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Critical Roles of Notch and Wnt/B-Catenin Pathways in the
Regulation of Hyperplasia and/or Colitis in Response to Bacterial
Infection

Ishfag Ahmed,® Parthasarathy Chandrakesan,® Ossama Tawfik, Lijun Xia,® Shrikant Anant,® and Shahid Umar®

Departments of Molecular and Integrative Physiology® and Anatomic and Surgical Pathology, University of Kansas Medical Center, Kansas City, Kansas, USA; Division of
Digestive Diseases, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA®; and Cardiovascular Biology Research Program, Oklahoma Medical
Research Foundation, Oklahoma City, Oklahoma, USA®

Notch and Wnt/B-catenin signals play essential roles in intestinal development and homeostasis. Citrobacter rodentium induces
transmissible murine colonic hyperplasia (TMCH) and various degrees of inflammation, depending upon the genetic back-
ground. We aimed at delineating the role of the Notch and Wnt/f3-catenin pathways in the regulation of colonic crypt hyperpla-
sia and/or colitis following C. rodentium infection. During TMCH, relative levels of the Notch intracellular domain (NICD) in-
creased significantly, along with increases in Jagged-1 and Hes-1 coinciding with the progression and regression phases of
hyperplasia. Blocking of Notch signaling with dibenzazepine (DBZ) for 5 days before the onset of hyperplasia also blocked Wnt/
[3-catenin signaling. Targeting the Notch pathway for 5 days after the onset of hyperplasia failed to inhibit Wnt/3-catenin-regu-
lated crypt hyperplasia. Chronic DBZ administration for 10 days blocked both Notch and Wnt signaling, disrupted the intestinal
barrier, and induced colitis. Core-3~'~ mice, which are defective in mucin secretion and are susceptible to experimental triggers
of colitis, also exhibited significant colitis in response to C. rodentium plus DBZ. Chronic DBZ administration in these mice did
not result in depletion of the putative stem cell marker doublecortin-like kinase-1 (DCLK1) in the crypts. Dietary bael (Aegle
marmelos) extract (4%) and curcumin (4%) restored signaling via the Notch and Wnt/f3-catenin pathways, thereby promoting
crypt regeneration, and also replenished the mucus layer, leading to amelioration of C. rodentium- and DBZ-induced colitis in

NIH:Swiss mice. Thus, the balancing act between cell proliferation and mucus production to restore barrier integrity seems to
depend upon the interplay between the Wnt/B-catenin and Notch pathways in the TMCH model.

he Notch signaling pathway is a key determinant of intestinal

epithelial cell self-renewal and of allocation of these cells to
specific differentiation lineages (29). In mammals, four Notch
genes are expressed, each of which encodes a single-pass trans-
membrane receptor (Notchl to [hyphen]4). Each Notch receptor
can be activated by cell membrane-associated ligands belonging to
the Jagged and Delta-like families. Upon ligand binding, Notch
receptors are ultimately cleaved by y-secretase and other pro-
teases, thereby facilitating nuclear translocation of the Notch in-
tracellular domain (NICD) to regulate transcription of down-
stream target genes such as the hairy and enhancer of split (Hes)
gene and Hey family members (8). Hes-1 is a basic helix-loop-
helix (bHLH) transcriptional repressor induced by the Notch sig-
nal, while mouse atonal homolog 1 (Math-1) (8) is another bHLH
transcription factor and is repressed by Hes-1.

Conditional gut-specific inactivation of the DNA binding pro-
tein RBP-Jk (recombination signal sequence-binding protein Jk),
which mediates signaling by all four Notch receptors, results in a
complete loss of proliferating crypt progenitors and their conver-
sion into postmitotic goblet cells. Similarly, rodents treated with
the y-secretase inhibitor dibenzazepine (DBZ) display a huge in-
crease in goblet cell numbers in the gut, thereby mimicking the
phenotype of RBP-Jk mice (33). Conversely, transgenic overex-
pression of NICD results in a block of secretory cell differentia-
tion, leading to expansion of immature progenitors. Thus, Notch
signaling acts as a gatekeeper of the gut progenitor compartment;
however, its role in tissue regeneration following intestinal dam-
age is less well understood.

The Wnt signaling pathway plays a crucial role during devel-
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opment of different tissues and organisms. A multiprotein com-
plex including the adenomatosis polyposis coli (APC) protein,
axin, and glycogen synthase kinase 3 (GSK-33) regulates
B-catenin protein levels. Activation of canonical Wnt signaling
results in GSK-3 inhibition, stabilization and nuclear accumula-
tion of B-catenin, and subsequent activation of lymphoid en-
hancer factor/T cell factor (LEF1/TCF) target genes (24). Canon-
ical Wnt target genes such as c-myc, cyclinD1, MMP7, Tcfl, and
EphB2, in addition to the Notch target gene hes!, have increased
expression in the tumors of these mice (31). Thus, accurate coor-
dination of Notch and Wnt signals is indispensable for the main-
tenance of intestinal homeostasis, since perturbation in these
pathways may lead to inflammation or tumorigenesis.

The epithelium and the mucus layer in the intestinal tract form
a physical barrier between the potential toxic and noxious agents
present in the gut lumen and the underlying tissues. During in-
flammatory bowel disease (IBD), contact between intestinal bac-
teria and mucosal surfaces may trigger and perpetuate colonic
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inflammation (19). Mouse colonic mucus, which is secreted by
goblet cells, consists of two layers extending 150 wm above the
epithelial cells. The inner layer is densely packed, firmly attached
to the epithelium, and devoid of bacteria. In contrast, the outer
layer is movable, has an expanded volume due to proteolysis of
the Muc-2 mucin, and is colonized by bacteria (11). Alterations in
the properties of mucus are well documented for IBD (20), but the
pathogenic relevance of these changes remains elusive. We hy-
pothesized that a lack of critical signaling via the Notch and Wnt/
B-catenin pathways to regenerate colonic crypts and the altered
mucosal barrier contribute to disease pathogenesis following bac-
terial infection. This hypothesis was tested in an in vivo model of
hyperproliferation and hyperplasia of the colonic crypts.

Transmissible murine colonic hyperplasia (TMCH), caused by
Citrobacter rodentium, results in increased proliferation of crypt
epithelial cells in the distal colon in adult mice of many outbred
stocks, without associated injury or significant histological in-
flammation (2). In genetically susceptible inbred strains, however,
retarded growth, diarrhea, dehydration, coat ruffling, hunched
posture, and high mortality have been reported (30). Utilizing the
C. rodentium-induced TMCH model, we have previously shown
significant activation of Wnt/B-catenin (23, 24, 28) and NF-kB (5,
34) signaling in the colonic crypts. We also showed that TMCH is
diet sensitive, as dietary pectin (6%) as a source of butyrate signif-
icantly abrogated hyperplasia and blocked increases in NF-kB ac-
tivity (5) and B-catenin levels (26). More recently, we have shown
that dietary modulation of NF-kB activity via pectin and curcu-
min (Cur), the active ingredient of the dietary spice turmeric,
increases mucosal regeneration in vivo following C. rodentium in-
fection-induced colitis by therapeutically targeting cell death and
promoting cell survival in genetically susceptible C3H/HeNsd
mice (6). In this study, we investigated evidence of Notch signal-
ing during TMCH and whether the Notch and Wnt/B-catenin
pathways work in tandem to regulate hyperplasia and/or colitis in
response to C. rodentium infection. We have also shown previ-
ously that Aegle marmelos (bael), a medicinal plant from India, has
potent anticancer properties (25). Similarly, curcumin has antivi-
ral, antioxidant, and anti-inflammatory properties (22). In the
current study, therefore, we tested if dietary intervention through
curcumin or bael extract (BE) would affect the two signaling
pathways to facilitate crypt regeneration following C. rodentium-
induced pathogenesis.

MATERIALS AND METHODS

Mice. Male Helicobacter-free NIH:Swiss mice were procured from Harlan
Laboratories, Inc. Core-3"/" mice lacking 3-1,3-N-acetylglucosaminyl-
transferase (C3GnT), an enzyme predicted to be important in the synthe-
sis of core-3-derived O-glycans, were generated by targeted homologous
recombination in murine CJ7 embryonic stem cells (129/Svlm]J origin) by
use of previously described methods (1). Disruption of the C3GnT gene
eliminates core-3-derived O-glycans, the primary components of the in-
testinal mucus layer that overlies the gastrointestinal epithelium. Core-
37/~ mice are highly susceptible to experimental triggers of colitis and
colorectal adenocarcinoma (1). As control groups, either littermates or
wild-type (WT) mice of identical background were used. Animal studies
were approved and conducted in accordance with IACUC guidelines.
TMCH, diets, and treatment with the y-secretase inhibitor DBZ.
TMCH was induced in NIH:Swiss and core-3 /"~ mice by oral inoculation
with a 16-h culture of C. rodentium (10® CFU) (biotype 4280; ATCC),
identified as pink colonies on MacConkey agar, as previously described (5,
6, 23, 24, 26, 28, 34). Biotype 4280 is a unique mouse-specific strain that
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adheres to mature surface colonocytes within the distal colon to induce
histopathological changes known as attaching and effacing lesions (2).
Adherent bacteria were assayed using reverse transcription-PCR (RT-
PCR) analysis of bacterial intimin in whole-tissue extracts (26). Age- and
sex-matched control mice received sterile culture medium only. To block
Notch signaling in vivo, we used a cell-permeable inhibitor of y-secretase
(DBZ) (33) (EMD Chemicals, Inc.). DBZ was finely suspended in 0.5%
(wt/vol) hydroxypropylmethylcellulose (HPMC) and 0.1% (wt/vol)
Tween 80 in water and given to mice intraperitoneally (at 10 pmol/kg of
body weight) either for 5 consecutive days beginning at 2 days or 7 days
postinfection or for 10 consecutive days beginning at 2 days post-C. ro-
dentium infection. For dietary intervention, mice were randomized to
receive either a control AIN-93 diet synthesized by Harlan Teklad (Mad-
ison, WI) or a 4% curcumin and/or 4% bael extract diet. All dietary inter-
ventions began at 2 days post-C. rodentium infection as described previ-
ously (6, 26). Animals were euthanized at 0, 6, or 12 days postinfection,
and distal colons were removed to isolate crypts as described previously
(5,6,23,24, 26,28, 34). Briefly, distal colons were attached to a paddle and
immersed in Ca®*-free standard Krebs-buffered saline (107 mmol/liter
NaCl, 4.5 mmol/liter KCI, 0.2 mmol/liter NaH,PO,, 1.8 mmol/liter
Na,HPO,, 10 mmol/liter glucose, and 10 mmol/liter EDTA), gassed with
5% CO, and 95% O,, at 37°C for 10 to 20 min. Individual crypt units were
then separated from the submucosa/musculature by intermittent (30 s)
vibration in ice-cold potassium gluconate-HEPES-saline (100 mmol/liter
potassium gluconate, 20 mmol/liter NaCl, 1.25 mmol/liter CaCl,, 1
mmol/liter MgCl,, 10 mmol/liter HEPES, 10 mmol/liter glucose, and 5
mmol/liter sodium pyruvate) and 0.1% bovine serum albumin (BSA).
The isolated crypts were processed for biochemical and molecular assays.

RNA extraction and semiquantitative and real-time PCRs. Total
RNA was extracted from isolated colonic crypts by using Trireagent. Total
c¢DNA was synthesized by using Superscript II polymerase and random
primers. Gene products specific to Hes-1, Math-1, and Muc-2 were iden-
tified by performing semiquantitative PCR using a 1/20 dilution of the
cDNA. For each gene product, the amplification cycle number was chosen
empirically within the linear range. Primer sequences and PCR product
sizes are provided in Table S1 in the supplemental material. The PCR
products were separated by polyacrylamide gel electrophoresis (PAGE)
and visualized by ethidium bromide staining of the gels under UV light.
Gel data were recorded with a Bio-Rad FluorS imaging system, and rela-
tive densities of the bands were determined with Quantity One software
(Bio-Rad, Hercules, CA). Gene expression was normalized with (3-actin
expression. Total RNA samples were also subjected to real-time PCR with
SYBR chemistry (SYBR green I; Molecular Probes, Eugene, OR) for am-
plification of specific transcripts by use of gene-specific primers and
Jumpstart Tag DNA polymerase (Sigma-Aldrich, St. Louis, MO). The
crossing threshold value assessed by real-time PCR was noted for the
transcripts and normalized with that of B-actin mRNA. Changes in
mRNA levels are expressed as mean fold changes relative to the control =
standard errors of the means (SEM).

Luciferase reporter gene assay. Transfection experiments were car-
ried out using Lipofectamine 2000 reagent (Invitrogen Life Technologies)
according to the manufacturer’s instructions. Young adult mouse colonic
(YAMC) cells were seeded in 24-well plates at a density of 2 X 107 cells per
well and maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 2 mM glutamine, 50 pg/ml gentamicin, 100 units/ml pen-
icillin, 100 pg/ml streptomycin, and 5 units/ml gamma interferon
(IFN-v) in a humidified incubator with 5% CO, at 33°C. For experiments,
cells were incubated at 33°C in IFN-y-containing medium for 24 h and
then transferred to 37°C in IFN-vy-free RPMI 1640 medium for 24 h. For
transient-transfection reactions, cells were cotransfected with a Tcf-4 re-
porter plasmid (TOPFlash) or a plasmid encoding a mutant Tcf binding
site (FOPFlash) along with the pRL-TK Renilla vector as an internal con-
trol. At 24 h posttransfection, cells were infected with C. rodentium at a
multiplicity of infection (MOI) of 90 or incubated in medium alone (as a
control) for 3 h at 37°C in 5% CO,. After 3 h, the medium was changed
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and replaced with fresh medium plus antibiotics to ensure the complete
absence of live bacteria. Cells were then treated with either vehicle or DBZ
(0.1 wM) for 48 h. Luciferase activity was determined with a luminometer,
and the values were normalized to the internal control. All transfection
experiments were repeated at least three times.

Western blotting. Total crypt cellular or nuclear extracts (30 to 100 p.g
protein/lane) were subjected to SDS-PAGE and electrotransferred to a
nitrocellulose membrane. The efficiency of electrotransfer was checked by
back staining gels with Coomassie blue and/or by reversible staining of the
electrotransferred proteins directly on the nitrocellulose membrane with
Ponceau S solution. No variability in transfer was noted. Destained mem-
branes were blocked with 5% nonfat dried milk in Tris-buffered saline
(TBS) (20 mM Tris-HCl and 137 mM NaCl, pH 7.5) for 1 h at room
temperature (21°C). Antigenicity was detected by incubating the mem-
branes overnight with the appropriate primary antibodies (0.5 to 1.0
pg/ml in TBS containing 0.1% Tween 20 [TBS-Tween]; Sigma). After
being washed, membranes were incubated with horseradish peroxidase
(HRP)-conjugated anti-goat, anti-mouse, or anti-rabbit secondary anti-
body and developed using the ECL detection system (Amersham Biosci-
ences) according to the manufacturer’s instructions.

Histology and histological colitis scores. For histology, tissues were
freshly harvested from mice and fixed with 10% neutral buffered formalin
or in Carnoy’s fixative (60% methanol, 30% chloroform, and 10% acetic
acid) prior to paraffin embedding. Paraffin-embedded sections (5 pwm)
were stained with hematoxylin and eosin (H&E) for gross morphology
and with Alcian blue to detect goblet cells. The pictures were obtained
with an Eclipse E1000 microscope (Nikon). We determined the histolog-
ical score according to the following criteria: 0, no signs of inflammation;
1, low level of leukocyte infiltration; 2, moderate level of leukocyte infil-
tration; 3, high level of leukocyte infiltration, high vascular density, and
thickening of bowel wall; and 4, transmural infiltrations, loss of goblet
cells, high vascular density, and strong bowel wall thickening.

Immunohistochemistry. Immunohistochemistry to detect CD3, F4/
80, Hes-1, claudin-5, and Ki-67 was performed on 5-pm-thick paraffin-
embedded sections prepared from distal colons of uninfected normal
mice and C. rodentium-infected or C. rodentium-infected and DBZ-
treated mice by utilizing the HRP-labeled polymer conjugated to a sec-
ondary antibody, using Envision+ System HRP (DAB; DakoCytomation,
Carpinteria, CA) with microwave accentuation as described previously (5,
6, 27). Antibody controls included either omission of the primary anti-
body or detection of endogenous IgG staining with goat anti-mouse or
anti-rabbit IgG (Calbiochem, San Diego, CA). Visualization was carried
out using either light microscopy (immunohistochemistry) or confocal
microscopy.

Electron microscopy. Samples of distal colons from uninfected nor-
mal mice or C. rodentium-infected or C. rodentium-infected and DBZ-
treated mice were minced into small cubes, fixed in 4% paraformaldehyde
and 2% glutaraldehyde in cacodylate buffer (0.1 M sodium cacodylate, pH
7.6) overnight at room temperature, and postfixed in 1% osmium tetrox-
ide for 90 min. The fixed tissues were dehydrated through a graded series
of ethanols, embedded in Epon-araldite resin, and maintained for 48 h at
60°C for polymerization. Ultrathin (100 nm) sections cut on a Leica UC-6
ultramicrotome were placed on glow-discharged 300-mesh copper grids
and stained with uranyl acetate and Sato’s lead to enhance contrast. Ul-
trathin sections were examined with a Hitachi H-7600 electron micro-
scope.

FITC-D assay. An in vivo permeability assay to assess epithelial barrier
function was performed using fluorescein isothiocyanate-dextran
(FITC-D) as described previously (16). Briefly, food was withdrawn for
4 h from 5- to 6-week-old mice in various groups, and animals were
subjected to gavage with 80 mg FITC-D/100 g body weight (molecular
weight of FITC-D, 4,000; Sigma-Aldrich). Serum was collected at the time
of euthanasia, blood cells were removed by centrifugation, and the fluo-
rescence intensity of each sample was measured with a fluorimeter (exci-
tation wavelength, 492 nm; emission wavelength, 525 nm) (FLUOstar
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Galaxy 2300; BMG Labtech, Durham, NC). FITC-D concentrations were
determined from standard curves generated by serial dilution of FITC-D,
and permeability was calculated by linear regression of sample fluores-
cence (Excel 5.0; Microsoft).

Statistical analysis. All experimental results are expressed as mean
values * standard errors. Statistical analyses of all studies were performed
using unpaired, two-tailed Student’s ¢ tests and one-way analysis of vari-
ance (ANOVA) for multiple-group comparisons (Prism 5; GraphPad, San
Diego, CA). P values of <0.05 were considered significant.

RESULTS

Evidence of Notch signaling in TMCH. Utilizing the TMCH
model, we recently characterized days 6 and 12 post-C. rodentium
infection as “progression” of hyperplasia and days 20 through 34
postinfection as “regression” of hyperplasia (5). In the current
study, during analyses of the Notch pathway, relative levels of
NICD in colonic crypt extracts were increased significantly at day
6 compared to those for uninfected controls and peaked by day 12
(Fig. 1A, panel i), thereby correlating with peak hyperplasia (24).
Atdays 20, 27, and 34, a declining trend consistent with regression
of hyperplasia was observed (Fig. 1A, panels i and ii). We next
determined the relative mRNA expression of both Hes-1 and
Math-1 in the distal colonic crypts of uninfected or C. rodentium-
infected mice. Total RNA samples subjected to real-time RT-PCR
exhibited significant upregulation of Hes-1 mRNA at day 6, which
peaked by day 12 before going through a declining phase at days
20, 27, and 34 (Fig. 1B). Math-1 mRNA levels, on the other hand,
exhibited significant expression in uninfected controls, with se-
quential decreases at days 6 and 12 of TMCH (Fig. 1B). Interest-
ingly, Math-1 expression gradually increased at days 20, 27, and
34, in contrast to Hes-1 expression, and coincided with regression
of hyperplasia (5, 24). We next analyzed components of the Notch
pathway at the protein level. In the crypt cellular extracts, relative
levels of Jagged-1 were undetectable for uninfected controls (Fig.
1Ci). A sequential increase starting at day 6, followed by an ~6-
fold increase at day 12, accompanied C. rodentium-induced peak
hyperplasia (Fig. 1Ci). At day 20, however, a 50% decrease in the
cellular abundance of this protein followed the declining trend at
days 27 and 34 of TMCH (Fig. 1Ci). In nuclear extracts, Hes-1
levels were increased significantly at day 6 and profoundly at day
12 compared to those in uninfected controls and remained ele-
vated to significant levels at days 20 and 27 before declining by day
34 (Fig. 1Ci). Math-1 levels in the crypt nuclear extracts increased
significantly in uninfected control mice compared to the levels
recorded at days 6 and 12 (Fig. 1Ci). At days 20, 27, and 34, how-
ever, a gradual increase in Math-1 protein levels was recorded
(Fig. 1Ci and ii). During immunostaining for Hes-1, a few scat-
tered cells along the length of the colonic crypt exhibited nuclear
staining in uninfected controls (Fig. 1D). At day 6, and particu-
larly at day 12, intense nuclear immunoreactivity extending
throughout the longitudinal crypt axis was recorded (Fig. 1D). At
days 20, 27, and 34, a downward trend of Hes-1 immunoreactivity
was observed (Fig. 1D). Thus, activation of the Notch pathway
during TMCH may be integral to the regulation of crypt hyper-
proliferation/hyperplasia in response to C. rodentium infection.
Consequence of blocking Notch signaling in vive. We next
designed experiments to block Notch signaling in vivo through the
y-secretase inhibitor DBZ. The approach to blocking Notch sig-
naling was 2-fold: (i) to target the Notch pathway before and after
the onset of hyperplasia and (ii) to block Notch signaling chroni-
cally to see if hyperplasia was abrogated. Acute (5 days) treatment
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FIG 1 Evidence of Notch signaling in the TMCH model. (A) Relative levels of NICD in colonic crypt cellular extracts prepared from uninfected normal (N)
NIH:Swiss mice and infected NIH:Swiss mice at days 6 to 34 postinfection are shown as Western blots (i) and a bar graph (ii). *, P < 0.05 versus controls; n =
3 independent experiments. (B) Real-time RT-PCR. Total RNAs were isolated from the crypts of the animals described for panel A and subjected to real-time
RT-PCR for the indicated genes. *, P < 0.05 versus controls; **, P < 0.05 versus day 12; O, P < 0.05 versus controls; 00, P < 0.05 versus day 12; n = 3 independent
experiments. (C) Relative levels of Jagged-1, Hes-1, and Math-1 in the colonic crypts of uninfected normal (N) NIH:Swiss mice and infected NIH:Swiss mice at
days 6 to 34 postinfection are shown as Western blots (i) and a bar graph (ii). *, P < 0.05 versus controls; **, P < 0.05 versus day 12; ®, P < 0.05 versus controls; @@,
P < 0.05 versus day 12; n = 3 independent experiments. (D) Paraffin-embedded sections showing percentages of cells stained for Hes-1. Bars = 100 wm; n = 3
independent experiments.
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with DBZ beginning on the 2nd day of C. rodentium infection (i.e.,
before the onset of hyperplasia) (24) caused a significant increase
in goblet cells compared to the level with vehicle alone (Fig. 2B),
without any gross change in morphology (Fig. 2A), and inhibited
crypt hyperplasia (Fig. 2C). These changes were associated with
decreases in NICD (Fig. 2D, panels i and ii) and in mRNA and
protein levels of Hes-1 (Fig. 2E, panels i and ii, and F, panels i and
ii), B-catenin (Fig. 2F, panels i and ii), and Jagged-1 (Fig. 2F,
panels i and ii) and with upregulation of Math-1 (Fig. 2E, panels i
and ii, and F, panels i and ii). Acute DBZ treatment beginning on
the 7th day of C. rodentium infection (i.e., after the onset of hy-
perplasia) (5, 24) followed by euthanasia at day 12 also increased
goblet cells and inhibited NICD compared to the levels with vehi-
cle alone, leading to inhibition of Notch signaling in colonic crypts
(Fig. 2D to F). Interestingly, late blocking of Notch signaling did
not inhibit B-catenin, Jagged-1, or crypt hyperplasia.

In the second approach, where animals were given DBZ for 10
consecutive days beginning on the 2nd day of C. rodentium infec-
tion followed by euthanasia at day 12, we observed a blockade of
both Notch and Wnt signaling. C. rodentium infection alone led to
significant crypt hyperplasia (Fig. 3A), with an almost complete
loss of goblet cells (Fig. 3B), as reported earlier (2). In response to
chronic DBZ administration, goblet cells increased dramatically
(Fig. 3B), with a concomitant blockade of NICD generation (Fig.
3C, panel i) leading to inhibition of Hes-1 at the mRNA (Fig. 3C,
panel ii) and protein (Fig. 3D, panel i) levels. On the other hand,
Math-1 mRNA and protein levels increased significantly in crypts
from DBZ-treated mice (Fig. 3C, panel ii, and D, panel i). We next
investigated the effects of chronic Notch inhibition on compo-
nents of the Wnt pathway. Chronic DBZ treatment also blocked
increases in both B-catenin phosphorylated at Ser-552 (active
B-catenin) (24) and total B-catenin (Fig. 3D, panel ii), leading to
downregulation of the downstream targets Jagged-1 (Fig. 3D,
panel i) and cyclin D1 (Fig. 3D, panel ii), respectively, coinciding
with abrogation of hyperplasia (Fig. 3F). To directly establish a
link between the Notch and Wnt pathways, we next studied the
transcription of B-catenin/Tcf target genes in YAMC cells in re-
sponse to C. rodentium infection and following DBZ treatment.
YAMC cells were transfected with luciferase reporter plasmids
encoding either wild-type (TOPFlash) or mutant (FOPFlash) Tcf
binding sites along with a Renilla luciferase plasmid. Subsequent
C. rodentium infection increased 3-catenin-dependent TOPFlash
reporter activity, while DBZ treatment led to an ~55% reduction
in reporter activity, suggesting a link between the two pathways
(Fig. 3E). At the same time, neither C. rodentium nor C. rodentium
plus DBZ had any effect on FOPFlash reporter activity (Fig. 3E).
Interestingly, in response to chronic Notch inhibition, we also
observed significant colitis in otherwise colitis-resistant NIH:
Swiss mice: C. rodentium-infected mice receiving DBZ for 10 days,
in contrast to those receiving C. rodentium alone, had dilated and
thickened walls with significant ulceration and bleeding, as well as
increases in colon weight (Fig. 4A and B). Transmission electron
microscopy revealed a significant bacterial presence at the luminal
surface in untreated C. rodentium-infected mice compared to C.
rodentium-infected mice receiving DBZ (Fig. 4C). In sections
from C. rodentium-infected and DBZ-treated mice, however,
while fewer bacteria were seen at the surface, they could be seen
reaching the epithelium and were detected deep down and along
the sides of the crypts (Fig. 4C). This is consistent with studies of
Muc-2"/" mice, which exhibit significant bacterial translocation,
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slow growth, and spontaneous colitis by 7 weeks of age (11). In the
current study, further evaluation of the colons of C. rodentium-
infected and DBZ-treated mice showed high levels of leukocyte
and polymorphonuclear leukocyte (PMN) infiltration. Figure 4Di
shows representative images of H&E-stained sections, while Fig.
4Dii illustrates the average histological scores. During staining
with Alcian blue, which recognizes acidic carbohydrates, DBZ-
treated mice had a disrupted mucinous gel layer compared to
untreated C. rodentium-infected mice (Fig. 4Ei, arrows), and they
also exhibited a significant increase in serum FITC-dextran com-
pared to untreated C. rodentium-infected mice (Fig. 4Eii), indicat-
ing increases in paracellular permeability. To link these changes to
disruption of tight junctions, several proteins involved in tight
junction formation and maintenance were investigated. We ob-
served significant decreases in transmembrane claudins 2 and 5,
along with a loss of the peripheral ZO-1 and ZO-2 proteins, in
crypts from C. rodentium-infected and DBZ-treated mice com-
pared to those from untreated C. rodentium-infected mice (Fig.
4F). Immunohistochemistry also revealed a significant reduction
in claudin-5 staining in sections from C. rodentium-infected and
DBZ-treated mice compared to those from untreated C. roden-
tium-infected mice (Fig. 4G). We next homogenized livers and
spleens along with distal colons from the above group of animals
and plated the homogenates on selective MacConkey agar plates.
Bacterial counts in the colons from untreated C. rodentium-in-
fected mice were significantly higher than those for C. rodentium-
infected mice receiving DBZ, despite a lack of any inflammatory
axis in untreated C. rodentium-infected mice (Table 1). At the
same time, significantly more viable bacteria were recovered from
the livers and spleens of DBZ-treated mice than from those of
untreated C. rodentium-infected mice (Table 1), suggesting that
alterations in tight junctions may have facilitated bacterial dissem-
ination into distant organs. Since Notch signaling has been impli-
cated in the maintenance of intestinal stem cells, we next explored
the effects of blocking Notch signaling in vivo on expression of the
putative stem cell marker doublecortin-like kinase 1 (DCLK1) in
the distal colons of mice in various groups. Interestingly, despite
acute or chronic blockade of the Notch pathway, DCLK1 expres-
sion in C. rodentium-infected mice receiving DBZ was not any
different from that in either uninfected or C. rodentium-infected
mice without treatment (Fig. 4H). Thus, chronic inhibition of the
Wnt/Notch pathway cripples the ability of the colonic mucosa to
regenerate itself, but not necessarily due to a loss of colonic stem
cells. In summary, these data suggest that disruption of tight junc-
tions may have contributed to disease pathogenesis following C.
rodentium and DBZ administration.

When paraffin-embedded sections were stained for CD3* T
cells and F4/80" macrophages, we observed slight increases in
these cells in distal colons from C. rodentium-infected mice; for C.
rodentium-infected mice receiving DBZ, a profound expansion of
both T cells and macrophages was recorded, predominantly in the
submucosal regions, in addition to recruitment along the length of
the colonic crypts (data not shown). To rule out the possibility
that DBZ may be toxic on its own, uninfected NIH:Swiss mice
were given daily intraperitoneal injections of DBZ at 10 pmol/kg
for 10 days and their mucosae examined for possible effects. DBZ
caused goblet cell hyperplasia, as expected, without altering (i)
epithelial permeability, (ii) cell proliferation, or (iii) message or
protein levels of Hes-1 and Math-1 (see Fig. S1A to S1F in the
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FIG 2 Strategies to block Notch signaling in vivo. Uninfected normal (N) NIH:Swiss mice were infected with C. rodentium and either received vehicle (Veh) or
DBZ for 5 days followed by euthanasia at day 6 (Ds+Veh and Dg+DBZ) or received Veh or DBZ for 5 days followed by euthanasia at day 12 (D,,+Veh and
D,,+DBZ). Paraffin-embedded sections were analyzed by H&E (A), periodic acid-Schiff (PAS) (B), and Ki-67 (C) staining. Numbers in panel C represent
percentages of cells stained for Ki-67. Bars = 100 wm; n = 3 independent experiments. (D) Colonic crypt cellular extracts prepared from uninfected normal mice
(N), C. rodentium-infected and vehicle-treated mice at day 6 or 12 (V or V,,), or C. rodentium-infected and DBZ-treated mice (DBZ4 or DBZ,,) are shown as
Western blots (i) and a bar graph (ii). *, P < 0.05 versus controls; **, P < 0.05 versus V; ®, P < 0.05 versus controls; ®®, P < 0.05 versus V,,; n = 3 independent
experiments. (E) RT-PCR (i) and bar graph (ii) analyses of total crypt RNA for the indicated gene products. *, P < 0.05 versus controls; **, P < 0.05 versus V;
®, P < (.05 versus controls; ®®, P < 0.05 versus V,,; # = 3 independent experiments. (F) Western blots (i) and bar graph (ii) showing crypt cellular/nuclear levels
of B-catenin, Jagged-1, Hes-1, and Math-1. *, P < 0.05 versus controls; **, P < 0.05 versus V; ®, P < 0.05 versus V,,; ¥, P < 0.05 versus controls; ¥ ¥, P < 0.05
versus V,,; n = 3 independent experiments.
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with C. rodentium alone for 12 days (CR) or received either vehicle (CR+Veh) or DBZ (CR+DBZ) for 10 days, and their colons were analyzed by H&E
(A) and PAS (B) staining. (C) Western blots (i) and RT-PCR results (ii) showing relative levels of NICD, Hes-1, and Math-1 in the colonic crypts of
uninfected normal mice (N), C. rodentium-infected mice (CR), C. rodentium-infected and vehicle-treated mice (CR+V), or C. rodentium-infected and
DBZ-treated (CR+DBZ) mice. n = 3 independent experiments. (D) (i) Western blots showing crypt nuclear levels of Jagged-1, Hes-1, and Math-1. (ii)
Western blots showing crypt nuclear levels of B-catenin phosphorylated at Ser-552 in relation to total B-catenin and cyclin D1. (E) C. rodentium infection
induces B-catenin/Tcf-dependent transcriptional activity in vitro. YAMC cells were cotransfected with a Tcf-4 reporter plasmid (TOPFlash; TOP) or a
plasmid encoding a mutant Tcf binding site (FOPFlash; FOP) and the pRL-TK Renilla vector as an internal control. At 24 h posttransfection, cells were
infected with C. rodentium at an MOI of 90 or with medium alone (as a control) for 3 h at 37°C in 5% CO,. Cells were then treated with either vehicle or
DBZ (0.1 wM) for 48 h. Luciferase activity was determined with a luminometer, and the values were normalized to the internal control level. ®, P < 0.05
versus C. rodentium-infected controls; @, P < 0.05 versus CR+TOPFlash plasmid; n = 3 independent experiments. (F) Paraffin-embedded sections
showing percentages of cells stained for Ki-67. Bars = 50 wm; n = 3 independent experiments.
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FIG 4 Chronic DBZ treatment increases paracellular permeability and bacterial dissemination leading to colitis in NIH:Swiss mice. (A) Representative images
of colons from uninfected normal mice (N), C. rodentium-infected and vehicle-treated mice (CR), and C. rodentium-infected and DBZ-treated (CR+DBZ) mice
(n = 3 independent experiments). (B) Colonic wet weights for the experimental groups. *, P < 0.05 versus controls; n = 5 independent experiments. (C) Distal
colonic fragments from the above group of mice were subjected to transmission electron microscopy to detect microvilli (black arrows) and the presence of
bacteria. Significant bacterial attachment and destruction of microvilli in C. rodentium-infected mucosa were exacerbated with DBZ (2.0-wm section; note the
bacterial presence deep down and along the sides of the crypt). (D) Paraffin-embedded sections from colons of various groups were fixed in Carnoy’s fixative,
stained with H&E (i), and analyzed by a certified pathologist to determine the inflammatory score (ii). *, P < 0.05 versus controls. (E) (i) Alcian blue-stained
sections (arrows point toward the disorganized inner mucinous gel layer in sections from C. rodentium-infected and DBZ-treated mice). Bars = 150 wm; n = 3
independent experiments. (ii) Uninfected normal (N) NIH:Swiss mice, C. rodentium-infected and vehicle-treated mice (CR+Veh), or C. rodentium-infected and
DBZ-treated mice (CR+DBZ) were subjected to gavage with FITC-D, and serum concentrations, shown as fluorescence units, were measured 4 h later. *, P <
0.05 versus controls; **, P < 0.05 versus C. rodentium-infected and vehicle-treated mice; n = 3 independent experiments. (F) Western blots showing tight
junction proteins claudin-2 and [hyphen]5 (i) and ZO-1 and [hyphen]2 (ii) for the group of mice described for panel A. (G) Paraffin-embedded sections were
stained for claudin-5. Note the significant loss of claudin-5 staining in sections from C. rodentium-infected and DBZ-treated mice. Bars = 100 wm; n = 3
independent experiments. (H) Paraffin-embedded sections prepared from the distal colons of NIH:Swiss mice after the indicated treatments were stained with
antibody for the putative stem cell marker DCLK1 (arrows). Bars = 75 pm; n = 3 independent experiments.
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TABLE 1 Effects of C. rodentium infection and DBZ treatment on
bacterial dissemination in NIH:Swiss mice

CFU/g of tissue

C. rodentium-infected C. rodentium-infected

Uninfected and vehicle-treated and DBZ-treated
Tissue mice mice mice
Colon 0.0 2,826 X 10 31 X 10
Liver 0.0 114 X 10°*¢ 420 X 10°%4
Spleen 0.0 83 X 10%*¢ 270 X 10°4

“ Significant difference in C. rodentium counts versus uninfected control levels (n = 5
mice/group; P < 0.05).

b Significant difference in C. rodentium counts in C. rodentium-infected and DBZ-
treated animals versus C. rodentium-infected and vehicle-treated animals (n = 5
animals/group; P < 0.05).

¢ Significant difference in C. rodentium counts in liver or spleen versus colon (n = 5
animals/group; P < 0.05).

4 Significant difference in C. rodentium counts in liver or spleen versus colon (1 = 5
animals/group; P < 0.05).

supplemental material), suggesting that DBZ in the absence of a
bacterial infection is not toxic to these mice.

Next, we hypothesized that if colitis in C. rodentium-infected
and DBZ-treated animals is indeed due to disruption of the mu-
cinous gel layer, then mice defective in colonic mucin may either
be equally susceptible or exhibit an exacerbation of colitis and
paracellular permeability. To test this hypothesis, we utilized mice
lacking core-3 3-1,3-N-acetylglucosaminyltransferase, an enzyme
important in the synthesis of core-3-derived O-glycans, the pri-
mary component of the intestinal mucins. Core-3~/~ mice have
defects in mucin synthesis and are susceptible to the experimental
triggers of colitis but (i) do not exhibit altered barrier function or
any increase in recruitment of immune cells to the mucosa in the
absence of colitic insult and (ii) do not develop spontaneous coli-
tis (1). Following C. rodentium infection of core-37'" mice, we
observed a disrupted intestinal barrier and some evidence of coli-
tis which was severely exacerbated following DBZ administration,
as revealed by H&E (Fig. 5A, upper panels) and Alcian blue (Fig.
5A, lower panels) staining, respectively. Figure 5B, panel i, illus-
trates the average histological scores. Core-3~'~ mice infected
with C. rodentium alone exhibited a 4-fold increase in serum
FITC-dextran levels compared to those in uninfected control mice
(Fig. 5B, panel ii), while DBZ administration to the infected mice
destroyed the barrier function, causing a 21-fold increase in serum
FITC-dextran levels (Fig. 5B, panel ii). Similar to the case in NIH:
Swiss mice, increases in paracellular permeability in core-3~'"
mice were probably due to loss of the tight junction proteins clau-
din-5 and ZO-1 in the crypts of C. rodentium-infected and DBZ-
treated mice compared to untreated C. rodentium-infected mice
(Fig. 5C, panels i and ii). At the molecular level, chronic DBZ
administration blocked increases in NICD and Hes-1, upregu-
lated Math-1 (Fig. 5D and E), and also blocked increases in
B-catenin and Jagged-1 levels (Fig. 5E), which may have led to
abrogation of crypt hyperplasia (Fig. 5F). Mice infected with C.
rodentium but not treated with DBZ had significantly higher bac-
terial counts in the colon (Table 2), while DBZ administration to
C. rodentium-infected mice caused significant bacterial dissemi-
nation to the liver and the spleen (Table 2). To rule out the possi-
bility that core-3"'" mice, which are on a C57BL/6 background,
are more sensitive to DBZ-induced toxicity than NIH:Swiss mice,
uninfected C57BL/6 mice were given daily intraperitoneal injec-
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tions of DBZ at 10 wmol/kg for 10 days, and their mucosae were
examined for possible effects. DBZ caused goblet cell hyperplasia
without altering epithelial permeability, cell proliferation, or the
components of the Notch and Wnt pathways (data not shown). In
addition, similar to the case for NIH:Swiss mice, the changes ac-
crued were not due to reallocation of stem cells into goblet cells, as
DCLKI1 staining in C. rodentium-infected and DBZ-treated mice
was similar to that in C. rodentium-infected mice without DBZ
treatment (Fig. 5G). Thus, both altered barrier function and a lack
of active signaling via the Notch/Wnt pathways seem to regulate
C. rodentium-induced pathogenesis in core-3~/~ mice as well.

Efforts to restore signaling via Notch and Wnt/-catenin
pathways through dietary intervention to ameliorate colitis. We
hypothesized that dietary intervention may restore the interplay
between the Notch and Wnt/B-catenin pathways, thereby helping
the mucosa to recover from colitic insult. DBZ administration to
C. rodentium-infected NIH:Swiss mice for 10 days induced micro-
abscesses, barrier disruption, significant crypt shortening, and
colitis (Fig. 6A and B). Diets containing 4% bael extract (BE) and
4% curcumin (Cur) restored the inner mucous gel layer as re-
vealed by Alcian blue staining (Fig. 6B) and, paradoxically, pro-
moted crypt hyperplasia in C. rodentium-infected mice receiving
DBZ to the levels recorded for mice receiving C. rodentium alone
(Fig. 6C). This could be due to restoration of Notch signaling, as
relative increases in NICD levels (Fig. 6D) led to concomitant
upregulation of the Jagged-1 and Hes-1 proteins, but not Math-1
(Fig. 6E and F), in crypts from diet-treated mice. Changes in
B-catenin, however, were subtle (Fig. 6F).

Next, we examined the effect of dietary intervention on ame-
lioration of colitis in response to C. rodentium plus DBZ by ana-
lyzing the components of the mucosal and epithelial barriers. We
first focused on Muc-2, the primary component of the gel-form-
ing intestinal mucins (11). The rationale for Muc-2 analysis was
2-fold: (i) Muc-2 is the predominant secretory mucin in the colon,
and (ii) mucin polymers must be intact to maintain its protective
function. In response to C. rodentium infection, we discovered
significantly less staining for Muc-2 in the crypts and the lumen
than that in uninfected controls (Fig. 7A). C. rodentium-infected
mice receiving DBZ exhibited an interesting pattern for Muc-2
staining: while Muc-2 staining in the crypt was intense, as one
would expect given the goblet cell metaplasia, neither the inner
nor the outer mucus layer was significantly stained (Fig. 7A). In
response to BE and Cur intervention, we observed dramatic res-
toration of the inner (Fig. 7A, arrows) and outer (Fig. 7A) mucus
layers. The effect of dietary intervention on Muc-2 expression in
the crypts was further validated by RT-PCR and Western blotting.
Both analyses mirrored the results of Muc-2 staining in the crypts
(Fig. 7Bi and ii). When components of the tight junction were
examined, we observed significant decreases in both claudins 2
and 5 as well as ZO-2 in crypts from C. rodentium-infected and
DBZ-treated mice compared to those from mice infected with C.
rodentium but not treated with DBZ (Fig. 7C and D). In response
to dietary intervention, BE restored expression of both claudins 2
and 5, while the curcumin diet was more effective in restoring
Z0O-2 expression (Fig. 7C and D). It has been shown previously
that decreased expression of the solute carrier family 26 member 3
(SLC26A3) protein, also known as downregulated in adenoma
(DRA), leads to infectious diarrhea in mice in response to C. ro-
dentium infection (4). SLC26A3 has also been implicated in the
maintenance of alkaline mucus layers, and loss of this protein may
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FIG 5 Effect of C. rodentium infection and DBZ administration on mice deficient in core-3-derived O-glycans (core-3~/~ mice). (A) Paraffin-embedded
sections from uninfected normal (N), C. rodentium-infected and vehicle-treated (CR), and C. rodentium-infected and DBZ-treated (CR+DBZ) core-3~/~ mice
were analyzed by H&E (upper panels) and Alcian blue (lower panels) staining to detect goblet cells and the inner mucus layer, respectively. Bars = 150 pm; n =
3 independent experiments. (B) (i) Paraffin-embedded sections from the group of mice described for panel A were fixed in Carnoy’s fixative and analyzed by a
certified pathologist to determine the inflammatory score. *, P < 0.05 versus controls; # = 3 independent experiments. (ii) The group of mice described for panel
A were subjected to gavage with FITC-D, and serum concentrations, shown as fluorescence units, were measured 4 h later. *, P < 0.05 versus controls; **, P <
0.05 versus C. rodentium-infected mice; n = 3 independent experiments. (C) Western blots showing relative levels of claudin-5 (i) and ZO-1 (ii) in the crypts of
group A mice. (D) (i) Relative levels of NICD in the colonic crypts of uninfected normal mice (N), C. rodentium-infected and vehicle-treated mice (CR+V), and
C. rodentium-infected and DBZ-treated mice (CR+DBZ) are shown in Western blots. (ii) RT-PCR analysis of total colonic crypt RNA for the indicated gene
products. (E) Western blots showing crypt cellular/nuclear levels of 3-catenin (i) and Jagged-1, Hes-1, and Math-1 (ii). # = 3 independent experiments. (F)
Paraffin-embedded sections showing percentages of cells positive for Ki-67 staining. Bars = 75 wm; n = 3 independent experiments. (G) Paraffin-embedded
sections prepared from the distal colons of NIH:Swiss mice after the indicated treatments were stained with antibody for the putative stem cell marker DCLK1
(arrows). Bars = 75 um; n = 3 independent experiments.
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TABLE 2 Effects of C. rodentium infection and DBZ treatment on
bacterial dissemination in core-3~/~ mice

CFU/g of tissue

C. rodentium-infected C. rodentium-infected

Uninfected and vehicle-treated and DBZ-treated
Tissue mice mice mice
Colon 0.0 547 X 10 3.8 X 10%
Liver 0.0 34 X 10°*¢ 195 X 10°
Spleen 0.0 38 X 10%*¢ 122 X 10%4

“ Significant difference in C. rodentium counts versus uninfected control levels (n = 5
mice/group; P < 0.05).

b Significant difference in C. rodentium counts in C. rodentium-infected and DBZ-
treated animals versus C. rodentium-infected and vehicle-treated animals (n = 5
animals/group; P < 0.05).

¢ Significant difference in C. rodentium counts in liver or spleen versus colon (n = 5
animals/group; P < 0.05).

4 Significant difference in C. rodentium counts in liver or spleen versus colon (1 = 5
animals/group; P < 0.05).

lead to barrier impairment and mucosal inflammation in mice (4,
36). In response to C. rodentium infection, we observed upregula-
tion of SLC26A3 compared to that in uninfected controls (Fig.
7E). Following DBZ treatment of C. rodentium-infected NIH:
Swiss mice, SLC26A3 levels decreased dramatically, coinciding
with colitis (Fig. 7E). Both the BE and Cur diets restored SLC26A3
expression in crypts from C. rodentium-infected and DBZ-treated
mice (Fig. 7E), which coincided with restoration of both the inner
mucus layer and tight junction components. These interventions
also had significant anti-inflammatory effects, as both the BE and
Cur diets blocked recruitment of CD3™ T cells and F4/80" mac-
rophages to the submucosal and mucosal regions of C. rodentium-
infected and DBZ-treated mice compared to the case in untreated
controls (Fig. 7F and G).

DISCUSSION

Utilizing the TMCH model, the interplay between the Notch and
Wnt/B-catenin pathways was examined in various genetic strains
in vivo. Our study provides circumstantial evidence that in addi-
tion to the Wnt/B-catenin pathway, Notch signaling is also acti-
vated during TMCH and may work in tandem with the Wnt/p-
catenin pathway to regulate hyperplasia and/or colitis following C.
rodentium infection. We (23, 24, 28) and others (7, 14) have
shown that activation of the Wnt/f-catenin pathway in the gut in
response to bacterial infection is not unprecedented. However,
neither the mechanism nor the consequence of aberrant regula-
tion of the Notch pathway, either alone or in conjunction with
Wnt/B-catenin signaling, is clearly understood. The cross talk be-
tween the Wnt and Notch pathways, including physical binding of
Notch to B-catenin, has been described previously (21). In mam-
malian cells, GSK-3 directly phosphorylates the Notch protein,
while -catenin activates Jagged-1 transcription, thereby leading
to the activation of the Notch pathway (21, 32). During tumori-
genesis, both the Notch and Wnt pathways have been implicated
in the regulation of B-catenin expression and function (9). These
studies suggest that accurate coordination of the Notch and Wnt
signals is indispensable for maintenance of intestinal homeostasis
and that aberrant regulation of the cross talk may result in pathol-
ogies such as colitis or tumorigenesis. In the current study, while
acute inhibition of the Notch pathway did not adversely affect the
proliferative capacity of the colonic crypts, chronic inhibition of
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the Notch pathway not only affected crypt regeneration but also
severely compromised barrier function in the colon, resulting in
colitis. Recent studies have shown that epithelial cell-specific
Notch signaling plays an essential role in the maintenance of gut
homeostasis and in containment of intestinal inflammation (17).
Similarly, Okamoto et al. (18) recently demonstrated that inhibi-
tion of Notch activation in vivo by use of a y-secretase inhibitor
(LY411575) resulted in severe exacerbation of inflammation when
the agent was administered during the healing phase of dextran
sodium sulfate (DSS)-induced colitis. Thus, either the onset or
severity of colitis may be directly attributable to the loss of regen-
erative capacity of the colonic crypt owing to significant blockade
of the Notch and Wnt/@B-catenin pathways. Since blocking Notch
signaling can affect the differentiation processes in the gut, we
next examined the sequence of events associated with the onset of
colitis in response to C. rodentium plus DBZ. The luminal mucus
layer encompassing the gastrointestinal tract provides protection
against commensal and/or pathogenic bacteria due to secretory
products of intestinal goblet cells (e.g., the mucin glycoprotein
Muc-2). Colonization by commensal intestinal microbiota is lim-
ited to an outer, “loose” mucus layer which provides the platform
for interaction with the diverse oligosaccharides of mucin glyco-
proteins, whereas an “inner” adherent mucus layer is largely de-
void of bacteria (13). Defective mucus layers resulting from a lack
of Muc-2 mucin result in increased bacterial adhesion to the sur-
face epithelium, increased intestinal permeability, and enhanced
susceptibility to colitis caused by DSS (15). In the current study,
we also observed a significant loss of the inner mucus layer in
Carnoy’s fixative-treated, paraffin-embedded sections prepared
from C. rodentium-infected and DBZ-treated NIH:Swiss mice
(Fig. 4E, panel i). Since in addition to DSS the barrier can be
overcome by the parasite Entamoeba histolytica through the secre-
tion of proteases that disrupt the integrity of the inner mucus
layer, facilitating access to the underlying epithelium (12), it is
tempting to speculate that loss or changes in the composition of
the mucinous gel layer in C. rodentium-infected and DBZ-treated
mice may have precluded the luminal anchor for bacteria, result-
ing in defects in the physical barrier. Indeed, disruption in the
expression of tight junction proteins such as claudins and zonula
occludens in the crypts from C. rodentium-infected and DBZ-
treated mice correlated with increases in paracellular permeability
leading to bacterial dissemination to distant organs. Thus, despite
goblet cell metaplasia and an outflow of mucin, particularly in the
crypts of C. rodentium-infected and DBZ-treated mice, these mice
developed colitis. These findings are not unprecedented, however;
in fact, recent studies have shown that mucus hypersecretion fol-
lowing deletion of the gene encoding protein O-fucosyl-trans-
ferase 1 (Pofutl), an enzyme required for Notch ligand binding,
causes alteration of the mucus-associated flora, leading to entero-
colitis (10). Similarly, disruption of the microbiota with the anti-
biotic metronidazole causes increased inflammation, altered gob-
let cell function, and thinning of the inner mucus layer, resulting
in exacerbation of C. rodentium-induced colitis (35). Interest-
ingly, infection of core-3"/~ mice, which are defective in mucin
secretion, with C. rodentium disrupted the intestinal barrier and
induced colitis which was exacerbated following DBZ administra-
tion. The lack of crypt regeneration during C. rodentium- and
DBZ-induced colitis in either NTH:Swiss or core-3~'~ mice was
not due to reallocation of colonic stem cells into goblet cells, as
staining for the putative stem cell marker DCLK1 in samples from
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FIG 6 Effects of dietary bael extract and curcumin on Notch/Wnt signaling and crypt regeneration/hyperplasia. Uninfected normal (N) NIH:Swiss mice were infected
with C. rodentium and received vehicle (CR+Veh), DBZ (CR+DBZ), DBZ plus bael extract (CR+DBZ+Bael), or DBZ plus curcumin (CR+DBZ+ Cur), followed by
euthanasia on day 12. Paraffin-embedded sections were analyzed by H&E (A), Alcian blue (AB) (B), and Ki-67 (C) staining (numbers represent percentages of cells
positive for Ki-67). Red arrows, disrupted mucus layer in sections from C. rodentium-infected and DBZ-treated mice; black arrows, restoration of the inner mucus layer.
Bars = 125 wm; n = 3 independent experiments. (D) Relative levels of NICD in the colonic crypts of uninfected normal mice (Un), C. rodentium-infected and
vehicle-treated mice, C. rodentium-infected and DBZ-treated mice, C. rodentium-infected and DBZ-treated mice fed bael extract (B), and C. rodentium-infected and
DBZ-treated mice fed curcumin (C). (E) RT-PCR analysis of total colonic crypt RNA samples for the indicated gene products. (F) Western blots showing crypt
cellular/nuclear levels of B-catenin, Jagged-1, Hes-1, and Math-1. n = 3 independent experiments.

C. rodentium-infected and DBZ-treated mice was similar to that ~Notch and Wnt/B-catenin signaling in core-3 "/~ mice, similar to
recorded for untreated C. rodentium-infected mice. Thus, while that recorded in NTH:Swiss mice (Fig. 4 and 5), clearly suggests
more studies are needed to understand the pathogenesis of colitis  that controlled signaling via the Notch and Wnt/B-catenin path-
in response to C. rodentium plus DBZ, the abrogation of both  ways is probably indispensable for both proliferation and differ-
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FIG 7 Effect of dietary intervention on replenishment of luminal mucus layers and recruitment of inflammatory cells. (A) Paraffin-embedded sections prepared
from the distal colons of uninfected normal NIH:Swiss mice (N), C. rodentium-infected and vehicle-treated mice (CR+Veh), C. rodentium-infected and
DBZ-treated mice (CR+DBZ), C. rodentium-infected and DBZ-plus-Bael-treated mice (CR+DBZ+ Bael), and C. rodentium-infected and DBZ-plus-curcumin-
treated mice (CR+DBZ+ Cur) were stained with antibody for Muc-2. Numbers represent percentages of crypt positivity for Muc-2. Arrows point toward the
inner mucus layer. Magnification, X 10. n = 3 independent experiments. (Bi) Total RNAs were extracted from the colonic crypts isolated from the above group
of animals, and the indicated gene products were amplified by semiquantitative RT-PCR. A representative bar graph shows the ratio of Muc-2 to actin. *, P < 0.05
versus controls; **, P < 0.05 versus C. rodentium-infected mice; n = 3 independent experiments. (Bii) Western blots showing Muc-2 protein levels in the group
of mice described for panel A. (C to E) Western blots showing relative levels of tight junction proteins claudin-2 and [hyphen]5 (C), ZO-2 (D), and SLC26A3 (E)
in the group of mice described for panel A. (F and G) Paraffin-embedded sections prepared from the distal colons of NIH:Swiss mice after the indicated
treatments were stained with antibody for CD3 (F) or F4/80 (G). Arrows in panel G indicate macrophage labeling. Bars = 50 wm; n = 3 independent experiments.

entiation processes associated with the maintenance of the barrier  signaling cascade downstream of APC. Similarly, systemic use of
functions in the colon. the six subgroups of y-secretase inhibitors is associated with var-

In terms of targeting the Wnt and Notch pathways, it has been  ious adverse effects. We have shown in the past that TMCH is diet
difficult to block Wnt signaling in vivo given the nature of the sensitive (5, 26) and that it is possible to distinctly separate the
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FIG 8 Proposed mechanism. Infection of either NIH:Swiss or core-3~/~ mice
with C. rodentium leads to colonic crypt hyperplasia which is associated with
activation of both the Wnt/B-catenin and Notch pathways. Acute blockade of
Notch signaling via DBZ before the onset of C. rodentium-induced crypt cell
proliferation (A) also inhibits the Wnt/B-catenin pathway, leading to abroga-
tion of hyperplasia. Late blocking after the onset of C. rodentium-induced
crypt cell hyperproliferation fails to inhibit either the Wnt/B-catenin pathway
or crypt hyperplasia (B). Chronic inhibition of the Notch pathway leads to an
inability of the mucosa to regenerate, and along with defects in barrier func-
tion, it may trigger colitis (dotted lines). Dietary intervention with either bael
or curcumin restores signaling via the two pathways, which may be associated
with a restoration of barrier function and amelioration of colitis (dotted lines).

proproliferation properties of various dietary interventions from
anti-inflammatory effects by using the TMCH model (6). Corrob-
orating these studies, we found that both bael and curcumin diets
had potent anti-inflammatory effects on C. rodentium- and DBZ-
induced colitis and modulated the Notch signaling components to
a greater extent than that for Wnt, indicating that modulation of
Notch signaling may be more effective in reversing the outcome of
colitis. Specifically, dietary intervention was associated with (i)
restoration of NICD, Hes-1, and Jagged-1 expression in the crypts
from C. rodentium-infected and DBZ-treated mice; (ii) replenish-
ment of the inner mucus layer; and (iii) significant increases in
tight junction protein expression in crypts from treated mice. In
addition, we examined SLC26A3, an anion transporter which was
recently implicated in the maintenance of the alkaline mucus layer
and whose loss results in barrier impairment and mucosal inflam-
mation in mice (4, 36). During C. rodentium- and DBZ-induced
colitis, we observed a significant decrease in SLC26A3 expression
in the crypts compared to that in untreated C. rodentium-infected
mice, while dietary bael and curcumin resulted in a remarkable
recovery in terms of restoring the expression of SLC26A3 in the
crypts from treated mice. These studies provide evidence that in-
tervention via dietary bael or curcumin results in (i) restoration of
the inner mucus layer, based on Muc-2 staining; and (ii) restora-
tion of the anion transporter SLC26A3, which may be associated
with the establishment of an alkaline mucus layer in the lumen.
These events, in conjunction with the repair of the tight junction
machinery, may eventually ameliorate colitis in C. rodentium-in-
fected and DBZ-treated mice. In conclusion, we believe that the
balancing act between cell proliferation (via active Notch/Wnt
signaling) and mucus production (via restoration of the Notch
pathway) may facilitate crypt regeneration and restore barrier in-
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tegrity, leading to amelioration of colitis during TMCH. Figure 8
represents a proposed model depicting the sequence of events re-
lated to hyperplasia and/or colitis following C. rodentium and C.
rodentium-plus-DBZ interventions. Thus, the TMCH model pro-
vides an excellent template for examining the complex interplay
between the Notch and Wnt/B-catenin pathways, and future stud-
ies will reveal in more detail the mechanisms by which their cross
talk contributes to the physiological process of self-renewal as well
as to the regeneration process after injuries to the gut epithelium.
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