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Sodium taurocholate inhibits intestinal adenoma formation in APCMin/1 mice,
potentially through activation of the farnesoid X receptor
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In light of clinical and biological evidence that bile constituents
exert preventive effects against colorectal cancer, we evaluated the
influence of oral bilirubin and sodium taurocholate (NaTC) on
intestinal tumor formation in APCMin/1 mice. Mice received bili-
rubin and/or bovine serum albumin (BSA) and NaTC in the drink-
ing water for 8 weeks, after which the number, size and location of
intestinal adenomas were determined. Tissue specimens were an-
alyzed by light microscopy, TUNEL staining, immunohistochem-
istry for b-catenin and Ki-67 and quantitative polymerase chain
reaction for farnesoid X receptor (FXR)-dependent gene expres-
sion. Colon tumor formation also was assessed in azoxymethane
(AOM)-treated hyperbilirubinemic Gunn (j/j) and wild-type
(1/1) rats. Compared with untreated APCMin/1 mice, the mean
number of intestinal adenomas was markedly lower in both bili-
rubin (10.5 ± 0.9 versus 37.0 ± 5.2; ±SEM; P < 0.001) and NaTC
plus BSA (14.3 ± 5.4; P 5 0.01)-treated animals. Both treatment
groups exhibited reduced levels of cellular proliferation in the
ileum (by Ki-67 staining), but no differences in TUNEL staining
or the percentage of b-catenin-positive crypts. Bilirubin feeding
reduced intestinal inducible nitric oxide synthase expression, but
did not alter adenoma multiplicity in APCMin/1 mice or in AOM-
treated j/j versus 1/1 rats. Mice receiving NaTC manifested
increased intestinal expression of the FXR-regulated genes, Shp,
FGF15 and IBABP, and a concomitant decrease in cyclin D1 mes-
sage. Administering NaTC to APCMin/1 mice causes a marked
reduction in intestinal adenomas. We postulate that this effect is
mediated through activation of FXR, leading to increased Shp
expression and consequent downregulation of cyclin D1.

Introduction

Colorectal adenocarcinoma afflicts 6% of the USA population and
represents one of the leading causes of cancer-related death (1). Since
most colorectal cancers develop within pre-existing adenomatous pol-
yps, efforts at prevention have focused on the detection and removal
of these precancerous lesions via colonoscopy (2,3). To supplement
and potentially decrease the need for such invasive measures, inves-
tigators have sought to identify oral agents capable of suppressing
colonic neoplasia in high-risk individuals. While aspirin and non-
steroidal anti-inflammatory drugs have shown promising preventive
effects (4,5), enthusiasm for their long-term use is tempered by
significant gastrointestinal, renal and cardiovascular toxicity (6,7).
Hence, the development of an effective and non-toxic chemoprotective
agent would constitute an important breakthrough in the management
of individuals at increased risk for colorectal cancer.

Although bile salts are generally thought to promote carcinogenesis
(8), there is accumulating evidence that certain bile constituents are able

to suppress intestinal tumor formation. One example is ursodeoxycholic
acid, the oral administration of which has been associated with a reduc-
tion in dysplastic intestinal lesions in patients with primary sclerosing
cholangitis (9), in carcinogen-treated rats (10) and in mice possessing
a nonsense mutation in the adenomatous polyposis coli (Apc) tumor
suppressor gene (APCMin/þ) (11). Although the mechanism of action
remains unclear, investigators have proposed a variety of pathways by
which ursodeoxycholate may exert an anti-proliferative effect, including
stimulation of histone hypoacetylation (12), downregulation of tumor-
associated genes (13,14), induction of adhesion molecules (13) and
inhibition of phosphokinases (15,16).

Tumor-suppressive effects also have been ascribed to the bile pig-
ment bilirubin, with large population studies supporting an inverse
correlation between serum bilirubin levels and all cancer mortality
(17) and, more specifically, the risk of colorectal cancer (18). While
bilirubin has been shown to induce apoptosis of colon cancer cells
(19,20), the underlying mechanism is ill defined. Given the important
role that nitric oxide is believed to play in gastrointestinal carcinogen-
esis (21) and in light of previous studies demonstrating that bilirubin
prevents upregulation of inducible nitric oxide synthase (iNOS) (22),
we speculated that bilirubin may exert an anti-proliferative effect by
suppressing intestinal nitric oxide production.

In an attempt to further elucidate the modulatory effect of bilirubin
on tumorigenesis, we examined the influence of this bile pigment on
intestinal tumor formation and iNOS expression in APCMin/þ mice. To
promote bilirubin absorption, sodium taurocholate (NaTC) and
bovine serum albumin (BSA) were used as constituents of the vehicle
(23). Unexpectedly, we found that NaTC causes a marked reduction in
intestinal adenomas, an effect that appears to be mediated through
activation of the farnesoid X receptor (FXR). Despite its ability to
inhibit intestinal iNOS expression, bilirubin did not have a significant
impact on adenoma formation.

Materials and methods

Chemicals

Bilirubin (bilirubin IXa) was obtained from Porphyrin Products (Logan, UT).
NaTC, BSA, di-n-octylamine and azoxymethane (AOM) were purchased from
Sigma Chemical Company (St Louis, MO).

Animal care

APCMin/þ and C57BL/6J mice were obtained from Jackson Laboratories (Bar
Harbor, ME). Gender was dictated by supplier availability; however, all mice
were of the same sex for each experiment. Wild-type (þ/þ) and homozygous
(j/j) male Gunn rats were from Harlan Sprague Dawley (Indianapolis, IN).
Rodents were housed in the Laboratory Animal Medicine Services facility at
the University of Cincinnati under controlled conditions (temperature
22 ± 2�C, relative humidity 50 ± 10%, 12 h light–dark cycle). Mice received
a high (9%) fat diet (Picolab 5058 Mouse Diet 20; TestDiets Purina Mills,
Richmond, IN) to augment adenoma formation (24). Gunn rats were main-
tained on standard laboratory chow (Harlan Teklad LM-485; Harlan Sprague
Dawley). All experiments were approved by the University of Cincinnati
Institutional Animal Care and Use Committee.

Mouse feeding studies

To assess the effect of bilirubin on intestinal tumor formation in APCMin/þ mice,
groups of eight 7-week-old mice were administered no treatment (control),
0.25 mM bilirubin or the bilirubin vehicle (0.5 mM BSA plus 5 mM NaTC) in
the drinking water for 9 weeks. This concentration of NaTC has previously been
shown to facilitate intestinal absorption of bilirubin in rodents (23), whereas the
concentration of BSA was that necessary to effectively solubilize bilirubin, as
assessed by absorbance spectrophotometry. To determine the impact of individ-
ual vehicle constituents on adenoma formation in APCMin/þ mice, a subsequent
experiment included four treatment groups: no treatment (control), 0.5 mM BSA
alone, BSA plus bilirubin (0.25 mM) and BSA plus NaTC (5 mM). This latter
experiment was terminated at 8 weeks (1 week early) to avoid the premature

Abbreviations: AOM, azoxymethane; Apc, adenomatous polyposis coli; BSA,
bovine serum albumin; FXR, farnesoid X receptor; NaTC, sodium taurocho-
late; Shp, short heterodimer partner.
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deaths encountered in the original control group. The effect of the above treat-
ments on intestinal gene expression was determined in C57BL/6J mice (the
background strain of APCMin/þ). Assessments were made after 2 weeks of feed-
ing, in order to insure that the hepatic bile composition had reached steady state
(25). All treatments were protected from light and prepared fresh every 3 days.
Animal weight and fluid intake were monitored regularly.

Quantification of macroscopic and microscopic intestinal adenomas in
APCMin/þ mice

Following sacrifice, the stomach and intestines were resected en bloc, fixed in
4% paraformaldehyde and sliced longitudinally. Using a dissecting micro-
scope, three blinded observers independently examined the entire intestinal
tract (duodenum to colon), recording the number, largest diameter and location
of all macroscopic (�1 mm) adenomas. Sections of the distal ileum (4 cm in
length) were subsequently embedded in paraffin and stained with hematoxylin
and eosin. The number and size of all microadenomas (�0.1 mm diameter)
in the entire specimen was assessed by light microscopy.

Induction of colon tumors in rats

Wild-type (þ/þ) and homozygous (j/j) Gunn rats received 10 weekly intra-
peritoneal injections of AOM (7.5 mg/kg) beginning at 6 weeks of age.
Animals were then monitored for an additional 30 weeks, following which
the number, diameter and location of colon tumors were independently
recorded by two blinded observers.

Serum bilirubin determination

Serum bilirubin levels were determined on a Spectra Max 340 pc ELISA plate
reader (Molecular Devices, Sunnyvale, CA) using the Sigma Diagnostics Total
Bilirubin Assay, which was adapted to be performed on 20 ll of serum (26).
Where indicated, serum bilirubin also was measured by the more sensitive
high-performance liquid chromatography method of McDonagh et al. (27)
using a Beckman Coulter Gold 126 Solvent Module HPLC system (Fullerton,
CA) and a C-18 Ion Pair Analytical Ultrasphere� IP Column (5 l, 4.6 mm ID
and 250 mm length) fitted with a 4.5 cm pre-column (Beckman Coulter).
Aliquots of serum (20 ll) were added to 100 ll ice-cold 0.1 M methanolic
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Fig. 1. Effect of oral bilirubin on adenoma formation in APCMin/þ mice. Male APCMin/þ mice received no treatment (control), vehicle (NaTC þ BSA) or bilirubin
plus vehicle for 9 weeks. Panel A depicts a box (upper and lower quartiles) and whisker (furthest point within 1.5 interquartile ranges from the median) plot of
the number of macroscopic adenomas in the small intestine by treatment group. The horizontal line reflects the median, the diamond the mean and the dots
data points that lie outside the 10th and 90th percentiles. Panel B displays a similar plot of macroscopic colon adenomas. Panel C shows the number (±SEM) and
panel D shows the percent of total adenomas in the upper (black bars), middle (white bars) and lower (gray bars) third of the small intestine. The mean diameter
of small bowel adenomas is shown in panel E, whereas panel F displays tumor diameter stratified by tertile of small intestine; aP , 0.01 versus control,
bP , 0.001 versus control and cP , 0.05 versus control.
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di-n-octylamine acetate, vortexed and microfuged for 30 s. The supernatant
was eluted at room temperature with 5% water/methanolic di-n-octylamine
acetate at a flow rate of 1 ml/min. Bilirubin was quantified by absorbance at
450 nm using standard curves generated with bilirubin purified according to the
method of McDonagh et al. (28).

TUNEL and immunohistochemical staining of intestinal tissue

Fluorescence microscopy (ex: 350 nm) was employed to visualize apoptotic cells
utilizing the TACS TdT In Situ Apoptosis Detection System (R&D Systems,
Minneapolis, MN). Immunohistochemical staining for b-catenin was performed
with IVIEW DAB (Ventana Medical Systems, Tucson, AZ) using monoclonal
mouse anti-b-catenin (BD Transduction Laboratories, San Diego, CA) and
a biotinylated secondary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA). Counterstaining was performed with hematoxylin bluing reagent (Ventana
Medical Systems), with isotype IgG (Santa Cruz Biotechnology) serving as
control. Staining for Ki-67 was performed with a Discovery XT automated
staining module (Ventana Medical Systems) utilizing rabbit anti-mouse Ki67
antibody (diluted 1:1) and biotinylated anti-rabbit secondary antibody, followed
by counterstaining with nuclear fast red (Poly Scientific, Bay Shore, NY).
Quantification of tissue staining was performed in a blinded manner.

Quantitative polymerase chain reaction analysis of intestinal gene expression

Total RNA was extracted from snap frozen tissue using the RNeasy Mini Kit
(QIAGEN, Valencia, CA). Quantitative polymerase chain reaction was per-
formed with an Mx3000P system (Stratagene, Cedar Creek, TX) using the

following algorithm: activation at 95�C for 10 min, denaturation for 40 cycles
at 95�C for 1 min, annealing at 55�C for 1 min and extension at 72�C for 30 s.
Primers for murine Shp (sense: 5#-atcctcttcaacccagatgtgcca-3# and antisense:
5#-taccagaagggtgcctggaatgtt-3#), cyclin D1 (sense: 5#-gcgtaccctgacaccaatct-3#
and antisense: 5#-tggaaagaaagtgcgttgtg-3#), FGF15 (sense: 5#-gattgccatcaag-
gacgtcag-3# and antisense: 5#-tcagcccgtatatcttgccg-3#), IBABP (sense: 5#-actt-
cacctggtcccagtcttact-3# and antisense: 5#-agatctccaccaacttgtcaccca-3#), iNOS
(sense: 5#-ctgctggtggtgacaagcacattt-3# and antisense: 5#-atgtcatgagcaaaggcgca-
gaac-3#) and glyceraldehyde-3-phosphate dehydrogenase (sense: 5#-tcaacag-
caactcccactcttcca-3# and antisense: 5#-accctgttgctgtagccgtattca-3#) were utilized.

Statistical analysis

Data were analyzed using a computer-based statistical program (SSI Sigma-
Stat, San Jose, CA). Differences between mean values were evaluated by
analysis of variance with Scheffe comparison, and correlations were assessed
by Pearson’s product-moment and Spearman’s rank correlation coefficient.

Results

Influence of oral bilirubin on adenoma formation in Min mice

To investigate the effect of bilirubin on intestinal tumor formation,
groups of eight male APCMin/þ mice were administered no treatment
(control), 0.25 mM bilirubin or the bilirubin vehicle (0.5 mM BSA

Fig. 2. Impact of bilirubin on small intestine histology and microadenoma formation. Sections of small (panel A; �80) and large (panel B; �80) intestine from
bilirubin-treated mice demonstrate normal histological architecture on hematoxylin and eosin staining. Panels C–E display microadenomas in the small
intestine of control, vehicle-treated (NaTC þ BSA) and bilirubin-treated APCMin/þ mice, respectively (�100). Panel F shows a box and whisker plot of the number
of microadenomas per cm of distal small intestine, whereas panel G graphs the average diameter (±SEM) of microadenoma; �P , 0.05 versus control.
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plus 5 mM NaTC) in the drinking water for 9 weeks. Mean weight and
fluid consumption did not differ between the three groups over the
course of the experiment. Two mice in the control group died during
the final week of treatment and could not be analyzed. The mean
number of macroscopic small intestinal adenomas per mouse was mark-
edly lower in bilirubin-treated animals (10.5 ± 0.9; ±SEM; P , 0.001)
and, unexpectedly, in vehicle-treated (14.3 ± 5.4; P 5 0.01) animals,
as compared with the untreated controls (37.0 ± 5.2) (Figure 1A).
There were no significant differences in colon adenoma multiplicity
between the groups (Figure 1B). While an inhibitory effect of bilirubin

and vehicle on adenoma number was observed in all segments of the
small intestine (Figure 1C–D), it was most pronounced in the distal
third (ileum). Overall, tumor diameter did not differ between groups
(Figure 1E); although, ileal tumors were significantly smaller in treated
animals (Figure 1F). Microscopic analysis of ileal specimens revealed
no inflammation and no gross intergroup differences in the histological
appearance of non-dysplastic (Figure 2A and B) or dysplastic (Figure
2C–E) tissue. Consistent with the macroscopic findings, there were
significantly fewer microadenomas (�0.1 mm diameter) per centi-
meter in APCMin/þ mice fed bilirubin (0.066 ± 0.018) or vehicle

Fig. 3. Immunohistochemical staining of small intestinal tissue for b-catenin. Shown are representative non-dysplastic (panel A) and dysplastic (panel B) sections
of small intestine from untreated APCMin/þ mice, and non-dysplastic tissue from vehicle-treated (panel C) or bilirubin (panel D)-treated APCMin/þ mice stained
for b-catenin (�320). Positively stained nuclei are indicated by the arrows. Specimens from untreated APCMin/þ mice probed with an isotype antibody
(panel E), and from C57BL/6J (wild-type) mice stained for b-catenin (panel F) serve as controls. Panel G plots the percentage of small intestinal crypts (±SEM)
staining positive for b-catenin in wild-type (WT), untreated APCMin/þ mice (control) and APCMin/þ mice treated with vehicle (NaTC þ BSA) or bilirubin.
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(0.074 ± 0.019) versus controls (0.132 ± 0.025) (Figure 2F), although
mean tumor diameter was similar (Figure 2G). These data demonstrate
that oral bilirubin and vehicle are potent inhibitors of intestinal tumor-
igenesis in APCMin/þ mice.

Effect of bilirubin on intestinal b-catenin activity, cell proliferation
and apoptosis

Since loss of Apc heterozygosity, leading to enhanced nuclear trans-
location of b-catenin, is a seminal event in intestinal adenoma forma-
tion in APCMin/þ mice (29), sections of small intestine were analyzed
for nuclear accumulation of b-catenin by immunohistochemistry
(Figure 3A–F). Consistent with previous reports (30,31), the number
of b-catenin-associated crypts was 10-fold higher in APCMin/þ versus
C57BL/6J (wild-type) mice (Figure 3G); however, staining was sim-
ilar in untreated, vehicle-treated and bilirubin-treated animals, indi-

cating that tumor inhibition is effected at a step that is subsequent to
Apc loss. There also was no difference in the number of TUNEL-
positive cells in the intestinal villi, crypts, or within areas of dysplasia
(Figure 4), suggesting that reduced adenoma formation in treated
mice was not the result of increased apoptosis.

To assess whether the treatments altered cell proliferation, intesti-
nal specimens were stained for the Ki-67 antigen (32), which is abun-
dantly expressed in the intestinal crypts of untreated APCMin/þ mice
(Figure 5A). Staining, as quantified by the number of Ki-67-positive
nuclei per intervillus unit (33), was significantly less in mice receiving
vehicle and/or bilirubin (Figure 5B, C and G) and was highly correlated
(P 5 0.007) with the number of macroscopic adenomas (Figure 5H).
Although not formally measured, treated mice also appeared to exhibit
reduced Ki-67 within adenomas (Figure 5E and F). Taken together,
these findings support that both bilirubin and vehicle inhibit intestinal
tumorigenesis by suppressing epithelial cell proliferation. A potential

Fig. 4. TUNEL staining for intestinal apoptosis. The first column (þTdT) of panel A displays representative TUNEL-stained sections of small intestinal tissue
from untreated (control), vehicle-treated (NaTC þ BSA) and bilirubin-treated APCMin/þ mice (�80). The arrows highlight positive nuclei. The second column
(�TdT) shows negative controls in which terminal deoxynucleotidyl transferase was omitted, whereas sections treated with nuclease serve as positive
controls (third column). The fourth column depicts TUNEL staining within adenomas. Panels B–D display the mean number of apoptotic nuclei (±SEM) per
villus, crypt and microadenoma, respectively. Mean serum bilirubin levels (±SEM), measured colorimetrically, are presented in panel E; �P, 0.05 versus control.
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explanation as to why both treatments are equally effective is derived
from the unexpected observation that serum bilirubin concentrations
are increased to a similar degree in APCMin/þ mice fed vehicle (47 ± 3
lg/dl; P 5 0.04) or bilirubin (59 ± 19 lg/dl; P 5 0.06) as compared
with untreated animals (23 ± 7 lg/dl) (Figure 4E). We postulate that
bilirubin levels are elevated in vehicle-treated mice because NaTC
facilitates the absorption of endogenous bilirubin normally present in
the intestine (34).

Assessment of colon tumor formation in Gunn rats

To establish whether bilirubin was the primary effector of the reduced
number of intestinal adenomas observed in vehicle-treated APCMin/þ

mice, we employed an animal model that obviates the need for oral
bilirubin. The homozygous (j/j) Gunn rat possesses a mutation in the
uridine diphosphate-glucuronosyltransferase 1A gene locus, which

results in persistent hyperbilirubinemia due to impaired bilirubin con-
jugation (Figure 6A). Dysplasia was induced by administering AOM
to groups of eight male wild-type (þ/þ) and j/j rats. The number
(Figure 6B) and diameter (Figure 6C) of colon tumors was assessed
at 30 weeks. One j/j animal was excluded from the analysis because
a facial lesion necessitated premature sacrifice. Although a trend to-
ward lower numbers of tumors in j/j (2.6 ± 0.3) versus þ/þ (3.9 ± 0.7)
rats was found, the difference was not statistically significant
(P 5 0.12), suggesting that bilirubin is not a potent inhibitor of
intestinal tumorigenesis.

Effect of vehicle constituents on adenoma formation in APCMin/þmice

In order to validate our findings and ascertain which constituent of the
vehicle is the primary effector of tumor suppression, groups of eight
female APCMin/þ mice were administered no treatment (control),

Fig. 5. Ki-67 staining for cellular proliferation. Ki-67-stained sections of small intestine from untreated (panel A), vehicle-treated (panel B) and bilirubin-treated
(panel C) APCMin/þ mice are displayed (�200). Panel D shows tissue from an untreated APCMin/þ mouse probed with an isotype antibody as control (�100).
Panels E and F depict staining of adenomas from untreated and bilirubin-treated mice (�200), respectively. The mean number of Ki-67-positive cells per
intervillus unit (n 5 30 units per animal; ±SEM) is stratified by treatment group in panel G, while panel H plots the number of macroscopic intestinal adenomas
versus Ki-67 staining for individual untreated (filled squares), vehicle-treated (filled triangles) and bilirubin-treated (closed circles) APCMin/þ mice. The line
reflects a linear fit of the data (correlation coefficient: 0.578; P 5 0.007); �P , 0.001 versus control.
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BSA alone (0.5 mM), BSA plus NaTC (5 mM) or BSA plus bilirubin
(0.25 mM) as described above, except that treatment was shortened to
8 weeks to avoid the premature fatalities encountered in the control
group of the prior experiment. It was again observed that oral NaTC
plus BSA is associated with a substantial reduction in the number of
small intestinal adenomas per mouse (13.3 ± 4.8; P 5 0.02) as com-
pared with untreated (35.6 ± 8.6), BSA-treated (34.6 ± 8.1) or bili-
rubin plus BSA-treated (30.8 ± 5.8) animals (Figure 7A). Also
consistent with our previous findings, the impact of NaTC plus
BSA on adenoma multiplicity (Figure 7C and D) and diameter (Figure
7E and F) was most pronounced in the ileum, whereas colon tumor
burden was unaffected (Figure 7B). These data implicate NaTC as the
constituent responsible for tumor suppression and further demonstrate
that the observed effects are independent of mouse gender.

Influence of vehicle constituents on intestinal gene expression

It is thought that adenoma formation in APCMin/þ mice results from
unrestrained cellular proliferation caused by excessive b-catenin

activity, which leads to overexpression of cell cycle promoters such
as cyclin D1 and c-myc (35). It has been previously demonstrated that
NaTC feeding enriches murine bile in deoxycholic acid (36), a potent
activator ligand for FXR (37). As FXR activation has been shown to
inhibit tumorigenesis (38–41), potentially by inducing short hetero-
dimer partner (Shp), a negative regulator of cyclin D1 (42), we pos-
tulated that NaTC-induced suppression of adenoma formation in
APCMin/þ mice is mediated by FXR. To test this hypothesis, we em-
ployed quantitative polymerase chain reaction to assess for expression
of FXR-regulated genes in the ileum of groups of 10 female C57BL/
6J mice (the background strain of APCMin/þ) that were administered
no treatment (control), BSA (0.5 mM) alone, BSA plus NaTC (5 mM)
or BSA plus bilirubin (0.25 mM) in the drinking water for 2 weeks.
Only those animals receiving NaTC plus BSA exhibited significantly
higher levels of message for Shp (Figure 8A) and lower levels of
cyclin D1 (Figure 8B). Notably, expression of Shp-independent tar-
gets of FXR (43), FGF15 (Figure 8C) and IBABP (Figure 8D), also
was increased by this treatment. These data are consistent with the
hypothesis that the tumor-suppressive effects of NaTC occur through
FXR-mediated downregulation of cyclin D1.

Since iNOS inhibitors attenuate tumor formation in APCMin/þ mice
(44,45) and since bilirubin blocks iNOS upregulation (22), we also
quantified ileal expression of iNOS in treated by quantitative poly-
merase chain reaction. Despite lower levels of iNOS message in
C57BL/6J mice receiving bilirubin plus BSA (Figure 8E), similarly
treated APCMin/þ mice did not exhibit a reduced tumor burden
(Figure 7A). Counterintuitively, only mice fed NaTC plus BSA (but
‘not’ bilirubin plus BSA) had increased levels of serum bilirubin
(Figure 8F), suggesting that oral NaTC promotes enterohepatic cy-
cling of endogenous bilirubin, whereas BSA-bound bilirubin is poorly
absorbed, presumably because efficient digestion of albumin in the
proximal gastrointestinal tract (46) leads to precipitation of bilirubin
within the lumen (47). Thus, the fact that iNOS levels are reduced in
animals receiving oral bilirubin, but not NaTC, implies that the
lumenal (rather than serum) concentration of bilirubin modulates
intestinal iNOS expression.

Discussion

The impetus for investigating the influence of bilirubin on intestinal
tumorigenesis was derived from epidemiological (17,18) and in vitro
(19,20) data suggesting that this bile pigment exerts a chemopreven-
tive effect. Unexpectedly, we found that oral administration of the
bilirubin vehicle (comprised BSA and NaTC) to APCMin/þ mice
caused a marked reduction in tumor multiplicity and further showed
that NaTC is the principal effector of tumor suppression. These results
are surprising in light of fact that taurocholate has previously been
shown to ‘promote’ tumor formation in rodent models (8). Specifi-
cally, Ho et al. (48) reported that feeding 0.2% taurocholic acid to
C57BL/6J mice injected with the carcinogen N-methyl-N#-nitro-N-
nitrosoguanidine increased the number and histological stage of in-
testinal adenocarcinoma. Taurocholate also was found to augment the
formation of N-methyl-N#-nitro-N-nitrosoguanidine-induced gastric
tumors in Wistar rats (49).

The incongruity between our results and those of these other inves-
tigators could potentially reflect differences in the animal models
employed. While the merits of available models of colorectal cancer
have been debated (50), the APCMin/þ mouse is considered relevant to
human disease because it possesses a mutation similar to that com-
monly found in individuals with sporadic and inherited colorectal
cancer syndromes (51). There have been two prior studies of the effect
of bile acids on intestinal adenoma formation in APCMin/þ mice.
Mahmoud et al. (30) reported an increased number of duodenal
tumors in animals fed a diet containing 0.5% chenodeoxycholate;
however, overall intestinal tumor burden was actually reduced by
33% (P 5 0.10). Jacoby et al. (11) found a similar 31% decrease in
the number of intestinal adenomas in APCMin/þ mice receiving urso-
deoxycholic acid. We observed a substantially larger (�65%) inhib-
itory effect of taurocholate on tumor multiplicity, which may reflect

Fig. 6. Serum bilirubin levels and colon tumor formation in AOM-treated
Gunn rats. Panel A displays mean serum bilirubin levels (±SEM) in AOM-
treated wild-type (þ/þ) and Gunn (j/j) rats as determined by colorimetric
assay. The average number and diameter of colon tumors are shown in
panels B and C, respectively; �P 5 0.001.
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our use of higher doses of bile salt or, potentially, a unique mechanism
of action.

In this regard, feeding taurocholate to mice previously has been
shown to enrich hepatic bile in deoxycholic acid (36), a potent acti-
vator ligand for FXR (37). Evidence that FXR acts as a tumor sup-
pressor is derived from studies demonstrating that loss of FXR is
associated with increased intestinal dysplasia and tumor formation
in both APCMin/þ and in AOM-treated C57BL/6 mice (40,41). Con-
versely, gain of FXR function was found to inhibit colon cancer cell
growth in a xenograft mouse model (41). There are data to support
that FXR impedes tumorigenesis by inducing apoptosis (41), sup-
pressing inflammation (38–41) and/or inhibiting cell proliferation
(38–40), the latter potentially through the induction of Shp, a negative
regulator of cyclin D1 (42) and inhibitor of carcinoma cell growth
(52). We found that mice fed NaTC exhibit increased ileal expression
of Shp, as well as other FXR-dependent genes, FGF15 and IBABP,
confirming that oral taurocholate activates FXR in the murine small
intestine. We further show that NaTC-fed mice exhibit reduced in-
testinal cyclin D1 expression and cellular proliferation (by Ki-67
staining), in the absence of alterations in cellular apoptosis or

b-catenin activity. These findings are consistent with the hypothesis
that taurocholate inhibits cell cycling through Shp-dependent down-
regulation of cyclin D1. Notably, NaTC decreases intestinal tumor
formation to an extent that is similar to what has been reported in
APCMin/þ mice possessing a simultaneous deletion of the cyclin D1
gene (53); however, our data in no way exclude a contribution of other
mechanisms, such as augmented innate immunity (54), to NaTC-me-
diated tumor suppression.

Inhibitors of iNOS have been shown to reduce tumor formation in
APCMin/þ mice (44,45). Since bilirubin prevents iNOS upregulation
(22), we postulated that it would suppress tumorigenesis by decreas-
ing iNOS levels in the intestine. Our finding that mice fed bilirubin
plus BSA exhibit reduced intestinal iNOS expression, yet tumor mul-
tiplicity remains unaltered, argues against this hypothesis. While
these data suggest that bilirubin is not a potent anti-proliferative agent,
interpretation is confounded by the inability to establish an appropri-
ate control group. Serum bilirubin levels in vehicle-treated mice are
equivalent to those in animals receiving vehicle ‘plus’ bilirubin
(Figure 4H), most probably because NaTC facilitates uptake of the
endogenous bilirubin that is normally present in the gut (55). In the

Fig. 7. Influence of vehicle constituents on macroscopic adenoma formation. The number of macroscopic adenomas in the small intestine (panel A) and colon
(panel B) of female APCMin/þ mice administered no treatment (control), BSA, NaTC plus BSA or bilirubin plus BSA are displayed as box and whisker plots
(as described in Figure 1). Panels C and D stratify the number and percent of total adenomas (±SEM), respectively, by localization to the upper (black bars),
middle (white bars) or lower (gray bars) third of the small intestine. The mean diameter of small intestinal adenomas is shown in panel E, with data grouped by
tertile of small intestine in panel F; aP 5 0.02 versus all other groups, bP , 0.05 versus middle and lower tertile for all other groups, cP 5 0.001 versus upper
tertile for all other groups and dP , 0.02 versus lower tertile for all other groups.
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absence of a solubilizing agent such as NaTC (23,47), intestinal ab-
sorption of bilirubin is negligible because it rapidly precipitates
within the lumen (56), as occurred when BSA alone was used as
the vehicle. In an attempt to circumvent these problems, we assessed
tumor formation in hyperbilirubinemic (Gunn) rats. Although the
33% reduction in colon tumors in j/j versus þ/þ animals was not
significant, the limitations of the model, including low sensitivity
(due to the small number of tumors per animal), the possibility that
the Gunn mutation alters AOM metabolism and potential compensa-
tory responses to the genetic defect, make firm conclusions difficult.

In summary, we show that NaTC causes a pronounced reduction in
the number of intestinal adenomas in APCMin/þ mice. We postulate
that this effect is mediated through the activation of FXR and down-
stream suppression of cyclin D1, resulting in reduced epithelial cell
proliferation. As FXR is downregulated in human colon cancers (57),
therapeutic strategies directed at augmenting FXR expression may
prove effective for chemoprevention (41). While oral bilirubin

reduces intestinal iNOS expression, its impact on tumorigenesis
remains uncertain.
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