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Estrogen Receptor-β as a Potential Target for Colon Cancer
Prevention: Chemoprevention of Azoxymethane-Induced
Colon Carcinogenesis by Raloxifene in F344 Rats

Naveena B. Janakiram,1 Vernon E. Steele2 and Chinthalapally V. Rao1

Abstract Raloxifene, selective estrogen receptor (ER) modulator, is not fully explored in colorectal
cancer. In the present study we, (a) investigated the effect of raloxifene on ER-positive colon
cancer HCT-116 cell growth, (b) assessed the relevance of ER-β in colon tumorigenesis,
and (c) assessed the chemopreventive efficacy of raloxifene against azoxymethane
(AOM)-induced colon carcinogenesis using aberrant crypt foci (ACF) as surrogate end point
marker. HCT-116 cells treated with raloxifene showed a significant decrease in cell growth
associated with a decrease in ER-β expression levels. AOM-induced colon adenocarcinoma
showed significant up-regulation of ER-β expression at both the protein and mRNA levels
compared with normal mucosa, suggesting that ER-β is positively associated with colon
cancer. An assay using five different dietary dose levels (0.31, 0.62, 1.25, 2.5, or 5 ppm)
of raloxifene for 6 weeks in male F344 rats found the maximum tolerated dose to be 5
ppm. To evaluate inhibitory properties of raloxifene on colonic ACF, 7-week-old rats were
fed experimental diets containing 0, 0.625, 1.25, and 2.5 ppm of raloxifene. After 1 week, rats
received s.c. injections of AOM, 15 mg/kg body weight, once weekly for 2 weeks. Rats
continued to receive respective experimental diets and sacrificed 8 weeks after the last
AOM treatment. Raloxifene given in the diet significantly inhibited AOM-induced total colonic
ACF (31-40%; P < 0.001-0.0005) and multicrypt (four or more) aberrant foci (23-50%;
P < 0.05-0.005) in F344 rats. Our findings suggest that ER-β acts as a colon tumor promoter
and raloxifene as an antagonist to ER-β, providing protection against colon carcinogenesis.

Colon cancer includes both hereditary and nonhereditary
types with incidence rates increasing in age groups above 50
(1). Reducing the number of deaths from colorectal cancer de-
pends on detecting and removing precancerous colorectal
polyps as well as detecting and treating the cancer in its early
stages. Given the high incidence rates of colon cancer in the
aging population and high mortality rates for the advanced
disease, new agents for prevention are needed. Expression
patterns of different molecules in various signaling pathways
in carcinogenic tissue and normal tissues help one to under-

stand their positive/negative role in carcinogenesis. This will
help in choosing a potential chemopreventive agent.

Estrogen signaling is complicated and influences several
physiologic and pathologic outcomes. Estrogen receptor (ER)
signaling pathways regulate important physiologic processes,
such as cell growth and apoptosis (2). Raloxifene is the proto-
typical selective ER modulator (SERM) that has been shown to
prevent osteoporosis and breast cancer (3, 4). SERMs are syn-
thetic estrogen ligands that can exhibit either an estrogenic or
an antiestrogenic effect depending on the tissue types (5, 6).
Specifically, SERMs are usually ER agonists in bone, liver,
and the cardiovascular system; ER antagonists in the brain
and breast; and mixed ER agonists/antagonists in the uterus
(5, 7). Previous studies have shown that raloxifene binds to
both ER-α and ER-β with high affinity (6, 8); however, the
most predominant receptor in the colon is ER-β (9). Among
the SERMs, raloxifene is unique in that it is an estrogen
antagonist in the uterus (10). The mechanism for the observed
tissue-specific effect of SERMs is attributable to differences in
coregulator recruitment in a tissue-specific manner (11).
Despite the widespread clinical application of raloxifene, very
little is understood about how this might affect colon cancer.

Since the discovery of ER-β, no evidence has suggested a
fixed role for estrogen/ER in colon cancer. Studies to eluci-
date the role of ER-β association with colon cancer remain
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inconclusive. Cancer epidemiologic studies in postmenopausal
women show an inverse relationship between the use of hor-
monal replacement therapy (HRT) and colorectal adenoma
and colorectal cancer development (12). This observation was
further confirmed in the Women's Health Initiative, a prospec-
tive, randomized clinical trial of 16,608 postmenopausal
women designed to determine the effects of HRT on multiple
health outcomes. Women's Health Initiative participants who
received HRT over an average follow-up of 5.2 years showed
a relative risk of colorectal cancer of 0.63 (95% confidence inter-
val, 0.43-0.92) compared with women who received the place-
bo (13). Moreover, SEER data from 2000 to 2003 show that
cumulative colorectal cancer incidence and mortality are
delayed in women by 4 to 8 years, relative to men (14). These
intriguing findings lead us to ask whether ER-β and/or medi-
ated signaling are associated with colon carcinogenesis and
whether SERMs can be used to prevent colorectal cancer.

In the present investigation, azoxymethane (AOM)-induced
control rat colon tumors and normal mucosa were tested for
ER-β (protein and mRNA) expression to further understand
the role of ER-β in colon tumor biology. Because of the low
prevalence of ER-α expression in colorectal cancer, we studied
the potential role of ER-β in the development of colorectal
cancer. Raloxifene (antagonistic to ER signaling in the colon)
was tested for its efficacy on human colon cancer cell line
(HCT-116) for the modulation of ER-β, proliferating antigen,
proliferating cell nuclear antigen (PCNA) expressions, and
growth. Furthermore, we assessed the maximal tolerated
dose (MTD) of raloxifene and chemopreventive efficacy in
AOM-induced rat colon carcinogenesis model using aberrant
crypt foci (ACF) as a surrogate end point marker.

Materials and Methods

Cell lines and reagents
HCT-116, human colon cancer cell line, was obtained from the

American Type Culture Collection and maintained in McCoy's 5A
medium supplemented with 10% heat-inactivated fetal bovine serum
and antibiotics (100 units/mL penicillin G and 100 μg/mL streptomy-
cin). Cells were incubated at 37°C in a humidified atmosphere with
95% air and 5% CO2. The origin of HCT-116 cells is from adult male
colorectal carcinoma patient HCT-116 cells, and these cell lines express
ER-β. Human colon cancer DLD-1, ER-β–negative cell line, was
obtained from the American Type Culture Collection and maintained
in DMEM supplemented with 10% heat-inactivated fetal bovine
serum and antibiotics (100 units/mL penicillin G and 100 μg/mL
streptomycin). DLD-1 was studied to compare its sensitivity/resis-
tance on raloxifene treatment with ER-β–positive cell line HCT-116.
HCT-116 cells were chosen for further in vitro experiments. All experi-
ments were carried out in 70% confluent cell growth in duplicates and
each set of experiments was run thrice. Raloxifene was kindly
provided by the National Cancer Institute Chemopreventive Drug
Repository (Rockville, MD). A 2 mg/10 mL stock was prepared in
DMSO.

Effect of raloxifene on cell growth
Viability assay for HCT-116 and DLD-1 cells was done by trypan

blue exclusion method. Exponentially growing HCT-116 and DLD-1
cells were seeded in complete medium along with raloxifene, and
after 24 h, floating and adherent cells were collected and suspended
in 25 μL PBS. These cells were mixed with 0.4% trypan blue, and
the stained and unstained cells were counted using hemocytometer.
Percentage of unstained cells represents the percentage of viable
cells.

Detection of ER-β and PCNA by Western blotting
Expression of ER-β and PCNA protein was analyzed in HCT-116

cells. After treatment with various concentrations of raloxifene
(0-5 μmol/L) for 24 h, cells were harvested and lysed in lysis buffer
[50 mmol/L Tris-HCl (pH 8), 150 mmol/L NaCl, 5 mmol/L EDTA, 1%
NP40, 1 mmol/L phenylmethylsulfonyl fluoride] on ice. After centri-
fugation, supernatants were collected and the protein content was
measured using a Bio-Rad protein assay kit. Equal amounts of protein
from each extract were separated by 12% SDS-PAGE and transferred
onto nitrocellulose membranes (Toyo Roshi) using the Bio-Rad electro-
transfer system. Blots were blocked by incubating in 5% milk with
Tris-HCl (pH 7.5) and 0.1% Tween 20 for 1 h at room temperature
and probed overnight at 4°C with rabbit antiestrogen β polyclonal
antibody (Santa Cruz Biotechnology) for ER-β protein and mouse
anti-PCNA monoclonal antibody (Santa Cruz Biotechnology) for
PCNA. Antibodies were diluted 1:1,000 with 5% milk in Tris-HCl
(pH 7.5) and 0.1% Tween 20. The immunoblots were then probed with
horseradish peroxidase–conjugated anti-rabbit IgG for ER-β and
horseradish peroxidase–conjugated anti-mouse IgG for PCNA
[1:2,000 diluted with 5% milk in Tris-HCl (pH 7.5)]. After the final
wash, the signal was detected with an enhanced chemiluminescence
kit (Pierce Biotechnology, Inc.).

Immunocytochemistry
HCT-116 cells were grown on slides and treated with 0 or 5 μmol/L

of raloxifene. After 24 h of treatment, the slides with the cells were
fixed in 3% formaldehyde for 15 to 20 min and washed in PBS for
5 min thrice. The slides were rehydrated and washed with PBS for
15 min at room temperature. Specimens were treated in water bath
in 0.01 mol/L citrate buffer (pH 6.0) for 30 min at 100°C, slowly
cooled to room temperature, and washed with PBS for 5 min at room
temperature. After quenching endogenous peroxide with 3% hydro-
gen peroxide in PBS for 10 min at room temperature, the sections were
incubated with a blocking solution (supplied by Zymed kit) for 60 min
at room temperature. Then, the slides were incubated overnight at 4°C
with a 1:200 dilution of anti-ER-β and 1:300 dilution of anti-PCNA
(Santa Cruz Biotechnology). After washing with PBS thrice, the slides
were incubated with secondary antibody for ER-β and PCNA for 2 h.
The color reaction was developed by 3,3′-diaminobenzidine according
to the manufacturer's instructions given in the kit supplied by Zymed
Laboratories.

In vivo experiments
Animals, diet, and care. All animal experiments were done in accor-

dance with the NIH guidelines and the University of Oklahoma
Health Sciences Center Institutional Animal Care and Use Commit-
tee–approved protocol. Male F344 rats were obtained from Charles
River Laboratories, housed under standardized conditions (21°C,
60% relative humidity, 12-h light/12-h dark cycle, 20 air changes/h),
and fed a standard laboratory rodent chow and drinking water until
initiation of the experiment. Diets were prepared based on the modi-
fied AIN-76A containing 5% corn oil by weight (American Institute of
Nutrition). Raloxifene was premixed with a small quantity of casein
and then blended into bulk diet using a Hobart Mixer. Both control
and experimental diets were prepared weekly and stored in a cold
room. Raloxifene content in the experimental diets was determined
periodically in multiple samples taken from the top, middle, and bot-
tom portions of individual diet preparations to verify uniform distri-
bution. Rats were allowed ad libitum access to the respective diets and
tap water.

Induction of colon tumors in F344 rats. To assess the expression
levels of ER-β in colon tumors and normally appearing mucosa, rats
were fed control AIN-76A diet and treated with AOM (15 mg/kg
body weight once weekly for 2 wk). Colonic tumors and normal tis-
sues were harvested 40 wk after the AOM treatment.

Western immunoblotting for ER-β. Colon tumor and normal
mucosa were homogenized in a tissue homogenizer in lysis buffer
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[50 mmol/L Tris-HCl (pH 8), 150 mmol/L NaCl, 5 mmol/L EDTA, 1%
NP40, 1 mmol/L phenylmethylsulfonyl fluoride] on ice. After centri-
fugation, supernatants were collected and the protein content was es-
timated as described above under in vitro experiments.

Reverse transcription-PCR for ER-β. Total RNA from samples
(tumor and mucosa) was extracted using Totally RNA kit for isolation
of total cellular RNA (Ambion) as per the manufacturer's instructions.
Equal quantities of DNA-free RNA were used for reverse transcription
reactions for making cDNA using SuperScript reverse transcriptase
(Invitrogen). PCR was done for ER-β using the following conditions:
denaturation at 94°C for 3 min, followed by 32 cycles at 95°C for 30 s,
52°C for 30 s, and 72°C for 1 min. Oligonucleotide primer sequences
used were as follows: 5′-TTCCCGGCAGCACCAGTAA-3′ (sense) and
5′-TCCCTCTTTGCGTTTGGACTA-3′ (antisense). PCR was done us-
ing the Taq polymerase master mix (Qiagen, Inc.). The PCR products
were visualized and photographed under UV illumination.

Immunohistochemistry. Rat colon tumor and normal tissue sections
(obtained by AOM treatment) were dried at 56°C, deparaffinized in
xylene, rehydrated, and washed with PBS for 15 min at room temper-
ature. Specimens were treated as explained above under in vitro
experiments. Expression of ER-β was observed and pictures were
photographed under Olympus IX71 microscope connected to a digital
imaging system with SPOT RT software version 3.0.

Determination of the MTD of raloxifene. The purpose of this MTD
study was to determine the maximum tolerable dose of raloxifene in
F344 rats. MTD is defined as the highest dose that causes no more
than 10% weight loss, compared with the appropriate control diet
group, and does not produce mortality or any clinical signs of toxicity
that would be predicted to shorten the natural life span of the animal.
At 7 wk of age, groups of male F344 rats (six rats per group) were fed
the AIN-76A diet containing 0.31, 0.625, 1.25, 2.5, or 5 ppm of ralox-
ifene. Body weights were recorded once weekly for 6 wk. All animals
were killed after 6 wk, and the organs were examined grossly for any
abnormalities.

Experimental design for efficacy of raloxifene. The experiment was
designed to evaluate the efficacy of 062, 1.25, and 2.5 ppm of raloxi-
fene administered continuously from 1 wk before carcinogen treat-
ment until the end of the study. The dose selection was based on
our MTD study. At 7 wk of age, groups of rats (n = 18 rats per group;
AOM-treated 12 rats plus vehicle (saline)-treated 6 rats) were fed
either the control diet or experimental diet containing 0, 0.62, 1.25,

or 2.5 ppm of raloxifene. At 8 wk of age, rats intended for carcinogen
treatment were injected s.c. with AOM (Midwest Research Institute) at
a dose rate of 15 mg/kg body weight once weekly for 2 wk, and those
intended for vehicle treatment received an equal volume of normal
saline. These dietary regimens were continued until termination of
the experiment (i.e., 8 wk after the second AOM treatment). Rats were
killed by CO2 euthanasia, and all organs were examined grossly.
Colons were evaluated for ACF. For this evaluation, they were slit
open lengthwise from the anus to the cecum and then fixed flat with
mucosa on the upper side between filter papers in 10% buffered
formalin.

Quantification of ACF. Topographical analysis of the colonic
mucosa was done according to Bird (15) and is routinely done in
our laboratory (16). After a minimum of 24 h, fixed colons were
stained with 0.2% methylene blue solution for 5 to 10 min, placed mu-
cosal side up on a microscopic slide, and viewed under a light micro-
scope. The total number of ACF in the entire colon was determined in
every 2-cm section of the colon, starting from the distal (taken as 0 cm)
to the proximal end of the colon. Aberrant crypts were distinguished
from the surrounding normal crypts by their increased size, increased
distance from lamina to basal surfaces of cells, and easily discernible
pericryptal zone. The variables used to assess the aberrant crypts were
incidence and multiplicity. Aberrant crypt multiplicity was deter-
mined as the number of crypts in each focus and categorized as con-
taining up to four or more aberrant crypts per focus.

Statistical analysis. Data are reported as mean ± SE. Statistical
differences between control and treated groups were evaluated using
unpaired t test with Welch's correction. Differences between groups
are considered significant at P < 0.05.

Results

Effect of raloxifene on HCT-116 (ER-β positive) and
DLD (ER-β negative) cell growth
HCT-116 and DLD-1 cells were exposed for 24 hours to ra-

loxifene at concentrations varying from 0 to 10 μmol/L. As
shown in Fig. 1, HCT-116 cell growth inhibition was observed
in a dose-dependent manner. At ∼6 μmol/L, raloxifene in-
duced 50% inhibition of HCT-116 cell growth after 24 hours
of exposure. At a concentration of 8 μmol/L or above, ralox-
ifene induced significant toxicity in HCT-116 cells, whereas
raloxifene failed to induce similar growth inhibition and tox-
icity on DLD-1 cells at the same concentrations (Fig. 1). Thus,
all the in vitro experiments with raloxifene were done at a
concentration of <6 μmol/L with HCT-116 cells.

Raloxifene decreases PCNA and ER-β expression
The effects of raloxifene on PCNA and ER-β protein expres-

sion in HCT-116 cells were analyzed by Western blot and im-
munocytochemistry methods. As shown in Fig. 2A, raloxifene
suppressed the PCNA expression ∼75% (Western blot signal)
in HCT-116 cells compared with untreated cells. Furthermore,
these results are supported by immunocytochemical results as
shown in Fig. 2B. The effect of raloxifene on ER-β expression is
shown in Fig. 2C and D. Treatment of HCT-116 cells with
5 μmol/L raloxifene (for 24 hours) showed >90% suppression
of ER-β expression by Western blot analysis (Fig. 2C). In
addition, Fig. 2D immunocytochemical results furthermore
confirm a significant down-regulation of ER-β expression
levels in HCT-116 cells.

Overexpression of ER-β in colon tumors
To understand the relevance of ER-β in colon carcinogene-

sis, we assessed the levels of ER-β receptors in AOM-induced

Fig. 1. Raloxifene-induced cytotoxicity determined by trypan blue assay on
HCT-116 (ER-β positive) and DLD (ER-β negative) cells. Cells were exposed to
2.0 to 10.0 μmol/L of raloxifene for 24 h. IC50 is calculated based on 50%
inhibition of cell proliferation at a specific concentration of raloxifene. Points,
mean of three independent experiments; bars, SE. *, P value. Values are
significantly different from control by unpaired two-tailed t test (*, P < 0.106;
**, P < 0.007-0019; ***, P < 0.0001) near the points. DLD cell line was observed
to be more resistant compared with HCT-116 cell line.
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rat colonic tumor tissues and normal-appearing colonic muco-
sa by immunohistochemistry methods, Western immunoblot-
ting, and reverse transcription-PCR (RT-PCR; Figs. 2E and 3A
and B). As shown in Fig. 3A, AOM-induced colonic adenocar-
cinomas showed significant up-regulation of ER-β receptor
expression by immunohistochemistry, which was confirmed
by Western immunoblotting and RT-PCR. As shown in Fig.
2E, colonic epithelial cells in tumors stained highly positive
for ER-β expression, whereas normal colonic crypt epithelial
cells stained very poorly with limited or no staining. Further-
more, the up-regulation of ER-β protein and mRNA levels
was observed in AOM-induced colonic tumors but not in tu-
mor-adjacent normal-appearing colonic mucosa (Fig. 3A and
B). Taken together, the above results clearly suggest that ER-β
expression is positively correlated with human HCT-116 colon
cancer cell growth and AOM-induced colon adenocarcinomas.

MTD and dose selection of raloxifene for preclinical
efficacy study
Administration of 5 ppm raloxifene in the diet for 6 weeks

produced significant body weight loss (∼10%; P < 0.05) when
compared with rats fed the control diet. However, rats fed
2.5 ppm or less dose levels of raloxifene showed no effect on
the body weight retardation and any observable toxicity (data
not shown). Furthermore, the food intake of animals in the ex-
perimental groups did not show any variation. Thus, the MTD
of raloxifene was found to be <5.0 ppm in male F344 rats
when the agent was given in AIN-76A modified diet.
Although 5 ppm raloxifene in the diet induced body weight
loss, it failed to show any identifiable pathologic changes.
Based on dose tolerability results, we have tested 0.625, 1.25,
and 2.5 ppm dose levels of raloxifene in the chemopreventive
efficacy study.

Fig. 2. A and C, protein expression levels of PCNA and ER-β were carried out by Western immunoblotting from the protein extracts of HCT-116 cells treated
with various concentration of raloxifene. B and D, immunocytochemistry for PCNA and ER-β expression in raloxifene-treated and untreated HCT-116 cells. Intense
positive nuclear staining (brown stain) is observed in control cells with diminished/spotty staining in treated HCT-116 cells. E, immunohistochemical analysis of
ER-β protein expression in rat colon adenocarcinomas and normal colonic mucosa. An intense positive staining (brown stain) is observed in tumor tissue compared
with normal colonic mucosa.
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Effect of raloxifene on multicrypt ACF formation
The effect of different dose levels of dietary raloxifene on

AOM-induced colonic ACF formation is shown in Fig. 4A
and B. Rats fed diets containing 0.625, 1.25, and 2.5 ppm of
raloxifene showed a significant decrease in the number of total
mean ACF/colon (31-40%; P < 0.001-0.0005) when compared
with rats fed the control diet (Fig. 4A). Rats fed with the con-
trol diet and treated with AOM induced 168 ± 11 (mean ± SE)
colonic ACF containing mean average of 31 of one crypt foci,
82 of two crypt foci, 32 of three crypt foci, and 23 of four or
more crypt foci (Fig. 4A). Although all the dose levels tested
showed significant inhibition of total ACF suppression, they
had a limited dose-dependent effect. Importantly, AOM-in-
duced colonic aberrant crypts containing four or more were
reduced significantly (23-50%; P < 0.05-0.005) in rats fed the
raloxifene diet in a dose-response manner (Fig. 4B).

Discussion

The present investigation is part of a large-scale screening of
agents in identifying and understanding the molecular targets
that would help in establishing effective chemopreventive
agents for the prevention and treatment of colorectal cancer.
Evidence from preclinical and clinical studies supports that
use of SERM (raloxifene, tamoxifen, and toremifene) provides
protection against several cancers (3, 4, 17, 18). Both tamoxifen
and raloxifene were shown to protect against chemically in-
duced breast cancer (19), whereas toremifene was shown to
prevent the prostate cancer in the transgenic adenocarcinoma
of mouse prostate model (18). As stated in the introduction,
there is evidence in support of beneficial effects of HRT in
breast cancer, and also observed to have decreased risk and
increase in survival of colon cancer patients (12–14). However,
limited information exists on ER-α and ER-β and their modu-
lation in the colon leading to reduced risk of colon cancer.
Raloxifene has minimal adverse effects while effectively pre-
venting osteoporosis and cancer; hence, in the present study,
raloxifene is assessed for the role of ER-β in the in vitro and
in vivo colon cancer models.

Our finding shows that raloxifene suppresses human colon
cancer HCT-116 cell growth at low concentrations and is
associated with suppression of ER-β expression. As anticipat-
ed, we detected a significant expression of PCNA in HCT-116
control cells, an important enzyme in DNA replication and a
surrogate marker of proliferation, which is estrogen respon-
sive and has been implicated in tumor growth. Whereas
HCT-116 cells treated with raloxifene showed significant inhi-
bition of PCNA expression, DLD-1 cells that lack ER-β was
less sensitive to raloxifene (Fig. 1) and had limited effect on
PCNA expression (data not shown). Our data suggest that
the expression of ER-β may render HCT-116 colon cancer cells
resistant to the growth inhibition and help in proliferation. It
was reported that ER is directly involved in the regulation of
colon cancer cell growth (20). Raloxifene seems to activate spe-
cific intracellular pathways by suppressing ER-β leading to
cell death/growth suppression. These results are consistent
with previous reports showing ER-β expression in colon can-
cer cells (21–23). The consistent expression of ERs in human
colon cancer cells suggests that estrogen/ERs may be impor-
tant targets in colon cancer patients. Furthermore, the infer-
ence about ER-β in resistance to growth inhibition and help

in proliferation is supported by literature in breast and colon
cancer. Jensen et al. (24) observed that ER-β was associated
with breast tumors that had the highest proliferative markers
(Ki67 and cyclin A), suggesting its role in proliferation. Anoth-
er study reported that treatment with phytoestrogen genistein
in MCF-7 breast cancer cell line caused an increase in ER-β
protein before causing an increase in proliferation (25). More
importantly, phytoestrogenic agents such as genistein enhance
the AOM-induced colon carcinogenesis, which in part ex-
plains the importance of ER-β in colon tumor cell proliferation
and tumor promotion (26). ER-β expression has been associat-
ed with elevated levels of cell proliferation markers in tumors
(27). ER-β mRNA is also elevated significantly in the tamoxi-
fen-resistant tumors compared with tamoxifen-sensitive tu-
mors of breast cancer patients (28). Treatment by different
SERMs may be more effective if any cancer is first character-
ized more vigorously for components within the cell (e.g., ER-
α, ER-β, coactivators, and corepressors), which will induce a
favorable effect by a specific SERM. Hence, in the present
study, raloxifene, a SERM, is used, which functions as antag-
onist to ER in colon cancer, whereas phytoestrogen genistein
acts as agonist. These studies suggest that ER-β may promote
tumor cell survival and tumor formation as evidenced by the
above in vitro investigations.

Previous studies have not been consistent in establishing a
definitive role of ER-β in colon cancer (29, 30). However,
those observations taken together suggest that measurement
of ER levels is of importance when evaluating the likely re-
sponse of SERMs because it is well established that response
occurs selectively in ER-positive diseases. Present studies on
ER-β expression were carried out to provide clear insights
into its potential role in colon tumor progression. Based on
the immunohistochemistry, Western blot, and RT-PCR meth-
ods, our results suggest that rat colon adenocarcinomas over-
express ER-β but not in the normal colon. Our results also
suggest that ER-β is the principal ER protein found in colon
cells. Unlike ER-β, we found that ER-α protein expression
levels were not significantly different in rat colon adenocar-
cinomas compared with normal colonic mucosa (data not
shown). This information suggests a major role for ER-β than
ER-α in colon tumor progression. Other studies also support
the above notion that colon tumor epithelial cells overexpress
ER-β (23, 28). Although at present the specific functions of
ER-β in colon cancer are not fully known and the exact role
of estrogen and its receptors in benign and malignant colonic
epithelial cells has not been fully established, there is evi-
dence suggesting that estrogens and its receptors are impor-
tant regulators of the colon physiology (30). However, these
ER-β knockout mice do not develop any colonic neoplasia or
precursor lesions even after 18 months, suggesting that loss
of ER-β may not be associated with increased risk of intesti-
nal neoplasia (30). Furthermore, recent studies with ApcMin/+

and ER-β−/− compound mouse do not provide any conclu-
sive evidence on role of ER-β by not showing a significant
difference in the colon tumor formation (31, 32). In fact,
ER-β was proposed to mediate estrogenic effects on colon
cancer susceptibility, and the role of ER-α is expected to be
minor (23). The positive association of ER-β in colon tumor-
igenesis suggests that ER-β may play an important role in
colon tumor development and, thus, is considered to be a
potential target for colon cancer prevention and treatment.
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Hence, we tested ER-β antagonist raloxifene for its chemo-
preventive properties in AOM rat colon carcinogenesis.

Based on the MTD study observations, raloxifene at the di-
etary dose of <5 ppm in F344 male rats lacks overt toxicity.
Chemopreventive efficacy of raloxifene (<5 ppm) was tested
using ACFs as a surrogate end point marker. Our results sug-
gest that raloxifene significantly suppressed AOM-induced to-
tal ACF formation. Importantly, raloxifene suppressed
multicrypt ACF in a dose-dependent manner, clearly suggest-
ing its potential for colon tumor inhibitory properties. Previ-
ous studies have shown that reduction of colon crypt
multiplicity of four or more aberrant crypts per focus has been
a consistent predictor of colon tumor inhibition in rats (33–35);
the present study used this criterion to evaluate raloxifene for
its potential chemopreventive properties. Our results are con-
sistent with previous observations with raloxifene showing
antitumor effects in 7,12-dimethylbenz(a)anthracene–induced
rat mammary tumors (36) and inhibition of prostate cancer
cell growth (37).

ACF has been recognized as an early preneoplastic lesion of
colon cancer (38–40). It is generally observed that agents that

inhibit colonic ACF formation would show chemopreventive
activity against colon cancer (41). The mechanism by which
raloxifene inhibits the development of ACFs is not fully
known; it may be through different modes of action of this
agent. AOM is a colorectal-selective carcinogen in many ro-
dent models and particularly in F344 rat, and AOM-induced
colon carcinogenesis is somewhat similar to human colorectal
cancer, in regional distribution of tumors, histopathology, and
progression of tumor growth, and more importantly in caus-
ing molecular changes during the development of colorectal
cancers. At present, we do not have any studies that directly
show that AOM (as genotoxic agent) can induce or directly
up-regulate ER-β receptor. Previous studies have shown that
AOMs induce mutations in APC, β-catenin, K-ras, etc., and
thereby up-regulate tumor cell growth by promoting effectors
such as cyclooxygenase-2, inducible nitric oxide synthase, epi-
dermal growth factor receptor, etc., and possibly ER-β recep-
tor, based on the present study results. ERs are reported to be
present at different locations of a cell having multiple func-
tions. For example, caveolin-1 is associated with ERs (42). Ra-
loxifene may function by inhibiting ER-β signaling through

Fig. 3. A, up-regulation of ER-β protein
expression in AOM-induced colonic
adenocarcinomas in comparison
with normal mucosa by Western
immunoblotting. B, up-regulation of
ER-β mRNA expression in AOM-induced
colonic adenocarcinomas in comparison
with normal mucosa by RT-PCR.
Statistical “P value” is shown as a bar
graph adjacent to each figure.

Fig. 4. A, effect of raloxifene on
AOM-induced total mean number of
colonic ACF formation in F344 rats.
B, effect of raloxifene on AOM-induced
colonic four or more aberrant crypt
formation in F344 rats.
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caveolin-1. Studies from our laboratory show that caveolin-1
is overexpressed in AOM-induced colonic tumor but not in
normal mucosa and, importantly, is associated with human
colon cancer cell proliferation rates (43). Raloxifene treatment
was observed to decrease cyclooxygenase-2 and inducible ni-
tric oxide synthase expression in inflamed areas in rats (44).
This possibility of molecular mechanisms of raloxifene needs
to be studied in colorectal adenoma inhibition. Further studies
are required to understand exact molecular mechanisms of ra-
loxifene or SERMs in colon cancer.

The present preclinical studies showed that treatment with
raloxifene resulted in significant inhibition of ACFs in the co-
lon carcinogenesis model that strongly express ER-β in tumors
on AOM treatment. This suggests that raloxifene may have a
functional relationship with ER-β in colon cancer, making ER-
β a strong target for SERM therapy. Regulation/modulation of
ER-β may help in prevention of carcinogenesis, which is not
very well established in colon. It is unknown if the chemopre-
ventive effects of raloxifene function directly via ER-β. As per
our observation, there was no change in ER-α expression in
the tumor epithelial cells; as its role in the colon was suggested
to be minor, it may be possible that raloxifene is functioning
through ER-β. In an exploratory trial with primary breast can-
cer patients, 60 mg/d raloxifene showed a significant antipro-
liferative effect in ER-positive breast cancer, shown by the

decrease in Ki67 (45). Study of Tamoxifen and Raloxifene trial
results suggest that raloxifene reduced the risk of developing
invasive breast cancer by ∼50%. Importantly, women who
were taking raloxifene daily had 36% fewer uterine cancers
and 29% fewer blood clots compared with tamoxifen group
(17). Thus, development of raloxifene for colon cancer preven-
tion possesses several advantages over the tamoxifen or the
traditional nonsteroidal anti-inflammatory agents.

In summary, the present in vivo and in vitro studies suggest
that ER-β is a potential target for colon cancer prevention and
possibly for treatment. Raloxifene shows anticarcinogenic
properties in rat colon model, further implicating the potential
of SERMs in colon cancer prevention. In view of the above, a
long-term chemopreventive efficacy study using adenocarci-
noma as end point marker with raloxifene is needed to further
establish its clinical use in high-risk colon cancer patients.
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