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Abstract

The flavonoid quercetin suppresses cell proliferation and enhances apoptosis in vitro. In this study, we determined
whether quercetin protects against colon cancer by regulating the protein level of phosphatidylinositol 3-kinase (PI
3-kinase) and Akt or by suppressing the expression of proinflammatory mediators [cyclooxygenase (COX)-1, COX-2,
inducible nitric oxide synthase (iNOS)] during the aberrant crypt (AC) stage. Forty male rats were randomly assigned to
receive diets containing quercetin (0 or 4.5 g/kg) and injected subcutaneously with saline or azoxymethane (AOM; 2 times
during wk 3 and 4). The colon was resected 4 wk after the last AOM injection and samples were used to determine high
multiplicity AC foci (HMACF; foci with >4 AC) number, colonocyte proliferation and apoptosis by immunohistochemistry,
expression of Pl 3-kinase (p85 and p85«a subunits) and Akt by immunoblotting, and COX-1, COX-2, and iNOS expression by
real time RT-PCR. Quercetin-fed rats had fewer (P = 0.033) HMACF. Relative to the control diet, quercetin lowered the
proliferative index (P = 0.035) regardless of treatment and diminished the AOM-induced elevation in crypt column cell
number (P = 0.044) and expansion of the proliferative zone (P = 0.021). The proportion of apoptotic colonocytes in AOM-
injected rats increased with quercetin treatment (P = 0.014). Levels of p85 and p85a subunits of PI 3-kinase and total Akt
were unaffected by dietary quercetin. However, quercetin tended to suppress (P < 0.06) the expression of COX-1 and
COX-2. Expression of iINOS was elevated by AOM injection (P = 0.0001). In conclusion, quercetin suppresses the
formation of early preneoplastic lesions in colon carcinogenesis, which occurred in concert with reductions in proliferation

and increases in apoptosis. It is possible the effects on proliferation and apoptosis resulted from the tendency for

-

quercetin to suppress the expression of proinflammatory mediators. J. Nutr. 139: 101-105, 2009.

Introduction

Except for a few notable epidemiological studies (1,2), evidence
suggests that a diet rich in fruits and vegetables may protect
against chronic diseases, such as colon cancer (3,4), in possibly a
site-specific manner (5). Sporadic cases of colon cancer take
many years to reach the invasive stage, providing opportunities
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to implement appropriate dietary chemoprotective measures
that may prevent the onset or slow the progression of this disease
(3,6). Chemoprotective agents that decrease proliferation and
enhance removal of transformed cells through apoptosis (7-9) or
suppress inflammation (10,11) would be able to suppress colon
tumor formation (12).

Quercetin (3,5,7,3'4’ pentahydroxyflavone) is the main fla-
vonol present in human diets (13), making it a major contributor
to the bioactivity found in fruits and vegetables. Quercetin has
been shown to inhibit cancer in animal models (14) and to
inhibit the growth of human cancer cell lines (15,16). The
colonic epithelium maintains a dynamic equilibrium between
apoptosis, necrosis, and cell proliferation and defects in the
regulation of proliferation and apoptosis promote tumor for-
mation by preventing the systematic removal of genetically
mutated cells (8,12,17).

One signaling pathway involved in the control over prolifer-
ation and apoptosis, which is typically dysregulated in multiple

Manuscript received 25 July 2008. Initial review completed 22 August 2008. Revision accepted 3 November 2008. 101

First published online December 3, 2008; doi:10.3945/jn.108.096271.



human cancers, is the phosphatidylinositol 3-kinase (PI 3-
kinase)*-Akt pathway (18). Specific inositol lipids phosphorylated
by PI 3-kinase control a cascade of responses that mediate cell
cycle progression, cell proliferation, and apoptosis in response to
mitogenic stimuli (18,19). Binding of PI 3-kinase products
PtdIns(3,4)P, and PtdIns(3,4,5)P; to its PH domain leads to
PDK1-mediated phosphorylation of Akt, inhibiting apoptosis and
allowing for dysregulated growth of transformed cells (20).

PI 3-kinases are heterodimeric proteins containing both a
regulatory (p85) and catalytic subunit (p110) (21). The p85
regulatory subunit is encoded by 3 genes and a mutated form of
the p85a regulatory subunit of PI 3-kinase is thought to promote
colon cancer development (22). PI 3-kinase expression and
activity are reported to be elevated in human colorectal tumors
(23) and quercetin and its analogue LY294002 have been shown
to inhibit PI 3-kinase activity (24). Other studies of colon (25)
and lung cancer (26) cell lines have demonstrated that quercetin
inhibits the expression of Akt.

Perturbations in the expression of proinflammatory media-
tors, including COX-1, COX-2, and Inducible nitric oxide
synthase (iNOS), are also found in colon carcinogenesis (27,28).
All 3 of these enzymes are elevated during different stages of
colon cancer (29,30). However, experiments using bioactive
molecules (e.g. naringin) have demonstrated that the expression
of these enzymes can be suppressed at the promotion stage of the
azoxymethane (AOM) rat model of colon cancer (31).

Thus, this project had as its goal the determination of
whether quercetin suppresses the early stage of colon carcino-
genesis (preneoplastic lesion formation) and to establish whether
the effects were associated with alterations in apoptosis and
proliferation and changes in the expression of cell cycle
regulatory kinases (PI 3-kinase and Akt) and inflammatory
mediators (COX-1, COX-2, and iNOS) in a carcinogen-injected
animal model.

Materials and Methods

Dietary quercetin analysis. Methanol extracts of the diets (10 g/L)
were prepared by shaking for 24 h followed by filtration through a 0.45-
pm filter. A 15-uL sample of the extract was injected into a Waters
Nova-Pak C-18 column (4 wm X 15 cm) using a solvent phase of 45%
methanol adjusted to a pH of 2.4 with phosphoric acid. The flow rate
was 1 mL/min. Quercetin was detected at 370 nm and quercetin content
calculated using an external standard of capsicum extracts (32).

Rats and treatments. Forty male weanling Sprague-Dawley rats
(Harlan) were individually housed in a temperature- and humidity-
controlled animal facility with a 12-h-light/-dark cycle. The rats were
stratified by body weight and assigned to 1 of 4 experimental groups (n =
10 rats per group) such that there were no differences in mean initial
weight among the treatment groups. Diets were prepared to conform
to the standard AIN-76A formulation (9). Controls were fed a diet con-
sisting of 60 g/kg cellulose, 150 g/kg corn oil, 220 g/kg casein, 510
g/kg dextrose and complete vitamin (11.2 g/kg) and mineral (39.1 g/kg)
mixes (AIN-76A) (Harlan Teklad). Experimental rats were fed the same
diet with 4.5 g/kg quercetin dihydrate (Sigma) added at the expense of
dextrose. AOM (Sigma; 15 mg/kg body weight) or saline was injected
(subcutaneously) 3 wk after starting experimental diets followed by a
second injection 1 wk later.

Sample collection. Four weeks after the second injection, the entire
colon was resected and cleaned with RNase free PBS (Gibco). One-

4 Abbreviations used: AC, aberrant crypt; ACF, aberrant crypt foci; AOM,
azoxymethane; COX, cyclooxygenase; HMACF, high multiplicity aberrant crypt
foci; iINOS, Inducible nitric oxide synthase; Pl 3-kinase, phosphatidylinositol
3-kinase.
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centimeter sections from the most proximal and distal colon were fixed
in a 4% paraformaldehyde solution and another 1-cm section was
removed from the proximal and distal colon and fixed in ethanol. The
remaining midsection of the cleaned colon was split longitudinally with
one side used for the aberrant crypt (AC) foci (ACF) assay and the other
half used for immunoblotting and PCR analyses.

ACF analysis. Colon strips were stained with 0.5% methylene blue
prepared in PBS and the number of AC, ACF, and high multiplicity ACF
(HMACF; ACF with >4 AC per focus) were determined according to
the procedures described by Bird (33) and used previously in our
laboratory (31).

Proliferation. Cell proliferation was measured in ethanol-fixed distal
colon sections by detecting proliferating cell nuclear antigen levels with a
monoclonal antibody (anti PC-10; Signet Laboratories) and a Vectastain
ABC Elite kit (Vector Lab) as described by Vanamala et al. (31). Twenty-
five crypt columns in the distal colon of each rat were used to determine
the number of proliferating cells. Only cells exhibiting strong nuclear
staining were counted. The data collected included crypt height (no. of
cells per crypt column), the number and proportion of proliferating cells
in a crypt column, and proliferative zone (position of the highest
proliferating cell, as a percentage of the total crypt column cell no.).

Apoptosis. The proportion of apoptotic colonocytes was measured in
paraformaldehyde-fixed distal colon sections using a TUNEL assay
(Intergen) as previously described (8). Stained cells exhibiting apoptotic
morphological features were counted in 50 crypt columns. The apoptotic
index represents the proportion of cells undergoing apoptosis within a
crypt column.

Quantification of Pl 3-kinase subunits and total Akt by immuno-
blot. The concentration of protein in rat colon mucosal triton-soluble
cell lysates was determined using the BCA Protein assay (Pierce) (31).
Aliquots of the protein extracts were separated on 4-12% NuPAGE
Bis-Tris precast gels (Invitrogen) and transferred to Invitrolon PVDF
membranes (Invitrogen). Primary antibodies acquired from Upstate (PI
3-kinase p835), Santa Cruz Biotechnology (PI 3-kinase p85a), and Cell
Signaling Technology (detects Akt1, Akt2, and Akt3 proteins) along with
a peroxidase-labeled secondary antibody [anti-rabbit IgG (H+L); KPL]
were used to probe the blots. Target proteins were quantified with
SuperSignal West Femto (Pierce) and band intensities were determined
using a Bio Rad Fluor-Imager and Quantity One software (Bio-Rad).
Intensities were normalized to a standard (stimulated Jurkat cell lysate,
Upstate) included on each gel.

COX-1, COX-2, and iNOS expression. The scraped mucosa samples
were placed into denaturation solution (Totally RNA kit; Ambion),
homogenized on ice using a Teflon-in-glass homogenizer, and frozen
(—80°C) until the RNA was isolated using a Totally RNA kit followed by
treatment with DNase (DNA Free; Ambion). Prior to performing PCR
analyses, all samples were tested for quality using an Agilent 2100
Bioanalyzer (Agilent). PCR reactions for COX-1 (forward primer,
TGGCCGAGGATGTCATCA; reverse primer, CCTCTTTCGGTATT-
CATTGAAGGA) and COX-2 (forward primer, GCACAAATATGATG-
TTCGCATTG; reverse primer, CAGGTCCTCGCTTCTGATCTG) were
performed using SYBR green detection reagent (Applied Biosystems).
The expression of iNOS was determined with an Assay-on-Demand
(Rn99999069_mH, Applied Biosystems) target mix using the manufac-
turer’s protocol. Expression was normalized to 18S levels (34).

Statistics. The Proc Mixed procedure in SAS was used to determine the
effect of diet, treatment, and the interaction on HMACF number,
number of cells per crypt column, extent of proliferative zone,
proliferative index, protein levels, and gene expression. These data are
reported as least squares means (£ SEM) with differences detected using
Fisher’s least significant difference. Nonparametric and Wilcoxon’s rank
sum tests in SAS were used to determine diet and treatment effects on
apoptotic index. Differences were deemed significant when P-values
were <0.05.
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FIGURE 1 HMACF (foci containing >4 AC) formation in AOM-

injected rats. Bars represent least squares means = SEM, n = 10 rats.
Means without a common letter differ, P = 0.033.

Results

The diets were formulated to contain 4.5 g/kg quercetin.
Analysis of diet aliquots indicated that the actual concentration
of quercetin in the diet was 4.35 g/kg. Intake and weight gain
were not affected by either dietary quercetin or carcinogen
injection.

ACEF are prevalent in humans and animal models of colon
cancer (6,35). These preneoplastic lesions, especially the
HMACE, are thought to be a predictor of eventual tumor
formation (36). Therefore, we examined the prevalence of AC in
these rats to determine whether quercetin was suppressing colon
carcinogenesis. AC were not detected in saline-injected rats. As
expected, quercetin consumption by AOM-injected rats resulted
in 41% fewer HMACEF than was found in rats consuming diets
without quercetin (Fig. 1).

Colon cancer is characterized by elevated proliferation and
reduced apoptosis; thus, we determined whether quercetin was
able to mitigate these perturbations in the distal colon. We used
the PCNA assay to quantify the effect of dietary quercetin on
colonocyte proliferation. Rats fed quercetin, regardless of
treatment, had fewer proliferating cells per crypt column (data
not shown) and a lower percentage of proliferating cells per
crypt column (Fig. 2A). AOM injection caused an expansion of
the proliferative zone of rats consuming the control diet, which
did not occur in those rats fed quercetin (Fig. 2B). We used the
TUNEL assay to determine the effect of dietary quercetin on

apoptosis in rat colonocytes. Quercetin yielded a greater
proportion of apoptotic cells in the distal colon of carcinogen-
injected rats (Fig. 2C) but had no effect on apoptosis in saline-
injected rats. The net effect of changes in proliferation and
apoptosis in rats consuming quercetin led to maintenance of the
number of cells per crypt column when injected with the
carcinogen. However, rats consuming the control diet and
injected with AOM had more cells per crypt column (Fig. 2D).

Regulation of proliferation and apoptosis is effected through
inputs from a variety of signaling cascades. We chose to evaluate
the effect of the carcinogen and quercetin on the level of the p85
and p85a subunits of PI 3-kinase, as well as total Akt, in colon
mucosal scrapings using immunoblotting. Even though there
was a consistent numerical elevation in the level of p85 (0.55 vs.
0.68; P = 0.16; SEM = 0.09), p85« (0.88 vs. 0.92; P = 0.43;
SEM = 0.15), and Akt (0.09 vs. 0.22; P = 0.078; SEM = 0.08),
especially in the scraped colonic mucosa from saline-injected
rats fed quercetin, the steady-state level of these proteins did not
differ in response to dietary quercetin (Supplemental Fig. 1). To
determine whether quercetin was influencing proliferation,
apoptosis, and AC formation through inflammatory pathways,
we determined the mRNA levels of COX-1, COX-2, and iNOS
in the scraped mucosal samples. Injection of AOM resulted in no
difference (P > 0.4) in the expression of COX-1 or COX-2;
however, AOM induced a 5.3-fold elevation in iNOS levels for
the control rats (P = 0.0001) compared with a 1.7-fold elevation
in the quercetin-fed rats (P = 0.017). Overall, quercetin
suppressed COX-1 and COX-2 transcript levels by 20.2 and
19.6%, respectively (Fig. 3).

Discussion

The multistep nature of colon cancer provides many opportu-
nities to influence the disease process through nutritional
interventions (37). A diet rich in fruits and vegetables that
contain a variety of vitamins, trace minerals, and biologically
active compounds (e.g. quercetin) may suppress carcinogenesis
(13,38). In the present study, we have shown that a diet
containing quercetin decreased HMACE, the number of cells per
crypt column, the proliferative zone, and the percentage of
proliferating cells, and increased the apoptotic index in the distal
colon compared with the control diet without quercetin.

The mechanism(s) or cellular pathway(s) by which quercetin
decreased the preneoplastic lesions and mitigated the effect of

FIGURE 2 Proliferative index (A), prolif-
erative zone (B), apoptosis (C), and number
of cells per crypt column (D) inrats injected
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FIGURE 3 COX-1, COX-2, and iNOS transcript levels in colon
mucosal scrapings from rats injected with saline or the carcinogen
AOM and fed control or quercetin-containing diets. Bars represent
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differ, P < 0.0001.

AOM on cell cycle kinetics does not appear to involve the
transcriptional or translational regulation of PI 3-kinase or Akt.
This is in contrast to data from cell culture experiments indicating
that quercetin decreased the level of total Akt (25,26,39).
However, other data from different cell systems suggest that
quercetin has no effect on Akt expression (40), similar to results
obtained in the current study. Although there are contradictory cell
culture data in the literature, our current work suggests that dietary
quercetin has no in vivo effect on expression of these proteins.
Because the current experiment used samples collected from rats
only 4 wk after the last AOM injection, it is possible the level of PI
3-kinase or Akt may not be elevated at this early time point.
Therefore, it is not possible to definitively predict whether
quercetin would be able to suppress expression later in tumori-
genesis, a stage when the level of these proteins are typically
elevated (41).

Because the activity of PI 3-kinase and Akt proteins is
determined by their phosphorylation state, dietary quercetin
may have altered proliferation and apoptosis by inhibiting the
activity of these proteins via a mechanism that influences post-
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translational modification. Quercetin, as well as its structural
analogue, 1Y294002, has been shown to inhibit PI 3-kinase
activity in vitro (24,42), with the inhibition being directed at the
ATP binding site. Other cell culture studies have recently
demonstrated that quercetin is able to downregulate the levels
of phospho-Akt (25,26).

Although the current in vivo study did not find an inhibitory
effect of dietary quercetin on the expression of PI 3-kinase or its
downstream effector Akt, the data do suggest that quercetin
inhibits the early stage of colon carcinogenesis through other
mechanisms that involve changes in both proliferation and
apoptosis. Other candidate proteins that may influence the early
stage of colon carcinogenesis include proinflammatory media-
tors, such as COX-1, COX-2, and iNOS. Takeda et al. (27)
demonstrated that during early polyp development, the observed
increases in COX-2 expression were dependent upon elevated
COX-1 expression. Our results suggest that dietary quercetin
tends to suppress the levels of both COX-1 and COX-2
expression at this very early stage of colon carcinogenesis.
iNOS expression is increased in human tumors (28) and
although quercetin had no significant effect on iNOS expression,
it contributed toward a numerically smaller increase in iNOS
levels when rats were injected with AOM. These data suggest
that quercetin may suppress the promotion of colon carcino-
genesis through its ability to lower proinflammatory COX gene
expression during the earliest stages of colon carcinogenesis and
may partially suppress the elevation in iNOS expression that
occurs with carcinogen exposure.

In summary, quercetin suppressed proliferation and en-
hanced apoptosis and together, these changes contributed to a
significant reduction in the development of ACF in the AOM
model of colon carcinogenesis. Although quercetin did not
influence the expression of the PI 3-kinase p85 subunits or Akt
proteins, it did tend to suppress mRNA levels of COX-1 and
COX-2. Early increases in iNOS expression in AOM-injected
rats may promote carcinogenesis; however, it is not clear
whether, at this time point, quercetin is able to suppress the
increase in iNOS expression. These observations suggest that
diets with elevated quantities of fruits and vegetables that
provide levels of quercetin representative of that used in this
study should help inhibit the formation of preneoplastic lesions
of colon cancer, thus possibly reducing eventual colon tumor
formation. The protection conferred by quercetin may be in part
due to a suppression of proinflammatory mediators typically
upregulated at disease onset.
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