate (CHAPS), 1 mmol/L DTT, 0.1 mmol/L EDTA, and 0.1%
Nonidet P-40�. The assay for caspase-3 activity was carried
out in a 96-well plate. In each well, there were 50 �L of cell
lysate (�150 �g of total proteins), 50 �L of reaction buffer
(50 mmol/L HEPES, pH 7.4, 0.1% CHAPS, 100 mmol/L
NaCl, 10 mmol/L DTT, and 1 mmol/L EDTA), 5 �L of
caspase-3 colorimetric substrate, and a caspase-specific pep-
tide that was conjugated to a chromogen, p-nitroanilide (p-NA).
The 96-well plate was incubated at 37°C for 90 minutes,
during which the caspase-3 in the sample presumably cleaved
the chromophore p-NA from the substrate molecule. Absor-
bance at 405 nm was monitored to assess caspase-3 activity.
Protein levels of each sample were determined by the method
described by Bradford.48

Experimental Design
The purpose of the first series of experiments was to

determine whether bile salt exposure was paralleled by in-
creased expression of XIAP proteins in IEC-6 cells. The
general protocol of the experiments and methods were similar
to those described previously.53,54 Briefly, IEC-6 cells were
plated at 6.25 � 104 cells/cm2 and cultured for 6 days in
control medium (DMEM � 5% dialyzed FBS � 10 �g/mL
insulin and 50 �g/mL gentamicin sulfate) or in DMEM
medium containing bile salts. The dishes were placed on ice,
and the monolayers were washed 3 times with ice-cold
D-PBS. Levels of XIAP mRNA and protein expression were
measured by polymerase chain reaction (PCR) and Western
blot analyses, respectively.

The purpose behind the second series of experiments was
to determine whether the observed increase in XIAP expression
following bile salt exposure resulted from NF-�B activation.
The increased NF-�B activity in bile salt-exposed cells was
specifically prevented by ectopic expression of I�B� super-
repressor through the infection with the AdI�BSR vector, and
apoptosis was induced by TNF-� in combination with CHX
(TNF-�/CHX). The NF-�B binding activity and XIAP expres-
sion were measured in cells grown for 6 days in the DMEM
medium with either AdI�BSR or control vector during the last
48 hours.

The third series of experiments was designed to define
the relationship between increased expression of XIAP and
the resistance to TNF-�/CHX-induced apoptosis in bile salt-
exposed cells. Functions of IAP proteins were examined by
using the specific IAP inhibitor Smac.55,56 Cells were initially
grown for 5 days in medium containing bile salt, exposed to
Smac for 24 hours, and then treated with TNF-�/CHX.
Apoptosis was measured 4 hours after administration of
TNF-�/CHX. In addition, the involvement of caspase-3 with
XIAP in the resistance to apoptosis was investigated. The
levels of procaspase-3 and caspase-3 proteins, as well as the
activity of caspase-3 were measured in bile salt-exposed cells
in the presence or absence of Smac.

Statistics
Values are mean � SE from 6 samples. Autoradiogra-

phy results were repeated 3 times. The significance of the
difference between means was determined by ANOVA. The
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level of significance was determined by using Duncan’s
multiple-range test.57

RESULTS

Effect of Bile Salts on Tumor Necrosis
Factor-� � Cycloheximide (TNF-�/CHX)-Induced
Apoptosis

We examined the effect of exposure to the cholate and
the conjugated bile salts taurochenodeoxycholate (TCDCA)
and TDCA on intestinal epithelial apoptosis.

Exposure of the cells to TNF-� coupled with cyclohex-
imide (CHX), a widely accepted protocol for inducing apo-
ptosis16,21,45 was used in this study. Within 4 hours, TNF-�/
CHX induced 75% of the IEC-6 cells to undergo cell death.
Exposure in a dose-dependent fashion of the intestinal epi-
thelial cells to TCDCA (0.5–1 mmol/L) and TDCA (0.2–0.5
mmol/L), but not cholate for 6 days prior to induction of
apoptosis significantly reduced the number and percentage of
cells that underwent apoptosis in the presence of TNF-�/
CHX (Fig. 1A). The DeadEnd cells Fluorometric TUNEL
system (Promega, Madison, WI) stain was used to show
nuclear fragmentation, confirming that the cell death visual-
ized in the presence of the TNF-�/CHX was apoptosis (Fig.
1B). These results indicate that the conjugated bile salts
TCDCA and TDCA promote the resistance of IEC-6 cells to
apoptotic cell death induced by TNF�/CHX.

Bile Salt-Induced Changes in NF-�B Sequence
Specific-Binding Activity

We had previously shown that exposure to TDCA
significantly increased NF-�B nuclear binding and that this
NF-�B nuclear binding was sequence specific.31,34 TCDCA
also stimulated NF-�B nuclear binding activity (Fig. 2A).
Further, competitive inhibition of NF-�B nuclear binding
using unlabeled cold oligonucleotide as a competitive inhib-
itor confirmed sequence-specific binding (Fig. 2B).

Changes in Caspase-3 Activity Following
Exposure to Bile Salts

Active caspase-3 not only participates directly as a
terminal effector of apoptosis by cleaving various substrate
proteins but also activates additional pro-caspases.58 We
studied the effect of TCDCA and TDCA on procaspase-3
cleavage as compared with caspase-3 during TNF-�-induced
apoptosis. Exposure of control cells to TNF-�/CHX signifi-
cantly induced caspase-3 activation from procaspase-3, as
indicated by the increases in both active caspase-3 protein
levels and enzyme activity (Fig. 3). At concentrations that
increase XIAP expression and protect the intestinal mucosa
against TNF-�/CHX-induced apoptosis, the bile salts TCDCA
and TDCA significantly inhibited the cleavage of caspase-3
from procaspase-3 and significantly decreased caspase-3 en-
zyme activity (Fig. 3).

Effect of NF-�B Inhibition on Bile Salt-Induced
Resistance to TNF-�/CHX-Induced Apoptosis

Previously, we studied the specificity of these effects of
NF-�B activation using an I�B super-repressor (I�BSR) to

inhibit NF-�B activity. I�B�M contains 2 mutations of serine
to alanine (at residues 32 and 36), which prevent phosphor-
ylation of I�B�. Therefore, ubiquination and degradation of
I�B� are inhibited, which prevents activation of the NF-�B
pathway. We confirmed that transfection of IEC-6 cells with
the I�BSR increased expression of I�B and decreased the
concentration of free NF-�B.34 The I�BSR transfected into
the IEC-6 cells significantly inhibited NF-�B nuclear binding
activity in the presence of TDCA versus control or transfec-
tion of the vector alone.34 TNF-�/CHX-induced apoptosis
was significantly increased in the cells treated with of TDCA
and the I�BSR (54% of the cells) versus TDCA alone (24%)
or TDCA and vector alone (27%). The protective effect
against TNF-�/CHX-induced apoptosis established by the
presence of TDCA on the intestinal epithelium was elimi-
nated after transfection with the I�BSR.34 We repeated this
experiment using TCDCA, as TCDCA also protected IEC-6
cells against TNF-�/CHX-induced apoptosis as well as acti-
vating NF�B. As expected, TNF-�/CHX-induced apoptosis
was significantly increased in the cells treated with of TCDCA
and the I�BSR (60% of the cells) versus TCDCA alone (24%)
or TDCA and vector alone (25%) (Fig. 4).

Changes in Expression of XIAP Protein
Following Exposure to TDCA

The inhibitor of apoptosis (IAP) family of proteins are
potent natural suppressor of apoptosis and function by di-
rectly inhibiting the activity of caspases, the principal effec-
tors of apoptotic cell death.40,41 XIAP is a member of this
family of proteins. Recently, it has been shown that expres-
sion of XIAP is regulated by NF-�B and that NF-�B-medi-
ated XIAP is involved in protecting endothelial cells from
TNF-�/CHX-induced apoptosis.44,45 We examined the effect
of bile salt exposure to IEC-6 cells on mRNA and protein
expression of XIAP using reverse transcription polymerase
chain reaction (rtPCR) and Western blot analysis, respec-
tively. Exposure to TCDCA and TDCA at concentrations that
protect intestinal epithelial cells against TNF-�/C-induced
apoptosis increased both mRNA and protein expression of
XIAP (Fig. 5).

Effect of the XIAP Inhibitor Smac on TNF-�/
CHX-Induced Apoptosis in Bile Salt-Exposed Cells

To further define the role of NF-�B-mediated XIAP
protein in the process of apoptosis, we used the specific IAP
inhibitor Smac45,55,56 in this study. Zou et al45 have shown
that Smac specifically inhibits expression of IAP proteins,
such as XIAP, and does not affect IEC-6 cell viability. As
shown in Figure 6A, exposure of bile salt-exposed cells to
Smac significantly reduced the levels of XIAP protein. When
Smac at the concentration of 1 �g/mL was added to the
medium for 24 hours, the level of XIAP protein was de-
creased by approximately 50%.

Inhibition of XIAP protein by treatment with Smac not
only enhanced programmed cell death in control cells but also
prevented the resistance of bile salt-exposed cells to apoptosis
after exposure to TNF-�/CHX (Fig. 6B). In control cells,
typical morphologic features of apoptosis increased markedly
when cells were pretreated with Smac at the concentration of
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FIGURE 1. Apoptotic response of IEC-6 cells to 20 ng/mL TNF-� and 25 �g/mL cycloheximide (TNF-�/CHX) after 6 days of
exposure to bile salts. A, Percentage of apoptotic cells. The effect of (a) cholate, (b) taurochenodeoxycholate (TCDCA), and
(c) taurodeoxycholate (TDCA). TNF-�/CHX induced IEC-6 cell apoptosis. IEC-6 cells were grown in TDCA for 6 days and ex-
posed to 20 ng/mL of TNF-� and 25 �g/mL cycloheximide. Apoptosis was quantified with cell count with trypan blue and
the TUNEL stain. *P 	 0.01 versus TNF-�/CHX alone. B, Representative photomicrographs of TNF-�/CHX induced apoptosis
and the TUNEL stain in the presence of bile salts: a, control; b, cells exposed to 0.5 mmol/L cholate; c, cells exposed to 0.5
mmol/L TCDCA; d, cells exposed to 0.5 mmol/L TCDCA; e, cells exposed to TNF-�/CHX for 4 hours; f, cells exposed to TNF-
�/CHX for 4 hours in the presence of 0.5 mmol/L cholate; g, cells exposed to TNF-�/CHX for 4 hours in the presence of 0.5
mmol/L TCDCA; h, cells exposed to TNF-�/CHX for 4 hours in the presence of 0.5 mmol/L TDCA.
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FIGURE 3. Changes in caspase-3 protein expression and activity in IEC-6 cells after exposure to TNF-�/CHX alone or with incuba-
tion with the bile salts TCDCA and TDCA. A, Representative autoradiograms of Western immunoblots: a, TDCA; b, TCDCA.
Cells were grown in DMEM with 5% dialyzed FBS in the presence or absence of TCDCA or TDCA for 6 days. Cells were ex-
posed to 20 ng/mL TNF-� and 25 �g/mL cycloheximide for 4 hours. Whole cell lysates were harvested and applied to each
lane equally (20 �g), and levels of procaspase-3 (32 kDa) and caspase-3 (17 kDa) were identified by probing nitrocellulose
with the specific anticaspase-3 antibody. Actin immunoblotting was performed as an internal control for equal loading.
B, Quantitative analysis of the ratio of caspase-3 protein expression to actin derived from densitometric analysis of autoradio-
grams displayed in A. Values are mean � SE from 3 separate experiments: a, TDCA (*P 	 0.05 vs. control, **P 	 0.05 vs.
TDCA � TNF-�/CHX); b, TCDCA (*P 	 0.05 vs. control, **P 	 0.05 vs. TCDCA � TNF-�/CHX); C, changes in caspase-3 activ-
ity in cells described in A. Values are mean � SE from 3 separate experiments: a, TDCA (*P 	 0.05 vs. control, **P 	 0.05 vs.
TDCA � TNF-�/CHX); b, TCDCA (*P 	 0.05 vs. control, **P 	 0.05 vs. TCDCA � TNF-�/CHX).

FIGURE 2. Changes in sequence-specific NF-�B binding activity in IEC-6 cells exposed to TCDCA. A, Representative audio-
grams of NF-�B binding. Cells were grown in DMEM with 5% dialyzed FBS with and without TCDCA for 6 days. Nuclear ex-
tracts were prepared, and electrophoretic mobility shift assay (EMSA) was performed by using 10 �g of nuclear proteins and
0.035 pmol of 32P-end-labeled oligonucleotides containing a single NF-�B binding site. Position of specifically bound DNA-
protein complex is indicated. B, Effects of unlabeled NF-�B oligonucleotide as a cold competitor on NF-�
 binding activity in
the presence of 0.5 mmol/L TCDCA as measured by EMSA.
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1 �g/mL for 24 hours. The percentage of TNF-�/CHX-
induced apoptotic cells was significantly increased (Fig. 6B).
In bile salt-exposed cells, the percentage of TNF-�/CHX-
induced apoptotic cells was significantly increased with Smac
treatment compared with the percentage of apoptotic cells in

the TNF-�/CHX-treated group that was not supplemented
with Smac. These findings strongly suggest that NF-�B-
mediated XIAP induced by exposure to bile salts plays a
critical role in the regulation of susceptibility of intestinal
epithelial cells to TNF-�/CHX-induced apoptosis.

FIGURE 4. The effect of the I�BSR on enterocyte apoptosis. A, Changes in NF-�B sequence-specific binding activity in IEC-6
cells exposed to TCDCA in the presence of the I�BSR or control vector. Representative autoradiograms from nuclear extracts
in control cells and cells 6 hours after exposure to 0.5 mmol/L TDCA. EMSA was performed as described above. Positions of
the specifically bound DNA-protein binding complex are indicated. B, The effect of the I�BSR on TNF-�/CHX induced apopto-
sis in the presence of 0.5 mmol/L TDCA. IEC-6 cells transfected with the I�BSR were grown in the presence and absence of
0.5 mmol/L TDCA for 6 days. Apoptosis was induced using TNF-�/CHX as described above. Displayed on the y-axis is the per-
centage of apoptotic cells. *P 	 0.01 versus control. **P 	 0.01 versus TCDCA.

FIGURE 5. Expression of XIAP after exposure to bile salts. A, Expression of XIAP mRNA in IEC-6 cells. Cells were grown in
DMEM with 5% dialyzed FBS in the presence or absence of 0.5 mmol/L TCDCA and TDCA for 6 days. PCR-amplified products
were displayed on agarose gel for XIAP 510 bp, when first-strand cDNA synthesized from total RNA extracted from IEC-6 cells
was amplified with the specific sense and antisense primers for XIAP. GAPDH was used for internal control for equal loading.
B, Representative autoradiograms of Western immunoblots from IEC-6 cells exposed to 0.1 to 0.5 mmol/L TDCA for 6 days.
Cells were grown in DMEM with 5% dialyzed FBS in the presence or absence of TDCA for 6 days. Whole cell lysates were har-
vested and applied to each lane equally (20 �g), and levels of XIAP (57 kDa) were identified by probing nitrocellulose with
the specific anti-XIAP antibody. Actin immunoblotting was performed as an internal control for equal loading. C, Representa-
tive autoradiograms of Western immunoblots from IEC-6 cells exposed to 0.1 to 0.5 mmol/L TCDCA for 6 days as described in B.
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Effect of the I�BSR on XIAP Expression and
Enterocyte Resistance to Apoptosis

We studied the effect the presence of the I�B super-
repressor had on expression in the presence of TDCA. Figure
7 shows that TDCA-induced XIAP expression is suppressed
after NF-�B inhibition using the I�BSR. These data show
that bile salt-induced expression of XIAP is at least partially
mediated through an increase in NF-�B activation.

DISCUSSION
We have recently reported that the bile salt TDCA

induces NF-�B activation and promotes resistance to TNF-

�/CHX-induced apoptosis.34 The present study extends our
previous observations in that TCDCA, another conjugated
bile salt, also induces resistance to TNF-�/CHX-induced
apoptosis, while cholate, the unconjugated bile salt, has no
effect on enterocyte resistance to apoptosis. Further, TCDCA
regulates this effect through NF-�B. Inactivation of NF-�B
via the recombinant adenoviral vector containing the I�B�
super-repressor (AdI�BSR) blocks the antiapoptotic effect
of the bile salts TDCA and TCDCA. Another significant
finding is that these bile salts increase the cellular resis-
tance to TNF-�/CHX-induced apoptosis through the anti-
apoptotic protein XIAP. Activation of NF-�B was associ-

FIGURE 6. Effect of treatment of Smac on levels of XIAP protein in IEC-6 cells exposed to Smac. A, Representative autoradiograms
of Western immunoblots from IEC-6 cells exposed to 0.5 mmol/L TDCA for 6 days and Smac at the concentration of 1 �g/mL
during the last 24 hours. Cells were grown in DMEM with 5% dialyzed FBS in the presence or absence of TDCA for 6 days.
Whole cell lysates were harvested and applied to each lane equally (20 �g), and levels of XIAP (57 kDa) were identified by
probing nitrocellulose with the specific anti-XIAP antibody. Actin immunoblotting was performed as an internal control for
equal loading. B, Quantitative analysis of XIAP immunoblots by densitometry from cells described in A. Values are 3 separate
experiments. *P 	 0.05 versus TDCA alone.

FIGURE 7. The effects of the I�BSR on XIAP expression. A, IEC-6 cells transfected with the I�BSR were grown in the presence
and absence of 0.5 mmol/L TDCA for 6 days. Apoptosis was induced using TNF�/CHX as described above. Representative au-
toradiograms of Western immunoblots from IEC-6 cells TDCA obtained as described above. Actin immunoblotting was per-
formed as an internal control for equal loading. B, Quantitative analysis of the ratio of XIAP protein expression to actin derived
from densitometric analysis of autoradiograms displayed in A. *P 	 0.05 versus control � TNF-�/CHX.
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ated with an increase in XIAP expression in the presence
of TDCA and TCDCA. Furthermore, decreased expression
of XIAP by either inactivation of NF-�B through the
AdI�BSR or treatment with the IAP inhibitor Smac de-
creased the resistance of bile salt-exposed cells to TNF-�/
CHX-induced apoptosis.

Previously, we have shown that bile salts stimulate
intestinal epithelial cell migration after injury through a
process that involves NF-�B; this process requires the induc-
tion of I�B phosphorylation, ubiquination, and degradation,
thereby allowing NF-�B to translocate into the nucleus and
regulate gene transcription. This study demonstrates that
physiologic concentrations of bile salts stimulate intestinal
proliferation and activate NF-�B. These bile salts protect the
intestinal mucosa against TNF-�/CHX-induced apoptosis
through a NF-�B-dependent process. The finding that NF-�B
activation is protective against TNF-�/CHX-induced apopto-
sis is consistent with other investigators. Li et al21 have
shown that polyamine depletion activates NF-�B, which in
turn decreases the susceptibility of IEC-6 cells to TNF-�/
CHX-induced apoptosis. Others16,20,27 have shown that
NF-�B is a cell survival factor, which protects cells from cell
death stimuli. In general, NF-�B is thought to inhibit apopto-
sis through caspase-dependent pathways. Numerous reports
document both the antiapoptotic action of NF-�B and the
proapoptotic effects of inactivating NF-�B by a variety of cell
types.16,20,27,29 Many of the genes that are involved in apo-
ptosis are target genes of NF-�B. Activated NF-�B regulates
transcription of its downstream target genes, interacts with
other cellular effectors, and plays distinct roles in regulating
apoptosis.

The current studies provide new evidence that bile
salt-induced NF-�B increases expression of the antiapoptotic
factor XIAP, and that bile salt-induced XIAP expression at
least partially regulates resistance to TNF-�/CHX-induced
apoptosis elicited in the presence of bile salts. Moreover,
these data show that bile salts inhibit caspase-3 activation.
The IAP family of proteins is a potent natural suppressor of
apoptosis and functions by directly inhibiting the activity of
caspases, the principal effectors of apoptosis. The IAP pro-
teins are defined as baculovirus IAP repeat (BIR)-containing
proteins that inhibit cell death. The BIR motif consists of
approximately 70 amino acids of a zinc-binding protein.
There are 1 to 3 BIR motifs per IAP, and these BIR motifs are
important for the antiapoptotic function of the IAP. In addi-
tion to the BIR motif, some IAPs contain another zinc-
binding motif called the RING domain.40 IAPs inhibit
caspases through 2 distinct mechanisms. The first is through
a direct interaction between IAP and caspases, while the
second in through RING-dependent ubiquination and protea-
somal degradation.

Members of the mammalian IAP family including XIAP,
cellular inhibitor of apoptosis protein-1 (cIAP-1), cellular inhib-
itor of apoptosis protein-2 (cIAP-2), and neuronal apoptosis-
inhibitory protein (NAIP) inhibit caspase-3, caspase-7, and cap-
spase-9 by a direct interaction with the caspases.40 BIR 3 is
responsible for the inhibition of active caspase-9, while the

linker between BIR 1 and BIR 2 inhibits active caspase-3.
XIAP also has additional antiapoptotic activities because
mutant XIAP proteins unable to inhibit caspase-3 and
caspase-9 retain their ability to inhibit apoptosis.40–43 Bile
salts increase resistance to apoptosis at least partially through
a decrease in activity of caspase-3, which is consistent with
an increase in the antiapoptotic protein XIAP. Under physi-
ologic conditions, bile salts have various biologic effects
besides their role in the digestion of lipids. TDCA increases
esophageal mucosal growth in an explant model,59 whereas
deoxycholate (DOC) modulates p53 gene expression,60 and
stimulates prostaglandin E2 synthesis by causing abrupt tran-
sient increases in cytosolic calcium.61 Bile acid response
elements (DNA sequences that contain AGGTCA direct re-
peats similar to the elements recognized by nuclear receptors)
regulate the transcription of target genes.62,63 Bile salts reg-
ulate many functions within cells by activating signaling
pathways and transcription factors. Because of their varying
pKa, solubility, and intracellular and extracellular concentra-
tions, different bile salts have different biologic effects.

The observation that bile salts at physiologic concentra-
tions have beneficial effects on mucosal integrity is not surpris-
ing given that bile salts are a normal component of the intestinal
luminal content. It is difficult to determine the physiologic
concentration of soluble bile salts to which the intestinal mucosa
actually is exposed because most bile salts are in micellar form
and their concentrations vary widely during the digestive pro-
cess. Micellar concentrations of bile salts may reach 10 mmol/L
during digestion while free bile salts can reach soluble concen-
trations of up to 2 to 3 mmol/L.64 Preprandial newborns, who
possess minimal lipid to form micelles, have intestinal concen-
tration of bile salts around 4 mmol/L.65 Thus, our experimental
concentrations of bile salts that stimulated mucosal renewal are
within the physiologic range of mucosal exposure.

The intestinal mucosa is known to require the presence
of luminal contents to maximize the adaptive response.35–39

In this regard, oral sodium taurocholate was shown to im-
prove anastomotic healing after bile duct ligation.66 While
luminal nutrients and trophic gut peptides may participate in
this adaptive response, our data suggest a role for bile salts as
trophic agents as well. In support of this functional role for
bile salts, animals with biliary diversion after small bowel
resection demonstrate an impaired adaptive response.37–39

Clearly, bile salts have many purposes beyond fat
absorption. The presence of bile salts serves to regulate these
trophic functions, whereas the absence of bile salts may be
quite detrimental to intestinal function. The mucosal atrophy
of starvation and critical illness, while multifactorial in eti-
ology may also be related to cholestasis and diminished
luminal bile. Bile salts may play a critical role during necro-
tizing enterocolitis, ischemia, inflammatory bowel disease,
and other conditions in which mucosal injury occurs. Further
characterization of the beneficial functions of bile salts on the
small intestinal mucosal are warranted.
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