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Abstract

Numerous /n vitro studies argue for quercetin’s chemopreventive potential in colon cancer;
however experimental studies in rodents are limited. Macrophages play a role in tumorigenesis,
but the effects of quercetin on macrophage infiltration in colon cancer is unknown. We examined
the effects of quercetin on intestinal polyp multiplicity and macrophage number in ApcM* mice.
ApcMin+ mice were assigned to placebo or quercetin (n=8/group) groups. Mice were given a
placebo or quercetin (0.02%) diet from 4-20 wks of age after which intestines were analyzed for
polyp number and size in the small intestine (sections 1-4) and colon (section 5) and for
macrophage number in the small intestine (section 1 and 3). Spleen weight was determined as a
marker of systemic inflammation. Quercetin decreased total intestinal polyps by 67% (p<0.05).
Specifically, quercetin reduced intestinal polyps in categories >2 mm (69%) and 1-2 mm (79%)
(P<0.05), and in sections 2 (75%), 3 (80%) and 4 (79%) (P<0.05). Quercetin also decreased
macrophage number in sections 1 (57%) and 3 (81%), and spleen weight (P<0.05). These data
suggest that quercetin can reduce polyp number and size distribution in the ApcM* mouse and
that these effects may be related to a reduction in macrophage infiltration.

INTRODUCTION

Bioactive food components offer exciting possibilities for chemoprevention due to their
potential to target many factors associated with the development and progression of cancer
(1, 2). One important plant-derived dietary component that has exhibited a diverse range of
biological properties, including anti-carcinogenic activity, is quercetin (3, 4). Quercetin
(3,3’,4’,5,7-pentahydroxylflavone) is a typical flavonoid, the most well defined group of
polyphenolic compounds, and is abundant in many commonly consumed fruits and
vegetables, particularly apples, cranberries, blueberries, and onions (4). Studies of its effects
on cancer have been largely analyzed in cell culture models, where it has been shown that it
can inhibit carcinogenesis via anti-mutagenic activity, antioxidant activity, anti-
inflammatory mechanisms, modulation of signal transduction pathways, and apoptosis-
inducing and anti-proliferative activity (3, 5, 6). While good /n vitro evidence supports a
beneficial role of quercetin in cancer, /n vivo animal studies of carcinogenesis are limited,
and there are no experimental studies in humans.
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Recent evidence has emerged for macrophages playing an important role in tumor cell
invasion into surrounding normal tissues, proliferation and survival, and metastasis to local
distant sites (7—10). The mutual interaction of macrophages with cancer cells enhances
production of inflammatory cytokines, chemokines, proteases, prostanoids, growth factors
and angiogenesis-related factors (10). These substances can transform the tumor
microenvironment so that it favors the survival, growth and motility of cancer cells. The
anti-carcinogenic effects of quercetin have at least in part been attributed to its ability to
modify the macrophage-induced inflammatory response (11, 12). However, there are no
studies that have examined the effects of quercetin on macrophage infiltration in any cancer
model. Given the important role of macrophages in tumorigenesis and the ability of
quercetin to alter macrophage-induced inflammation, it is certainly possible that
macrophages may be a target of quercetin in cancer.

Among all cancers the evidence for a relationship between inflammation and colon cancer
risk is the strongest (13, 14). The ApcMi* mouse model is the most widely used genetically
engineered mouse model for cancer studies that involve the gastrointestinal tract (15, 16). It
has been shown to have a mutated Apc gene similar to that in patients with familial
adenomatous polyposis and in many sporadic cancers. The loss of Apc function has been
proven to play a necessary role in colon carcinogenesis. One drawback of this model is that
the tumors occur predominately in the small intestine and not the colon, nonetheless the
development of polyps in this model is thought to closely mimic the human disease. This
mouse model has been shown to be responsive to treatment with anti-inflammatory agents,
including both anti-inflammatory dietary supplements as well as non-steroidal anti-
inflammatory drugs (NSAIDs) (15, 16). However, there are no studies that have reported a
beneficial effect of the anti-inflammatory dietary component quercetin on tumorigenesis in
this model or on macrophage infiltration in any cancer model.

The purpose of this study was to examine the effects of quercetin on polyp multiplicity and
macrophage number in the ApcM* mouse model of intestinal tumorigenesis. Based on
previous /n vitro evidence on quercetin’s anti-carcinogenic properties and its ability to
modify many of the protumoral processes of macrophages /n vitro we hypothesized that
quercetin would decrease polyp number and size, and macrophage number in the intestines.

ApcMin+ male mice on a C57BL/6 background (Jackson Laboratories) were purchased and
bred with female C57BL/6 mice in the University of South Carolina's Center for Colon
Cancer Research (CCCR). Offspring were genotyped as heterozygotes by RT-PCR for the
Apc gene by taking tail snips at weaning. The primer sequences were sense: 5'-
TGAGAAAGACAGAAGTTA-3'; and antisense: 5-TTCCACTTTGGCATAAGGC-3..
Mice were maintained on a 12:12 h light-dark cycle in a low-stress environment (22°C, 50%
humidity and low noise) and provided food and water ad libitum. All animal
experimentation was approved by the University of South Carolina's Institutional Animal
Care and Use Committee.

Quercetin Treatment

Male and female ApcM* mice were randomly assigned to either quercetin or placebo
treatment (n=8/group; 4 males and 4 females). The experiment was not set up to allow for
comparison across gender; that was not a purpose of this study. Quercetin (Herbal Extracts
Plus; Croydon, PA) was incorporated into a grain based diet (Rodent BLTs™ product no.
F05072) by Bioserv (Frenchtown, NJ) at a concentration of 0.02%. The dose of quercetin
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used in this experiment is lower than doses used in earlier studies in rodent models of colon
cancer. This dose was selected based on previous evidence from our laboratory involving
other effects of quercetin in rodents (17, 18) and clinical trials (19, 20), including increased
sirtuinl (SIRT1) and decreased inflammation, both of which have been linked to a reduction
in colon cancer. Placebo mice received an identical diet but without the quercetin. Quercetin
feedings began at 4 wks of age and continued for a period of 16 wks, until animals reached
20 wks of age at which time they were sacrificed. Food intake and body weight were
measured weekly throughout the treatment period.

Tissue collection

Mice were sacrificed at 20 wks of age for tissue collection. The small intestine was carefully
dissected distally to the stomach and proximal to the cecum. The large intestine (section 5)
was removed from the distal end of the cecum to the anus. Mesentary tissue was removed
with tweezers, and the small intestine was cut into four equal sections (sections 1-4). All
intestinal sections were flushed with PBS, opened longitudinally, and flattened with a cotton
swab. All sections were fixed in 10% buffered formalin (Fisher Scientific, Pittsburg, PA) for
24 h. Spleens were also harvested and weighed as an indirect measure of inflammation.

Polyp counts

Formalin-fixed intestinal sections from all animals were rinsed in deionized water, briefly
stained in 0.1% methylene blue, and counted by the same investigator who was blinded to
the treatments. Polyps in each section were counted under a dissecting microscope, using
tweezers to pick through the intestinal villi and identify polyps. Polyps were categorized as
>2 mm (large), 1-2 mm (medium), and <1 mm (small).

Immunohistochemistry

Formalin-fixed paraffin-embedded intestinal sections (1 and 3) were Swiss-rolled and cut on
a microtime in 4-pum sections. Sections were deparrafinized in xylene and rinsed in 100%
ethanol. A cell and tissue staining kit (R&D Systems, Minneapolis MN) was used to stain
sections with F4/80 antibody (Serotec, Raleigh NC). The kit used the Avidin-Biotin
Complex (ABC) to detect F4/80 and 3,3’ diaminobenzidine (DAB) to visualize
macrophages. Briefly, peroxidase activity was squelched with 3% H,0, for 5 min. Sections
were blocked for 15 min in rat serum. Slides were incubated with the Avidin and Biotin
blocking reagents for 15 min each, then 1:50 with F4/80 for 2 hr. Slides were rinsed in PBS
and incubated with anti-rat secondary biotinylated antibody for 30 min. Sections were
incubated with high sensitivity streptavidin conjugated to HRP for 30 min and then stained
with DAB chromagen for 2 min. Sections were then stained with hematoxylin for 90 sec and
rinsed for 20 sec. For analyses, F4/80 positive cells were counted in 10 villi per animal and
averaged for each animal.

Statistical Analysis

RESULTS

Data were analyzed using a one-way ANOVA with Student-Neuman-Keuls post hoc
analysis. All data were analyzed using commercial software (SigmaStat, SPSS, Chicago,
IL). Statistical significance was set with an alpha value of P<0.05. Data are presented as
mean (£SEM).

Body weight and food intake

Food intake and body weight were measured weekly throughout the treatment period. There
was no difference in body weight or food intake between the placebo and quercetin group
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which suggests that the 0.02% quercetin diet was well tolerated. Initial body weights (4wks)
were 12.6 + 0.5 and 13.3 + 0.5g and final body weights (20wks) were 28.6 + 2.2 and 28.3 =
3.6 for placebo and quercetin, respectively. Food consumption at 4wks was 3.4 + 0.2 and
3.1+ 0.4g and at 20 wks was 4.0 + 0.1 and 4.3 = 0.1g in placebo and quercetin groups,
respectively. The approximate daily consumption of quercetin was 0.6 — 0.9 mg.

Polyp incidence

Quercetin feedings for 16 wks (age 4 wks to 20 wks) resulted in a 67% decrease in total
polyp number compared with mice fed a placebo diet (48.4 + 13.6 versus 16 + 4.1; £<0.05)
(Fig 1A). Specifically, quercetin feedings significantly reduced polyp size in categories >2
mm (large) and 1-2 mm (medium) (P<0.05) but not in <1 mm (small) (Fig 1B). Large
polyps (>2-mm diameter) were reduced by 69% (18.4 £ 5.4 versus 5.8 + 2.2; £<0.05) and
medium polyps (<2 >1-mm diameter) were reduced by 79% (21.6 = 7.3 versus 4.6 + 1.1; P
<0.05). Small polyps (<1-mm diameter) were reduced by 34% (8.5 + 2.1 versus 5.6 + 1.4),
however this did not reach statistical significance. Polyp numbers were also analyzed across
intestinal section. Quercetin significantly reduced polyp number in sections 2, 3 and 4 but
not in sections 1 and 5 (Fig 1C). Section 2 polyps were reduced by 75% (7.6 £ 1.9 versus 1.9
+0.7; P<0.05), section 3 polyps by 80% (17.1 £ 5.4 versus 3.5 + 0.8; £<0.05) and section 4
polyps by 79% (18.8 + 6.1 versus 3.9 + 0.8; £<0.05).

Macrophage Number

The effect of quercetin feedings on macrophage number in the intestinal villi was identified
by F4/80 immunohistochemistry in sections 1 and 3 of the small intestine. Regions 1 and 3
were chosen so as to represent a section of the intestine with low and high polyp incidence,
respectively. Quercetin feedings significantly reduced macrophage number in intestinal villi
in both regions 1 (2.6 £ 0.5 versus 1.1 + 0.4; £<0.05) (Fig 2A) and 3 (9.9 + 2.4 versus 1.8 +
0.5; P<0.05 (Fig 2B) of the small intestine.

Spleen Weight

The effect of quercetin on spleen weight was also determined as an indirect measure of
inflammation; spleen weight has been reported to be increased following infection and
inflammation. We have previously reported that a reduction in spleen weight was associated
with reduced IL-6 in male Apc/* mice following exercise (21). Our findings indicate that
quercetin feedings can decrease spleen weight in ApcM* mice (P<0.05); placebo mice had
an average spleen weight of 317 + 65 mg whereas spleens from mice fed quercetin weighed
only 163 + 36 mg.

DISCUSSION

Bioactive food components, such as the dietary flavonoid quercetin, have received increased
interest in recent years due to their ability to target multiple factors involved in the
development and progression of tumorigenesis (1-3, 5, 6). One such property of quercetin is
its ability to reduce the inflammatory response of macrophages (11, 12), a function that
contributes largely to the protumoral processes of this cell. However, there have been few in
vivorodent studies that have examined the effects of quercetin on tumorigenesis in a colon
cancer model and those that are available report inconsistent findings (22—-25). Further, there
have been no studies that have specifically examined the effects of quercetin on macrophage
number in a rodent model of colon cancer. This study used a well established mouse model
of intestinal tumorigenesis to examine the effects of the anti-inflammatory dietary flavonoid
quercetin on polyp multiplicity, and macrophage number in the intestines. Our findings
indicate that a 0.02% quercetin diet can reduce polyp number and size as well as
macrophage number in the intestines of the ApcM* mouse
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While good /n vitro evidence supports a beneficial role of quercetin in cancer, in vivo
animal studies of colon carcinogenesis are limited. Further, there are some inconsistencies
among the available findings. It was reported that a 3% quercetin diet resulted in a 4-fold
reduction in aberrant crypt foci (ACF) in an azoxymethane (AOM) rat colon cancer model
that was consistent with an induction of apoptosis (25). Similarly, Deschner et al. reported
that a 2% quercetin diet inhibited AOM-induced hyperproliferation in mice and reduced
colonic tumor incidence by 76% and tumor multiplicity by 48% (24). To date there has only
been one reported study that has examined the effects of quercetin on intestinal
tumorigenesis in ApcM* mice (22). Mahmoud et al. fed ApcM/7* mice a 2% quercetin diet
for a duration of 10 wks and reported no beneficial effects on tumor number or distribution
(22). This is inconsistent with the findings of our study that show a 59% reduction in
intestinal polyps in the ApcM* mouse following a much lower dose of quercetin (0.02%).
Our data also indicate that quercetin can decrease the overall number of large (>2mm) and
medium (<2>1mm) polyps as well as polyp number in intestinal regions 2—4. There was no
effect of quercetin in regions 1 and 5, however this is not surprising as these are regions of
low polyp multiplicity. It is possible that the low polyp incidence in these regions may
preclude any observable benefit of quercetin on polyp number. This inconsistency between
our findings and that of Mahmoud et al. may be due to several factors including the dose of
quercetin (0.02% versus 2%), timing of administration (feedings from 4-20 wks of age
versus 5-15 wks of age), gender used (males and females versus females only) and overall
tumor burden reported in the placebo groups (48 + 14 versus 33 + 5). This highlights the
need for dose response studies to further evaluate the most effective dose of quercetin and
appropriate timing of administration in this model.

The exact mechanism whereby quercetin exerts its chemopreventive potential is not yet
known. However, it is likely to involve macrophages, at least in part. Macrophages play a
pivotal role in the initiation and promotion of tumorigenesis and the progression of
malignant cells (7, 26, 27). They are key effector cells in the tumor microenvironment,
producing growth stimulators and inhibitors, proteolytic enzymes, and cytokines that modify
the extracellular matrix and regulate angiogenesis (28). These macrophages are referred to
as tumor-associated macrophages (TAMSs), most of which are derived from peripheral blood
monocytes recruited into the tumor mass from circulation (29). /n vitro studies support a role
for quercetin on macrophages. For example De Stefano et al., has shown that quercetin can
inhibit NFkB activation in the RAW 264.7 macrophage cell line (11). Similarly, quercetin
has been reported to inhibit LPS-induced pro-inflammatory cytokine expression in RAW
264.7 cells via NFkB mediated mechanisms (30). It has also been shown that macrophages
may be a target for quercetin; Kawai et al. reported that quercetin metabolites accumulate in
macrophages where they exert their biological activity (31). Our data show that quercetin
feedings can result in a reduction in macrophage number in the intestinal villi. However, the
decrease in macrophage number in section 1 was not associated with decreased
tumorigenesis; given the low incidence of polyps (~ 3) that generally occur in section 1 this
result is not surprising. To our knowledge these are the first data to show a quercetin-
induced reduction in macrophage number in this cancer model or any other cancer model.
These findings are consistent with Camuesco et al. that show a reduction in macrophage
number and associated inflammation in a rat model of inflammatory bowl disease (IBD)
following treatment with a glycoside formed from quercetin (quercetrin) (32).

Although quercetin is likely to at least in part mediate its chemopreventive effects through
macrophages, it is important to point out that given its wide range of biological properties,
its anti-carcinogenic effects are likely to involve multiple bioactive targets (4). In addition to
its ability to reduce macrophage-induced inflammation /n vitro, evidence has shown that
quercetin can inhibit carcinogenesis via anti-mutagenic activity, antioxidant activity,
modulation of signal transduction pathways, and apoptosis-inducing and anti-proliferative

Nutr Cancer. Author manuscript; available in PMC 2012 June 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Murphy et al.

Page 6

activity. Quercetin’s anti-mutagenic activity has been shown against aflatoxin B1 (AFB1)
and 2-acetamido-flurene (2-AAF)-induced mutagenesis (33). Its potent antioxidant activity
is likely to reduce reactive oxygen species (ROS) produced in cancer cells which has been
linked to genomic instability and cancer initiation, progression and maintenance (4). Further,
quercetin has been reported to induce apoptotic cell death through the mitochondrial
pathway (34) and down-regulate the expression of various oncogenes (35). Therefore it is
not appropriate to ascribe a role of macrophages independent of these other properties.

The beneficial effects of a bioactive food component like quercetin are largely dependent on
bioavailability, absorption, distribution, metabolism, and excretion following oral
administration. We have recently reported that quercetin can be detected in human plasma
within 15-30 min of ingesting of a 250 or 500 mg dose, reaching a peak concentration at
approximately 120-180 min, returning to baseline levels at 24 hr (36). Our results are
consistent with others that have measured quercetin absorption in the plasma following
ingestion of the pure quercetin aglycone as well as various gluconated forms contained in
foods (37). Quercetin has also been shown to reach and accumulate in various tissues
including colon, kidney, liver, lung, muscle and brain (38). While it is unlikely that the
equivalent human dose used in these experiments (~1000mg/day) would be consumed in the
diet (e.g. one apple contains ~10mg of quercetin) this is certainly a reasonable dose for
supplemental administration and has been determined to be safe (4).

In summary, the dietary flavonoid quercetin has well documented anti-carcinogenic effects
in vitro. However, to our knowledge these are the first data to show a benefit of the
quercetin on polyp number and size distribution in the ApcM* mouse model of intestinal
tumorigenesis. Further, these are the first data in any cancer model to report a quercetin-
induced reduction in macrophage number in the intestinal villi as a potential mechanism for
its effects on tumorigenesis. However, additional dose response studies are necessary to
truly evaluate the potential benefit of dietary quercetin in colon cancer and to further
understand its specific effects on macrophages in this model.
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Quercetin reduces (A) total intestinal polyps, (B) large and medium polyps and (C) region
specific polyps (sections 2—4) in the ApcMi"* mouse model of intestinal tumorigenesis
(n=8/group). Mice were fed a placebo or quercetin (0.02%) diet from 4 wks to 20 wks of
age. Following the treatment period mice were sacrificed and polyps were counted. *

Significantly different from Placebo P<0.05.
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Figure 2.

Quercetin reduces macrophage number in intestinal villi in sections (A) 1 and (B) 3 of the
small intestine in the ApcMi"* mouse model of intestinal tumorigenesis (n=8/group). Mice
were fed a placebo or quercetin diet from 4 wks to 20 wks of age. Following the treatment
period mice were sacrificed and intestinal sections 1 and 3 were stained for macrophages
using F4/80 Ab. * Significantly different from Placebo P<0.05.
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Quercetin decreases spleen weight in the ApcMin* mouse. Mice were fed a placebo or
quercetin diet from 4 wks to 20 wks of age. Following the treatment period mice were
sacrificed and spleens were harvested and weighed. * Significantly different from Placebo
P<0.05.
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