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Activation of AMP-activated protein kinase (AMPK), a physiological cellular energy sensor, strongly

suppresses cell proliferation in both nonmalignant and tumor cells. This study demonstrates the mecha-

nism of quercetin-induced apoptosis in HT-29 colon cancer cells. Treatment of cells with quercetin

significantly decreased cell viability in a dose-dependent manner. Notably, quercetin increased cell

cycle arrest in the G1 phase and up-regulated apoptosis-related proteins, such as AMPK, p53, and

p21, within 48 h. Furthermore, in vivo experiments showed that quercetin treatment resulted in a

significant reduction in tumor volume over 6 weeks, and apoptosis-related protein induction by quercetin

was significantly higher in the 100 mg/kg treated group compared to the control group. All of these

results indicate that quercetin induces apoptosis via AMPK activation and p53-dependent apoptotic

cell death in HT-29 colon cancer cells and that it may be a potential chemopreventive or therapeutic

agent against HT-29 colon cancer.
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INTRODUCTION

Colorectal cancer is the thirdmost commoncancer and the fourth
most frequent cause of cancer deaths worldwide (1). Epidemio-
logical studies have shown significant differences in the incidence
of colon cancer among ethnic groups. The much higher incidence
of colon cancer in the United States and Europe compared to
Asian countries such as Japan and China is believed to be parti-
ally due to diet (2).

Recent studies in both humans and animals have shown that
regular consumption of fruits, vegetables, spices, and tea provides
essential nutrients and that many diet-derived phenolics, parti-
cularly flavonoids, exert potential anticarcinogenic activities and
are associated with a reduced risk of cancer (3).

Quercetin (Figure 1A; 3,30,40,5,7-pentahydroxyflavone) is amajor
dietary flavonoid found in a wide range of fruits, vegetables, and
beverages, such as tea and wine. It is often eaten daily in Western
countries and is extensively metabolized in the small intestine and
liver (4). Quercetin is oneof themost potent antioxidants, as demon-
strated in in vitro (5) and in vivo studies (6). The anti-inflammatory,

antiproliferative, and apoptotic effects of quercetin have been
analyzed in cell culture models (7).

At the molecular level, quercetin acts as an anticancer agent by
down-regulating the expression of oncogenes (H-ras, c-myc, and
K-ras) and anti-oncogenes (p21-ras; 8,9) or up-regulating the control
proteins of the cell cycle, such as p21WAF1 and p27KIP1 (10). In
addition, quercetin inhibits tyrosine and serine-threonine kinases,
the activities of which are linked to survival pathways such as
MAPK and AKT/PKB (11).

AMP-activated protein kinase (AMPK) is amember of a family
of serine-threonine protein kinases that are found in all eukaryotes
(12). The unique ability of AMPK to directly sense the energy
status of the cell makes it an attractive target molecule for ensur-
ing that cell division proceedswhen cells have sufficientmetabolic
resources to support cell proliferation (13). AMPK is also an
antigrowth molecule because of its relationship to two tumor
suppressor genes: LKB1 and TSC2 (tuberous sclerosis complex 2).
LKB1 is the upstream activating kinase for the stress-responsive
AMP-activatedkinase and links regulators of cellularmetabolism
and cell proliferation in cancer (14). LKB1 activates AMPK and
thus serves as the principal AMPKK (15-17). LKB1 also pro-
tects cells from apoptosis in response to agents that elevate
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intracellular AMP. Embryonic fibroblasts of LKB1-deficient
mice are defective in AMPK activation and undergo apoptosis
under conditions that elevate AMP. Ca2þ/calmodulin-dependent
protein kinase also regulates AMPK in cell lines that lack LKB1
expression (18).

AMPK activity requires phosphorylation of the R subunit on
Thr-172 in its activation loop by one or more upstream kinases
(AMPKK)(18-20). AMPK phosphorylation down-regulates
ATP-consuming processes, such as the synthesis of fatty acids,
cholesterol, and proteins, while up-regulating ATP-producing
catabolic pathways, such as fatty acid oxidation and glucose
uptake. Furthermore, AMPK activation regulates apoptosis in
multiple types of cancer cells by signaling pathways, such as
COX-2, Akt, and mTOR, which include the up-regulation of p53
and p21 proteins, activation of caspases, inhibition of molecules
related to growth, and proliferation of cancer cells (21-23).

Many protein targets of active caspases are biologically impor-
tant indicators ofmorphological and biochemical changes associ-
ated with apoptosis (24). Poly-ADP-ribose polymerase (PARP),
one of the essential substrates cleaved by both caspase-3 and
caspase-7, is an abundant DNA-binding enzyme that detects and
signals DNA strand breaks (25). Release of cytochrome c from
the internal part of the mitochondrial membrane into the cytosol
results in the activation of caspases-9, -3, -6, and -7. Caspase-3 in
particular is the main executor of apoptosis. Immunohistochemi-
cal analysis of the active form of caspase-3 was used to determine
apoptosis in paraffin sections from various tissues (26-29).

The main goal of the present study was to determine the
mechanism of quercetin-induced apoptosis in HT-29 colon can-
cer cells. TheMTT assay was used tomeasure the survival rate of
HT-29 cells in vitro. To evaluate whether this quercetin-induced
inhibition of cell proliferation was due to cell cycle arrest and/or

Figure 1. Effect of quercetin on viability and annexin positive apoptotic cells. PanelA shows the structure of naturally occurring quercetin. (B)HT-29 cells were
treated with quercetin (0, 50, or 100 μM) for 24 or 48 h, and cell viability was determined by MTT assay as described under Materials and Methods. Each bar
represents themean(SE of three separate experiments, and data are expressed as percent relative to the control. (C)HT-29 cells were treated with 0, 50, or
100μM quercetin for 48 h and stained with DAPI. Chromatin condensation, representing apoptotic cell death, was examined using a fluorescencemicroscope
(�400). (D) Cells were treated with quercetin (0, 50, or 100 μM) for 24 h. Cells positive for either annexin V or both annexin V and PI were considered to be
early apoptotic and late apoptotic cells, respectively. Labeled cells were analyzed by FACS analysis. The figure shows a representative staining profile for
10000 cells per experiment.
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apoptotic death, we assayed the cells by annexin V staining or by
DNA fragment staining with propidium iodide (PI). Moreover,
we used theWestern blot assay to determine the relevance of each
marker in apoptosis. In vivo studies evaluated quercetin-induced
apoptosis via p53-dependent apoptotic cell death. It is not known
what effects might occur if quercetin were given on the day of
tumor implantation. Accordingly, tumor sizewasmeasured every
2 days after implantation of a tumor fragment into nude mice for
up to 6 weeks and examined by immunohistochemical (p21, p53)
and TUNEL assays to detect quercetin-induced apoptosis.

MATERIALS AND METHODS

Cells, Materials, and Chemicals. HT-29 cells representing a human
colorectal adenocarcinoma cell line were obtained from the Korean Cell
Line Bank. Quercetin,MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide], and PI were purchased from Sigma-Aldrich (St. Louis,
MO). RPMI-1640 medium, penicillin-streptomycin, trypsin-EDTA, and
fetal bovine serum (FBS) were obtained fromHyCloneLaboratories (Logan,
UT). Polyclonal anti-PARP, anti-cleaved-PARP, anti-β-actin, anti-caspase-3,
anti-cleaved-caspase-3, anti-AMPKR(Thr172), anti-phospho-AMPKR-
(Thr172), anti-Bax, anti-Bcl-2, and anti-p21were purchased fromCell Sig-
naling Technology (Danvers, MA). Anti-p53 antibody was purchased
from Abcam (Cambridge, U.K.). Dimethyl sulfoxide (DMSO) was pur-
chased from Merck (Darmstadt, Germany). Cell lysis buffer and DAPI
were obtained from Invitrogen (Carlsbad, CA). A fluorescein isothiocya-
nate (FITC)-conjugated annexin V apoptosis detection kit was purchased
from BD Bioscience (San Diego, CA).

Preparation ofQuercetin.Quercetinwas dissolved inDMSOprior to
treatment (0, 50, or 100 μM). The concentration of DMSO in control
experiments or in experimental samples was always 1/1000 (v/v) of the final
medium volume.

Cell Culture.HT-29 cells were maintained in RPMI-1640 supplemen-
ted with 10%FBS and 1%penicillin-streptomycin (HyClone Laboratories)
at 37 �C in a humidified 5% CO2 atmosphere. For quercetin treatment,
HT-29 cells were seeded at a density of approximately 3�104 cells/cm2 in a
175 cm2 flask (Nunc, Fisher Scientific, Loughborough, U.K.) and allowed
to adhere overnight. The final concentration of quercetin in growth
medium was 0, 50, or 100 μM, and cells were incubated for 48 h.

MTT Cell Viability Assay. Cell survival rate was measured by the
MTTassay. Cells were seeded onto 12-well microplates at 5�104 cells/well
(24 h) or 4� 104 cells/well (48 h) and were incubated with quercetin at
concentrations of 0, 50, or 100 μM for the indicated times. The medium
was removed, and the cells were then incubated for 4 h with 1000 μL of
MTT solution (2 mg/mLMTT in PBS). Optical densities of the solutions
were determined by spectrophotometer (Ultrospec 2100 pro; Amersham
Biosciences, Uppsala, Sweden) at 540 nm. Cell viability was expressed as
the optical density ratio of the treatment to the control.

Western Blot Assay. To harvest cells, we washed the culture flasks
oncewith PBS and treated themwith trypsin-EDTA for 2min. Cells were
gently pipetted off the flask with PBS and transferred to 15 mL conical
centrifuge tubes. After centrifugation for 7 min at 1700 rpm, cell pellets
were washed twice with PBS, lysed with cell lysis buffer (Invitrogen), and
centrifuged at 15000 rpm for 5 min at 4 �C. Protein concentrations were
measured using the Bradford protein assay (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. Equal amounts of protein
(10 μg) were separated by 12% SDS-PAGE and electrophoretically
transferred onto polyvinylidene difluoride membranes (Amersham
Biosciences). The transferred membranes were blocked with Tris-buffered
saline containing 5% nonfat dry milk and 0.1% Tween 20 at 4 �C for 2 h.
After blocking, the membranes were incubated with anti-cleaved PARP,
anti-PARP, anti-β-actin, anti-caspase-3, anti-cleaved-caspase-3, anti-AMPKR
(Thr172), anti-phospho-AMPKR (Thr172), anti-Bax, anti-Bcl-2, anti-p21
(Cell Signaling Technology), and anti-p53 (Abcam) antibodies overnight
at 4 �C with gentle shaking. After incubation with primary antibodies, the
membranes were incubated with horseradish peroxidase-conjugated goat
anti-mouse or anti-rabbit IgG secondary antibodies (Cell Signaling Tech-
nology) for 2 h at room temperature with gentle shaking. After washing,
bands were visualized by ECL detection reagents (Pierce, Rockford, IL)
according to the manufacturer’s instructions. Blots were reprobed with
β-actin antibody used as a loading control.

Nuclear Morphology. To assess apoptosis, we stained the nuclei of
HT-29 cells with DAPI. Cells were seeded onto 12-well microplates at 4�
104 cells/well andwere incubatedwith quercetin at a concentrationof 0, 50,
or 100 μMfor 48 h. After treatment, cells were fixed in PBS containing 4%
paraformaldehyde for 30 min in an incubator. After fixation, cells were
washed twice with PBS, and cell nuclei were stained with DAPI in PBS.
Fluorescence was observed using a fluorescence microscope (�400).

Annexin V Staining for Analysis of Apoptosis.After stimulation of
HT-29 cells with quercetin, cell apoptosis wasmeasured with an annexin V
staining kit (Becton Dickinson). HT-29 cells (including floating cells)
grown in a 75 cm2 flask were collected following mild trypsinization.
Following the manufacturer’s instructions, we washed trypsinized cells
oncewithPBS, resuspended them in 100 μLof annexin binding buffer, and
mixed them with 5 μL of FITC-conjugated annexin V and phycoerythrin-
conjugated PI. Resuspended cells were incubated at room temperature in
the dark for 15 min. Labeled cells were analyzed using FACSCalibur
(Becton Dickinson).

Flow Cytometric Analysis of the Cell Cycle. The cell cycle phase
was assayed by measuring DNA fragment staining with PI. HT-29 cells
(including floating cells) grown in a 75 cm2 flask were collected following
mild trypsinization. Collected cells were centrifuged for 7min at 1700 rpm.
The cell pellets were washed twice with PBS and fixed with 70% ethanol
for 30min. After fixation,DNA fragments were stained in PBS containing
50 μg/mL PI and 100 μg/mL RNase (Sigma-Aldrich) for 30 min at room
temperature. After sorting out viable cells, we measured fluorescence
intensity using FACSCalibur (Becton Dickinson).

Animals. Thirty 5-week-old male nude mice (nu/nu) were obtained
from the animal production company of Orient-Bio (Gyeonggi-do,
Korea). The mice were maintained at a temperature of 23 ( 5 �C and a
relative humidity of 40( 10%with artificial lighting from8:00 a.m. to 8:00
p.m. in facilities approved by the Companion and Laboratory Animal
Science Department of Kong-Ju National University. The animals were
kept in cages and were allowed free access to sterilized water and commer-
cial rodent chow (Biopia, Korea). All animal experiments were performed
with the approval of the Institutional Animal Care and Use Committee
and following the guidelines of Kong-Ju National University.

Colon Tumor Xenografts. HT-29 cells were maintained in RPMI-
1640 supplemented with 10% FBS and 1% penicillin-streptomycin at
37 �C in a humidified 5% CO2 atmosphere. HT-29 cells were harvested
from cultures by exposure to 0.25% trypsin. Trypsinization was stopped
with a solution containing 10%FBS, and cells were thenwashed twice and
resuspended in RPMI-1640 medium. A total of 5� 105 cells in 0.2 mL of
medium was injected subcutaneously into the right flank of donor nude
mice. Seven days after the subcutaneous injection, HT-29 cells growing
under the skin of nude mice established tumors. When the tumor reached
about 1000 mm3 in size, the mice were anesthetized with diethyl ether, and
the tumormasswas surgically obtained.After slicing themass into 2�2mm
pieces using a grid, we surgically implanted a tumor fragment into the sub-
cutaneous tissue of the right flank of each mouse.

Preparation and Administration of Quercetin. Quercetin (0, 50, or
100 μM) was dissolved in 5% ethanol prior to treatment. Groups of fivemice
each were randomly assigned to receive one of the following treatments
starting on the day of implantation of the tumor fragment: Controlmicewere
administered 5% ethanol (0.2 mL/day) every day for 6 weeks. Low-dosage
mice were administered 50 mg/kg quercetin every day for 6 weeks. High-
dosage mice were administered 100 mg/kg quercetin every day for 6 weeks.

Measurement of Tumor Size.Miceweremonitored for up to 6 weeks
after implantation, and tumor size was measured in two dimensions every
other day starting onday 1 for up to 6weeks. Tumorsweremeasuredusing
vernier calipers (Mitutoyo, Japan), and tumor sizewas calculatedas [(lengthþ
width)� 0.5]3.

Immunohistochemistry. When tumors reached about 1000 mm3 in
size, animals were euthanized by overdose of inhalation anesthesia. To
detect p21 and p53, we excised tumors and fixed them in 10% buffered
formalin for 7 days; successively dehydrated them in 50, 70, 95, and 100%
ethanol solutions for 15 min each; and then submerged them in xylene
twice for 10 min. Paraffin-embedded tissue blocks were prepared with a
machine embedding center (Shandon) and cut with amicrotome (Shandon).
Then 5 μm thick sections were placed on glass slides and stretched on a
slide heating plate at 43 �C. The glass slides were incubated in a paraffin
oven at 37 �C for 1 day. The sectionswere deparaffinizedwith two changes
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of xylene for 10 min, rehydrated with two changes each of 100% ethanol
and 95% ethanol for 1min, and then rinsedwith tapwater for 10min. The
sections were incubated at 4 �C with anti-p21 (Cell Signaling Technology)
and anti-p53 (Abcam) antibodies overnight and incubated for 1 h at room
temperature with a peroxidase-conjugated goat anti-mouse antibody
followed by incubation for 1 h. Subsequently, sections were stained with
methyl green, treated with a mounting reagent (O. Kindler, Freiburg im
Breisgau, Germany), and observed under a microscope.

Apoptotic Cell Detection (TUNEL). Tissue sections attached to
microscope slides were deparaffinized by immersion in fresh xylene in a
Coplin jar. Then the slides were washed with 100% ethanol, and the sam-
ples were rehydrated by sequential immersion in graded ethanol washes
(95, 85, 70, and 50%). Apoptotic cells were detected using the Dead End
Colorimetric TUNEL System (Promega, Madison, WI) according to the
manufacturer’s instructions. After TUNEL sections were visualized in
30-diaminobenzidine tetrahydrochloride (DAB) solution, 50 μL of DAB
substrate 20� buffer was added to 950 μL of deionized water. Then 50 μL
ofDAB20� chromagen and 50 μLof hydrogen peroxide 20�were added.
Next, 100 μL ofDAB solutionwas added to each slide and developed until
there was a light brownbackground, keeping it away from light for 10min.
Sections were stained with methyl green, the number of positive cells for
each antibody was calculated on immunostained sections under a light
microscope (�200), and the mean value was calculated for each animal.

Statistical Analysis. All data are expressed as the mean ( SE. One-
way analysis of variance was used to analyze differences among multiple
comparisons. P<0.05 was considered to be statistically significant.

RESULTS

Quercetin Inhibits Cell Proliferation and Induces Apoptotic Cell

Death. To test the chemopreventive effects of the natural com-
pound quercetin on the proliferation of HT-29 cells, we treated
cells with various concentrations of quercetin (0, 50, or 100 μM)
for 24 or 48 h and analyzed the surviving cells using the MTT
assay. As shown in Figure 1B, quercetin induced cell death in a
dose- and time-dependent manner. Treatment with 100 μM
quercetin for 24 or 48 h resulted in significant decreases in cell
viability compared to the control group (P<0.05). The rate of
cell viability was 85.7% in the 24 h stimulation group, but 52.7%
of the cells survived in the 48 h stimulation group. Treatmentwith
50 μM quercetin slightly reduced cell viability according to
culture time, with 95.6% of the cells surviving after 24 h and
89.2% of cells surviving after 48 h. These results suggest that
quercetin induces cell death and inhibits cell proliferation in a
dose- and time-dependent manner.

Figure 2. Effect of quercetin on cell cycle arrest and p53, p21 expression inHT-29 colon tumors. (A)HT-29 cells were treatedwith quercetin (0, 50, or 100μM)
for 24 h, and harvested cells were fixed with 70% ethanol and stained with 50 μg/mL PI. The figure shows a representative staining profile for 10000 cells per
experiment. The red spike is the cell population in G1 phase. (B) Nude mice were administrated quercetin (0, 100 mg/kg) for 6 weeks and assayed by
immunohistochemistry using p53, p21 antibodies. Slides were observed under a microscope and photographed (�400). Paraffin-embedded tumors were
sectioned (5 μm). Scale bar = 20 μm. (C) Cells were treated with quercetin (0, 50, or 100 μM) for 48 h. Cell lysates were prepared as described under
Materials and Methods and analyzed by 12% SDS-PAGE followed by Western blot assay. The membranes were incubated with anti-p53 and anti-p21
antibodies overnight. The blot was also probed with anti-β-actin antibody to confirm equal loading of samples.
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Quercetin Induces Chromatin Condensation in HT-29 Cells. To
evaluate the effects of quercetin on chromatin condensation, we
treated HT-29 cells with 50 or 100 μM quercetin for 48 h and
examined them for apoptosis using DAPI staining, which distin-
guishes live from apoptotic cells on the basis of nuclear morpho-
logy. The presence of chromatin condensation in the quercetin-
treated cells was detected on a fluorescent microscope (�400).
DAPI forms fluorescent complexes with double-I banded DNA,
and stained nuclei show a bright fluorescence with a DAPI filter.
As shown in Figure 1C, cells treated with 100 μM quercetin
fluoresced brightly, indicating chromatin condensation.

Quercetin Induces Apoptosis. To further understand whether
quercetin-induced cell death ismediated by apoptosis or necrosis,
we evaluated apoptotic cell death using annexin V/PI double
staining, which specifically labels apoptotic cells.Figure 1D shows
that quercetin treatment at concentrations of 50 and 100 μM
induced apoptosis in 10.43 and 10.76% of the cells, respectively,
after 24 h.However, only 0.98%of the total cell population showed
necrotic cell death.

Quercetin Induces Cell Cycle Arrest at the G1 Phase. To evalu-
atewhether this quercetin-induced inhibition of cell proliferationwas
due to cell cycle arrest, we maintained HT-29 cells in 50 or 100 μM
quercetin for 24 h and then stained them with PI. Afterward, we
analyzed the cell cycle distribution using flow cytometry. Treatment
with quercetin significantly increased theG1DNAcontent inHT-29
cells (Figure 2A). In the 50 and 100 μMquercetin treatments, the G1
population was increased, and the population in S phase was cor-
respondingly decreased in a dose-dependent manner. The G1 popu-
lation increased from38.48 to 60.11%as a result of 50μMtreatment
and from 38.48 to 66.02% as a result of 100 μM treatment. These
results suggest that quercetin arrests the cell cycle in theG1 transition
checkpoint in a dose-dependent manner and that this arrest is the
main result of the antiproliferative effects of quercetin.

Effects of Quercetin on p21 and p53 Levels in HT-29 Colon

Tumor Cells. To assess the increase in apoptosis-related proteins
in quercetin-treated HT-29 colon tumors, we administered quer-
cetin (0, 50, or 100 mg/kg) to three groups of five mice each for
6 weeks.When the control group tumors reached about 1000 mm3

in size, the animals were sacrificed and 5 μm sections were pre-
pared.As shown inFigure 2B (upper panel), the expression of p53
was significantly higher in the 100mg/kg treated group than in the
control group. Similar results were observed for p21 (Figure 2B).

Phosphorylation of AMPK Is Essential for Quercetin-induced

Apoptosis. In cells treated with 100 μM quercetin, phosphoryla-
tion of p53 proteins was significantly increased after 48 h, and up-
regulation of p21 was also observed. In contrast, no significant
changes were apparent in nontreated control cells after 48 h
(Figure 2C). To confirm whether the phosphorylation of AMPK
was essential for quercetin-induced apoptosis, we treated HT-29
cells with various concentrations of quercetin (0, 50, or 100 μM)
for 48 h and analyzed apoptosis-related proteins using Western
blotting. As shown in Figure 3A, AMPKR phosphorylation at
Thr-172 was significantly increased in a dose-dependent manner.
This indicates that quercetin treatment results in a marked
elevation of AMPK phosphorylation within 48 h. The expression
of p53 downstream effectors such as Bax and Bcl-2 is key in cell
cycle arrest and apoptotic death. As shown in Figure 3B, the total
protein concentration of Bcl-2 was decreased, and Bax protein
was increased in quercetin-treated cells. In addition, a marked
increase in cleaved-PARP and cleaved-caspase-3 was observed
in the quercetin-treated cells (Figure 3C). These results indicate
that quercetin induces apoptosis via phosphorylation of AMPK
and p53.

Effects of Quercetin on the Growth of HT-29 Colon Tumors. To
assess the effects of quercetin on HT-29 colon tumor growth, we
measured tumor size every 2 days after implantation intomice for

Figure 3. Effect of quercetin on the phosphorylation of AMPK. (A) Cells were treated with quercetin (0, 50, or 100 μM) for 48 h. Cell lysates were prepared as
described underMaterials andMethods and analyzed by 12%SDS-PAGE followedbyWestern blot assay. Themembraneswere incubatedwith anti-phospho-
AMPKR (Thr172) and anti-AMPKR (Thr172): (B) anti-Bax and anti-Bcl-2 antibodies; (C) anti-PARP, anti-cleaved PARP, anti-caspase-3, and anti-cleaved-
caspase-3 antibodies. The blot was also probed with anti-β-actin antibody to confirm equal loading of samples.
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up to 6 weeks. As described in Figure 4A, tumor volume was
significantly decreased in the 50 and 100 mg/kg quercetin treated
groups compared to the control group (P<0.05). Quercetin also
inhibited tumor weight in HT-29 cell xenograft (Figure 4B). As
shown inTable 1, the groups given quercetin showed a significant
reduction in tumor volume at day 41: 35% for the 50mg/kg group
and 45% for the 100 mg/kg group compared to the control group
(0 mg/kg; both P<0.05).

Effects of Quercetin on Apoptosis in HT-29 Colon Tumor Cells.

As shown in Figure 4C, a significant increase in TUNEL positive
cells was seen in the 100 mg/kg treated group compared to the
control group (P<0.05). These in vivo findings support the in
vitro findings that quercetin increases apoptosis in HT-29 colon
tumor cells.

DISCUSSION

This study demonstrates the mechanism of quercetin-induced
apoptosis via AMPK activation and p53-dependent apoptotic
cell death in HT-29 cells and shows that the mechanism of cell
cycle arrest is AMPK phosphorylation (see Figure 5). Several
studies have demonstrated the relationship between cancer and
diet by showing that quercetin, a major dietary flavonoid, has
antiproliferative effects (3).

To test the effect of quercetin on the proliferation of HT-29
cells, we performed an MTT assay. As shown in Figure 1B,
quercetin significantly decreased HT-29 cell viability in a dose-
dependent manner. Similar effects of quercetin on leukemia (30)
and prostate (31), breast (32), and lung (33) cancer cells have been
reported. To further understand whether this quercetin-induced
inhibition of cell viability is due to cell cycle arrest and/or
apoptosis, we performed PI staining. As shown in Figure 2A,
quercetin treatment significantly increased cell cycle arrest in the

Figure 4. Effect of quercetin on HT-29 colon tumor growth and apoptosis in HT-29 colon tumors. (A) To assess the effects of quercetin on HT-29 colon tumor
growth, mice were treated with quercetin (0, 50, or 100 mg/kg) for 41 days, and tumors were measured using vernier calipers. (B) Final tumor weights are
graphed; each value represents the mean( SE for five mice. (C) Nude mice were administered quercetin (0, 50, or 100 mg/kg) for 6 weeks and TUNEL
assayed as described under Materials and Methods (A, 0 mg/kg; B, 100 mg/kg). Slides were observed under a microscope and photographed (�400).
Paraffin-embedded tumors were sectioned (5 μm). Scale bar = 20 μm.

Table 1. Effect of Quercetin on Inhibition of HT-29 Colon Tumors

pre-experiment postexperiment

group n size (mm3) n size (mm3) inhibition ratea (%)

0 mg/kg 5 72.26 5 757.52

50 mg/kg 5 68.41 5 491.22 35.15

100 mg/kg 5 52.54 5 413.11 45.46

aData are expressed as percent relative to the control.

Figure 5. Possible role of quercetin in the AMPK pathway in HT-29 cells.
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G1 phase and up-regulated apoptosis-related proteins, such as
p-p53 and p21, within 48 h (Figure 2C).

Western blot and flow cytometric analysis showed that the
inhibition of p21-ras expression by quercetin was time- and
concentration-dependent (8).

Flow cytometric analysis revealed that p53 strongly increased
the number of cells with G1 DNA content in response to quer-
cetin treatment via increases in p21 levels. Quercetin had no effect
on the cell cycle progression in the S phase and the G2/M phase,
and the growth inhibitory effect of quercetin was the result of the
arrest in the G1 phase of the cell cycle in gastric cancer cell (34).
Several studies of G1DNA have shown that quercetin blocks the
cell cycle in the G1 phase in endometrial (35) and hepatic (36)
cancer cells. Up-regulation of p53 and p21 proteins leads to an
inhibition of growth and proliferation in cancer cells (21-23).
The increase in levels of p21, a key downstream target of p53 and
one of the cyclin-dependent kinase inhibitors, mediates both G1
andG2/Mphase arrest, which is implicated in p53-dependent cell
cycle arrest (37-39).

Similar results were observed in the annexin V and PI staining
assays. Figure 1D shows that treatment with quercetin induced
apoptosis in 10.76% of HT-29 cells after 24 h. However, only
0.98% of the total cell population showed necrotic cell death.
These results indicate that the cytotoxicity caused by quercetin is
mediated by apoptosis.

Apoptosis is the result of a highly complex cascade of cellular
events characterized by chromatin condensation, DNA fragmen-
tation, and cell shrinkage (40,41). To evaluate the effect of quer-
cetin on chromatin condensation, we performed DAPI staining.
DAPI forms fluorescent complexes with double-stranded DNA,
and stained nuclei brightly fluoresce under a DAPI filter. As
shown in Figure 1C, cells treated with 100 μM quercetin fluores-
ced brightly, indicating chromatin condensation.

To confirmwhether the phosphorylation ofAMPK is essential
for quercetin-induced apoptosis, we performed Western blot
assays. AMPK activation regulates apoptosis in various types
of cancer cells, and up-regulation of p53 is associated with a
significant induction of AMPK phosphorylation (42). As shown
in Figure 3A, phosphorylation of AMPK was induced following
quercetin treatment. Phospho-p53 was also induced by treatment
with quercetin. It was associated with the up-regulation of pro-
apoptotic Bax (42, 43). Pro-apoptotic Bax is one of the direct
targets of p53, Bax is an apoptotic protein, and Bcl-2 an anti-
apoptotic protein (37). The Western blot assay revealed that
quercetin increasedBax levels and reduced the total levels of Bcl-2
protein in HT-29 cells (Figure 3B).

A change in the ratio of Bax/Bcl-2 initiates caspase signaling.
In other words, quercetin increased the ratio of Bax/Bcl-2, resul-
ting in a consequent activation of caspase-3. Quercetin treatment
increased cleaved-caspase-3 or cleaved-PARP in HT-29 cells
(Figure 3C). Proteolytic cleavage of PARP, one of the substrates
of the activated caspase-3, was induced in response to quercetin
treatment; the induction of PARP is considered the point of no
return in the apoptotic signaling cascade (44).

The purpose of our in vivo experiments was to examine the
mechanism of quercetin-induced apoptosis via p53-dependent
apoptotic cell death in nude mice. To assess the effects of quer-
cetin in reducing HT-29 colon tumor volume, we administered
quercetin (0, 50, or 100 mg/kg) to three groups of five mice each
for 6 weeks. As shown in Figure 4A, the groups given quercetin
showed a significant reduction in tumor volume at day 41: 35%
for the 50 mg/kg group and 45% for the 100 mg/kg group com-
pared to the control group (0 mg/kg; both P<0.05). Quercetin
was shown to significantly decrease tumor weights (Figure 4B).
Several studies have indicated that polyphenols, including quercetin,

can inhibit cancer cell invasion (45). Resveratrol, quercetin, and
catechins are absorbed and metabolized rapidly in vivo (46-50).

Inhibition of cell proliferation and induction of apoptosis in
tumors are effective ways to decrease tumor growth. Phospho-
p53 is a well-known transcription factor that can modulate the
apoptotic process and that is involved in the anticancer activity of
most anticancer agents (51). In this study, we found that apoptosis-
related protein induction by quercetin was significantly higher in
tissues in the 100 mg/kg treated group than in the control group
(Figure 2B), and an increase inTUNELpositive cells was found in
the 100 mg/kg treated tumors compared to the control tumors
(Figure 4C). The control group did not show an induction of
apoptosis inHT-29 colon tissues. These in vivo results support the
in vitro results and suggest that quercetin induces apoptotic cell
death in HT-29 colon tumor cells by p53-dependent apoptotic
cell death. The effect of quercetin on AMPK is already pub-
lished (52). In the present study, however, we focused on the in
vivo experiment to confirm the above-mentioned report, they did
not mention in vivo effects of quercetin on HT-29 colon cancer
such as inhibition of tumor size or immunohistochemical find-
ings. Our results demonstrate that oral administration of quer-
cetin showed a significant reduction in tumor volume and
TUNEL positive cells, p53 and p21, in 100 mg/kg treated group
compared to the control group. These in vivo findings are novel
and support the in vitro findings.

All of these results indicate that quercetin may be a potential
chemopreventive or therapeutic agent againstHT-29 colon cancer.
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