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Objective
To determine if NF-�B regulates intestinal epithelial cell migra-
tion and if it has a role during bile salt-induced migration.

Summary Background Data
Mucosal restitution is an important repair modality in the gas-
trointestinal tract. The authors have shown that taurodeoxy-
cholate (TDCA) increases intestinal epithelial cell migration.
NF-�B regulates activation of a number of genes involved in
inflammatory responses.

Methods
Studies were conducted in IEC-6 cells. I�B protein expression
was determined by Western blot analysis. Sequence-specific
NF-�B binding activity was measured by EMSA shift assays
and nuclear localization by immunohistochemistry. Cell migra-
tion was examined by using an in vitro model that mimics the
early cell division-independent stages of epithelial restitution.

Results
The process of cell migration over the wounded area was as-
sociated with a significant increase in NF-�B binding activity in
IEC-6 cells. Immunohistochemistry revealed translocation of
NF-�B into the nucleus. Western blot analysis showed that
injury decreased I�B protein expression. Inhibition of the bind-
ing activity by treatment with a specific NF-�B inhibitor, MG-
132, inhibited cell migration during restitution. Further, expo-
sure to TDCA at the physiologic concentration that induces
intestinal epithelial cell migration increased NF-�B binding ac-
tivity, induced NF-�B translocation into the nucleus, and de-
creased I�B protein expression. MG-132 also inhibits bile salt-
induced cell migration.

Conclusions
NF-�B regulates intestinal epithelial cell migration. Bile salts at
physiologic concentrations increase cell migration by activa-
tion of NF-�B. These data show that bile salts may have a
role in the maintenance of intestinal mucosal integrity.

Small intestinal digestive and secretory functions require
an intact mucosa. The epithelium additionally serves as a
barrier to a broad spectrum of noxious substances within the
intestinal lumen. Injury to the mucosa is common and may
be minor and superficial, or deep and extensive. Superficial
erosions may be caused by luminal contents or medications;
more extensive damage may result from ischemia, inflam-
matory conditions, or infections. Restitution is the process
by which normal adjacent intestinal epithelial cells migrate
over a denuded area to reseal and repair the epithelium.
Migration of the cells occurs as a sheet to reform cell
contacts and re-establish barrier function. Intestinal epithe-

lial restitution occurs in a matter of hours following injury
and does not require cell proliferation.1–3 The stimuli and
mediators of migration have been the subject of consider-
able investigation in recent years. Substances that have been
identified as factors involved in this process include poly-
amines, growth factors, bile salts, and matrix components.

NF-�B is a ubiquitous transcription factor that regulates
activation of a number of genes involved in proinflamma-
tory responses, differentiation, and growth.4–6 NF-�B is
found in the cytoplasm bound to the endogenous inhibitors,
known as I�Bs. Activation of NF-�B occurs when I�B is
phosphorylated, resulting in I�B degradation and cytosolic
release of NF-�B. NF-�B then translocates into the nucleus
and induces transcription of specific genes.7–11 The NF-�B
signaling cascade has been shown to be activated in the
intestinal epithelium by tumor necrosis factor-alpha (TNF-
�), bacterial lipopolysaccharides, interleukin-1 (IL-1), bac-
teria, and other agents. Once activated, the NF-�B signaling

Correspondence: Eric D. Strauch, MD, Department of Surgery, University
of Maryland School of Medicine, 22 South Greene Street, Baltimore,
MD 21201.

E-mail: estrauch@umaryland.edu
Accepted for publication August 22, 2002.

ANNALS OF SURGERY
Vol. 237, No. 4, 494–501
© 2003 Lippincott Williams & Wilkins, Inc.

494



pathway transcriptionally regulates many cellular genes im-
plicated in early immune, acute phase, and inflammatory
responses, including TNF-�, IL-2, IL-6, IL-8, IL-12, induc-
ible nitric oxide synthase, cyclooxygenase-2, intercellular
adhesion molecule-1, and others.6 Thus, the NF-�B signal-
ing pathway is highly relevant to intestinal injury and repair.

Our previous studies have shown that the bile salt tauro-
deoxycholate (TDCA) increases intestinal epithelial migra-
tion during restitution.12 Bile salts are normally found
within the gastrointestinal succus entericus, where their
primary function is to aid in the digestion of lipids and
lipid-soluble vitamins.13 In the lumen, most bile salts are
present in micellar form, but some exist as free bile salts.
Recent studies have shown that bile salts have various
biologic effects independent of their role in digestion. The
bile salt deoxycholic acid has been shown to induce apo-
ptosis in a colon cancer cell line;14 taurodeoxycholic acid,
TDCA, increases esophageal mucosal growth in a rabbit
explant model.15 Bile salts may also modulate gene expres-
sion; deoxycholic acid has been shown to modulate p53
gene expression in colonic adenoma cell lines.16 These
findings suggest that potent cellular effects of bile salts are
operative at the gene expression and growth regulatory
level.

Given our recent observations that TDCA augments in-
testinal epithelial restitution, we hypothesized that NF-�B
could be a mediator in the process. The present studies
asked if the NF-�B signaling pathway affects intestinal
epithelial restitution and if the effect of TDCA on epithelial
migration is regulated by NF-�B activation. First, we
wanted to determine if injury to the epithelium activated the
NF-�B signaling pathway. Second, we examined if inhibi-
tion of this pathway resulted in an inhibition of cell migra-
tion after injury. Third, we wished to elucidate if the effect
of the bile salt TDCA on intestinal epithelial migration was
regulated by the NF-�B signaling pathway.

METHODS

Materials

Disposable culture ware was purchased from Corning
Glass Works (Corning, NY). Tissue culture media and
dialyzed fetal bovine serum (FBS) were from GIBCO
(Grand Island, NY). Biochemicals were purchased from
Sigma (St. Louis, MO). The double-stranded oligonucleo-
tides used in electromobility shift assay (EMSA) and anti-
bodies against NF-�B were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). [�-32P]ATP (3,000 Ci/mmol)
was purchased from Amersham (Arlington Heights, IL).

Cell Culture and Experimental Protocol

The IEC-6 cell line was purchased from ATCC at passage
13. The cell line was derived from normal rat intestine and
was developed and characterized by Quaroni et al.17 IEC-6

cells originated from intestinal crypt cells as judged by
morphologic and immunologic criteria. They are nontu-
morigenic and retain the undifferentiated character of epi-
thelial stem cells.

Stock cells were maintained in T-150 flasks in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
5% heat-inactivated FBS with 1% antibiotic. Flasks were
incubated at 37°C in a humidified atmosphere of 95%
air/5% CO2. Stock cells were subcultured once a week at
1:2; medium was changed three times weekly. The cells
were restarted from original frozen stock. Passages 16 to 19
were used in the experiments. There were no significant
changes of biologic function and characterizations from
passages 15 to 20.

Monolayer Wounding and Measurement
of Migration

The protocol for the epithelial wounding model has been
described previously.18 Briefly, IEC-6 cells were plated at
6.25 � 104 cells/cm2 in DMEM plus 5% FBS on 60-mm
plates thinly coated with Matrigel and grown until conflu-
ent. The epithelium was scraped using a sterile 6-mm-wide
blade to create a smooth denuded wound, and cell migration
was allowed to occur over the denuded area for 6 hours. Cell
migration was measured by counting the cells in the de-
nuded area in a randomized, blinded fashion. Results are
reported as the number of cells per 1 mm of scratch.

Effect of TDCA on NF-�B Expression
and Activation

IEC-6 cells were plated at 6.25 � 104 cells/mm2 in
DMEM plus 5% FBS on 60-mm Matrigel-coated plates and
grown until confluent. The epithelium was scraped using a
sterile 6-mm-wide blade to create the wounded edge. Cul-
ture medium was changed to either control medium or
medium containing 0.05 mmol/L TDCA. Cells were har-
vested 6 hours later for Western analysis and nuclear protein
electrophoretic gel shift analysis.

Effect of TDCA and MG-132 on
Intestinal Cell Migration

IEC-6 cells were grown as above. Following the standard
wounding protocol, culture medium was changed immedi-
ately after wounding to either control medium or medium
containing MG-132 at a concentration ranging from 1 to 10
�mol/L in the presence and absence of varying concentra-
tions of TDCA. Cell migration was measured in a standard
fashion by counting the cells in a denuded area in a ran-
domized, blinded manner.

Western Blotting Analysis

Ten micrograms of cytoplasmic protein extracts was dis-
solved in SDS sample buffer, boiled for 5 minutes, and then
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subjected to electrophoresis on acrylamide gels according to
Laemmli.19 After 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 phosphate-buffered
saline/0.1% Tween 20 (PBS-T) overnight at 4°C. Immuno-
logic evaluation was performed for 1 hour in PBS-T con-
taining 0.2 �g/mL affinity-purified polyclonal antibodies
against NF-�B p65 subunit or I�B�. The blots were washed
with PBS-T and incubated for 1 hour with goat antirabbit
IgG antibody conjugated to peroxidase at a dilution of
1:3,000 in PBS-T. After extensive washing in PBS-T, the
blots were developed for 30 to 60 seconds with enhanced
chemiluminescence reagents.

Preparation of Nuclear Protein and
Electrophoretic Shift Assays

Nuclear proteins were prepared by the procedure de-
scribed previously,20 and the protein contents in nuclear
preparations were determined by the method described by
Bradford.21 Using the same cell culture methods, cells were
harvested at 2 and 8 hours after wounding for nuclear
protein extractions. The double-stranded oligonucleotides
used in these experiments included 5'-AGTTGAGGG-
GACTTTCCCAGGC-3', which contains a consensus NF-�B
binding site that is underscored. These oligonucleotides
were radioactively end-labeled with [�-32P]ATP and T4
polynucleotide kinase. For EMSA, 0.035 pmol 32P-labeled
oligonucleotides (�30,000 cpm) and 10 �g 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% glycerol, and 1
�g poly(dI-dC). The binding reactions were allowed to
proceed at room temperature for 20 minutes. Thereafter, 2
�L bromphenol blue (0.1% in water) was added, and pro-
tein–DNA complexes were resolved by electrophoresis on
nondenaturing 5% polyacrylamide gels and visualized by
autoradiography. The specificity of binding interactions was
assessed by competition with an excess of unlabeled dou-
ble-stranded oligonucleotide of identical sequence.

Gel supershift assays were accomplished by adding 1 �g
(in 1 �L) p65 supershift antibody to the reaction mixture
and incubating for an additional 30 minutes at room
temperature.

Immunohistochemical Staining

Immunohistochemical staining for NF-�B staining was
performed in IEC-6 cells by the indirect immunoperoxidase
method as described previously.22 The cells were incubated
with rabbit polyclonal antibody against the p65 subunit of
NF-�B at a dilution of 1:100 in PBS containing 1% FBS for
1 hour at room temperature, and then 1 hour of incubation
with biotinylated goat antirabbit IgG at a dilution of 1:500.
Nonspecific slides were incubated without antibody against
NF-�B. The bound antibody was visualized with avidin–

biotin complexes. The slides were counterstained with he-
matoxylin and mounted and viewed with a microscope.

Statistics

Values are given as means � SE from six dishes. Auto-
radiographed results were repeated. The significance of the
difference between means was determined by ANOVA. The
level of significance was determined using Duncan’s mul-
tiple range test.23

RESULTS

Effect of TDCA and Wounding on NF-�B
Protein Expression and NF-�B Cellular
Distribution

We have previously observed that bile salts enhance cell
migration in our injury model. We hypothesized that NF-�B
could be a mediator of this bile salt-stimulated effect. Figure
1 shows that both wounding the intestinal epithelial mono-
layer and the presence of a physiologic concentration of
TDCA (0.05 mmol/L) increased NF-�B proteins levels.
Further, the presence of TDCA after wounding the intestinal
epithelial monolayer synergistically stimulated NF-�B pro-
tein expression versus TDCA or wounding alone. The in-
crease in protein levels was noted 6 hours after injury or
exposure to TDCA.

NF-�B activation was noted 6 hours after wounding or
the addition of TDCA to media by nuclear localization of
NF-�B protein by immunohistochemistry. Immunohisto-
chemical staining showed that nuclear localization for the
p65 subunit of NF-�B was synergistically increased in the
presence of TDCA and wounding, relative to TDCA or
wounding alone. These data show that both wounding and
TDCA increase NF-�B protein expression and nuclear
translocation in intestinal epithelial cells. TDCA functions
synergistically with injury to increase NF-�B protein ex-
pression and nuclear translocation.

Changes in NF-�B Sequence-Specific
Binding Activity in Wounded and
Unwounded Cells

We studied the effect of intestinal injury on NF-�B
activation by measuring sequence-specific NF-�B binding
activity by EMSA. Cells harvested at 2 and 8 hours after
wounding showed that the process of cell migration over the
wounded area was associated with a significant increase in
NF-�B binding activity in IEC-6 cells. Increased NF-�B
binding occurred at 2 hours and continued to 8 hours after
injury (Fig. 2A). These data are concordant with our immu-
nohistochemical findings showing nuclear localization of
the p65 subunit of NF-�B.

We then characterized the effect of bile salt alone and in
conjunction with wounding on NF-�B nuclear binding. In-
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creased NF-�B activation occurred within 2 hours of expo-
sure of the IEC-6 cells to the TDCA (see Fig. 2B) and
persisted for 8 hours. Next we determined the effect of
TDCA and wounding together on NF-�B activation. Figure
2C shows that there was a synergistic effect on NF-�B
activation when wounding occurred in the presence of
TDCA. Thus, we concluded that TDCA increases intestinal
epithelial migration after injury by inducing NF-�B
activation.

Figure 1. Levels and cellular distribution of NF-�B protein in control
cells and cells treated with 0.05 mmol/L TDCA and wounding. (A) Rep-
resentative autoradiograms from cells exposed to TDCA and wounding
for 6 hours. Protein (10 �g) was applied to each lane and subjected to
electrophoresis and Western immunoblotting. NF-�B protein was iden-
tified by probing nitrocellulose with specific antibody described in text
and is indicated by NF-�B. (B) Quantitative analysis of Western blots by
densitometry for cells described in (A). Relative levels of NF-�B were
corrected for loading as measured by densitometry of �-actin. Blots
were repeated in triplicate. P � .05 versus controls. (C) Cellular distri-
bution of NF-�B 6 hours after treatment. Bound antibody (antip65 sub-
unit) was visualized with a, control; b, wounding; c, 0.05 mmol/L TDCA:
d, wounding and 0.05 mmol/L TDCA.

Figure 2. Changes in NF-�B sequence-specific binding activity in
wounded IEC-6 cells in the presence and absence of bile salts. (A)
Representative autoradiograms from control cells and cells 2 and 8
hours after wounding as described above. Nuclear extracts were pre-
pared from cells after wounding. Electrophoretic mobility shift assay
(EMSA) was performed using 10 �g nuclear protein and 0.035 pmol
32P-end-labeled oligonucleotides containing a single NF-�B. Positions
of the specifically bound DNA-protein binding complex are indicated.
(B) Effect of the addition of 0.05 mmol/L TDCA to the medium of IEC-6
cell on sequence-specific NF-�B binding activity measured by EMSA.
(C) Effect of 0.05 mmol/L TDCA and wounding on sequence-specific
NF-�B binding activity measured by EMSA 6 hours after the addition of
TDCA and wounding of the IEC-6 monolayer.
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To confirm that the measured NF-�B binding activity was
sequence-specific, competitive inhibition experiments were
performed. As shown in Figure 3, NF-�B binding activity in
wounded cells and cells exposed to TDCA was dose-depen-
dently inhibited when graded concentrations of the unla-
beled NF-�B oligonucleotide were added to the binding
reaction mixture. We also examined the effect of the labeled
oligonucleotide containing a mutated NF-�B binding site on
NF-�B binding activity and found that the NF-�B-labeled,
mutated oligonucleotide did not bind to the wounded IEC-6
cells or the IEC-6 cells exposed to TDCA. Further, the
supershift of NF-�B using specific antibody against the p65
subunit confirmed NF-�B binding specificity.

Effect of Wounding and Bile Salt on I�B
Expression

To determine how injury and the presence of bile salt
induce activation of NF-�B, we studied the effect of wound-
ing the intestinal epithelium in the presence and absence of
bile salt on I�B protein expression. I�B protein expression

was determined 6 hours after wounding with or without the
addition of bile salt. Figure 4 shows that wounding the
intestinal epithelial monolayer resulted in a decrease in I�B
protein expression, and the physiologic concentrations of
TDCA that increase intestinal cell migration also result in a
decrease in I�B protein expression. Further, the presence of
TDCA after wounding the intestinal epithelial monolayer
synergistically inhibited I�B protein expression versus
TDCA or wounding alone.

Effect of NF-�B Inhibition on IEC-6 Cell
Migration

MG-132 is a specific proteosome inhibitor that has been
used extensively to inhibit the NF-�B signaling path-
way.24–27 NF-�B is activated after degradation of phosphory-
lated cytosolic I�B by the proteosome complex. MG-132
inhibits the proteosome complex from degrading I�B after
phosphorylation, preventing release of NF-�B from I�B,
which in turn inhibits translocation of NF-�B into the nu-
cleus. Thus, NF-�B cannot induce transcription of its target

Figure 3. Changes in sequence-
specific binding activity in IEC-6
cells exposed to unlabeled and mu-
tant oligonucleotides containing a
single NF-�B binding site and su-
pershift of NF-�B using antibody to
the p65 subunit of the NF-�B het-
erodimer. (A) Effects of unlabeled
NF-�B oligonucleotide added to the
binding reaction mixture as a cold
competitor on NF-�B binding activ-
ity. a, Representative autoradio-
grams from control cells. b, Repre-
sentative autoradiograms from cells
6 hours after wounding. c, Repre-
sentative autoradiograms from cells
treated with 0.05 mmol/L TDCA for
6 hours. (B) Sequence-specific
binding of labeled normal versus la-
beled mutated oligonucleotides to
the NF-�B binding site. (C) NF-�B
supershift using the p65 antibody to
control and wounded IEC-6 cells 6
hours after wounding. Supershift
against unwounded IEC-6 cells
(control), 6 hours after wounding
(wound), 6 hours after the addition
of 0.05 and 0.5 mmol/L TDCA (0.05
and 0.5, respectively), and 6 hours
after the addition of 0.05 mmol/L
TDCA and wounding (0.05 �W)
with (�) and without (-) p65 super-
shift antibody.

498 Strauch and Others Ann. Surg. ● April 2003



genes. To confirm the role of NF-�B activation in the
process of IEC-6 cell migration after injury in the presence
and absence of bile salts, this potent and specific inhibitor of
NF-�B, MG-132, was used. Addition of MG-132 to the
medium 1 hour before wounding inhibited NF-�B activa-
tion in a dose-dependent manner (Fig. 5A). Furthermore,
histologic evaluation revealed there was no toxic effect to
the IEC-6 cells in the presence of 1 and 10 �mol/L MG-132.
Significantly, MG-132 at both 1 and 10 �mol/L also sig-
nificantly inhibited IEC-6 cell migration in a dose-depen-
dent manner (see Fig. 5B). These findings suggest that the
NF-�B signaling pathway plays an important role in the
regulation of cell migration after injury.

Last, we evaluated the effect of NF-�B blockade on bile
salt-stimulated migration. MG-132 was added to the me-
dium 1 hour before wounding IEC-6 cells in the presence of
0.05 mmol/L TDCA. Figure 5C shows that TDCA increased
cell migration versus control and that this effect was inhib-
ited in the presence of MG-132. These findings show that
NF-�B activation is required for intestinal epithelial cell
migration after injury and physiologic concentrations of the
bile salt TDCA.

DISCUSSION

NF-�B is a ubiquitous transcription factor found in the
intestinal epithelium that is activated by a variety of agents,
including phorbol esters IL-1, TNF-�, lipopolysaccharide,
double-stranded RNA, cAMP, bacteria, and viral transacti-
vators.6 After activation NF-�B is translocated into the
nucleus and regulates transcription of cellular genes impli-

Figure 4. Levels of I�B protein in control cells and cells treated with
0.05 and 0.1 mmol/L TDCA and wounding. (A) Representative autora-
diograms from cells exposed to TDCA and wounding for 6 hours. Pro-
tein (10 �g) was applied to each lane and subjected to electrophoresis
and Western immunoblotting. I�B protein was identified by probing
nitrocellulose with specific antibody to I�B� described in text and is
indicated by I�B. (B) Quantitative analysis of Western blots by densi-
tometry for cells described in (A). Relative levels of I�B were corrected
for loading as measured by densitometry of �-actin. Blots were re-
peated in triplicate. *P � .05 versus controls, **P � .05 versus wound-
ing alone or TDCA alone.

Figure 5. Effect of NF-�B inhibition on IEC-6 cell migration. (A) Effect
of the proteosome inhibitor MG-132 added to the medium 1 hour
before wounding on sequence-specific NF-�B binding activity using
EMSA in IEC-6 cells 4 hours after wounding. (B) Effect of the proteo-
some inhibitor MG-132 on IEC-6 cell migration 6 hours after wounding.
MG-132 was added 1 hour before wounding. Cell migration was as-
sayed 6 hours after removal of part of cell layer. Values are mean � SE
from 6 dishes. *P � .05 compared with control group. (C) Effect of 1 �M
MG-132 on IEC-6 cell migration 6 hours after wounding in the presence
of 0.05 mmol/L TDCA. MG-132 was added 1 hour before wounding.
Cell migration was assayed 6 hours after removal of part of cell layer.
Values are mean � SE from 6 dishes. *P � .05 compared with control
group; #P � .05 compared with TDCA alone.
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cated in early inflammatory responses. In the present study
we found that NF-�B is activated after intestinal epithelial
injury, and inhibition of NF-�B activation by the proteo-
some inhibitor MG-132 significantly decreases cell migra-
tion after injury. Thus, NF-�B regulates intestinal restitution
after injury.

While the primary role of bile salts is to facilitate lipid
absorption, diverse cellular effects have also been reported.
Bile salts are physiologically active components within the
gastrointestinal lumen. Reflux of bile salts into the esopha-
gus causes mucosal injury and is implicated in the devel-
opment of reflux esophagitis.28 Conversely, bile salts at low
concentrations stimulate proliferation of the colonic epithe-
lium and are involved in the regulation of colonic mucosal
growth.14,29–32 Previously, we showed that the bile salt
TDCA at physiologic concentrations stimulates intestinal
epithelial migration after injury.12 In this study we have
shown that TDCA activates NF-�B during this stimulation,
as evidenced by a reduction of cytoplasmic I�B, transloca-
tion of NF-�B into the nucleus, and DNA binding. Further-
more, inhibition of NF-�B activation significantly inhibits
intestinal cell migration in the presence of TDCA. There-
fore, NF-�B regulates intestinal epithelial cell migration
following injury and cell migration induced by bile salts.

Our data cannot address the question of signal transduc-
tion by which either TDCA or wounding initiates NF-�B
activation. Hsu et al.33,34 have characterized TNF-�-in-
duced NF-�B activation in enterocytes. They identified
scaffolding and adapter proteins that transmit extracellular
signals inside the cells. TNF-� stimulates the TNF recep-
tor-1 (TNFR1) to trimerize and recruit the TNF receptor-
associated factor and the receptor interacting protein to the
cytoplasmic portion of the TNFR1. The signal is transmitted
to the NF-�B-inducing kinase, which activates the IKK,
resulting in degradation of the NF-�B inhibitor I�B and
allowing NF-�B activation. Similarly, IL-1� activates
NF-�B through a signaling cascade that requires the partic-
ipation of IL-1 receptor accessory protein, MyD88, and IL-1
receptor-associated kinase to associate with and activate
TRAF-6, where the signal is transmitted to NIK, which
activates the IKK complex.35–38

Our studies have shown that both wounding the intestinal
epithelium and bile salt at physiologic concentrations acti-
vate NF-�B and stimulate cellular migration. These data
suggest a physiologic role for luminal bile salts in small
intestinal mucosal repair in vivo, although our observations
to date are limited to this in vitro model. Free bile salts,
including the conjugated bile salts TDCA and chenodeoxy-
cholic acid, as well as unconjugated bile salts such as
deoxycholic acid are found in the lumen of the gastrointes-
tinal tract throughout the small bowel. The precise concen-
trations of these compounds at the luminal surface are
highly variable and difficult to quantitate, but they can range
from near zero to 2 to 3 mmol/L.13

Activation of NF-�B does not uniformly stimulate intes-
tinal epithelial restitution. TNF-� has been shown to in-

crease NF-�B activation in intestinal epithelial cells,4,5 but
TNF-� does not enhance intestinal epithelial migration after
injury.39 IL-1�, which also activates NF-�B, does increase
intestinal epithelial cell migration after injury.39 Clearly,
NF-�B is involved in the regulation of intestinal epithelial
cell migration, but activation of NF-�B alone does not
augment intestinal migration after injury.

TGF-� is one growth factor that has been identified as
necessary for intestinal cell migration.40–45 Inhibition of
TGF-� function with anti-TGF-� antibody inhibits intesti-
nal cell migration after injury. We have shown previously
that the bile salt TDCA at physiologic concentrations aug-
ments intestinal epithelial cell migration by increasing
TGF-� expression,12 an effect that also is inhibited by
anti-TGF-� antibody. In this study, TDCA at the same
concentration was noted to activate NF-�B, demonstrating
that NF-�B is a signaling pathway for bile salt-stimulated
epithelial migration. Further studies will define if the
NF-�B signaling we have observed leads to TGF-� gene
transcription in our model.

In summary, wounding the intestinal epithelium increases
NF-�B activation, which stimulates intestinal epithelial cell
migration after injury. Similarly, the bile salt TDCA aug-
ments intestinal epithelial cell migration at physiologic con-
centrations by activating NF-�B. Furthermore, the effect of
bile salt on NF-�B expression, translocation into the nu-
cleus, and DNA-specific binding acts synergistically with
the effect of direct injury of the intestinal epithelium to
activate NF-�B. Thus, bile salt has a beneficial effect during
intestinal epithelial restitution at least partially through the
activation of NF-�B. Further characterization of the role of
bile salts and NF-�B during intestinal epithelial injury and
repair may lead to novel strategies to enhance mucosal
repair.
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