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Abstract

AMPK (AMP-activated protein kinase) is highly con-
served in eukaryotes, where it functions primarily as 

a sensor of cellular energy status.  Recent studies in-

dicate that AMPK activation strongly suppresses cell 
proliferation in non-malignant cells as well as in tumor 

cells.  In this study, quercetin activated AMPK in MCF 

breast cancer cell lines and HT-29 colon cancer cells, 
and this activation of AMPK seemed to be closely re-

lated to a decrease in COX-2 expression.  The applica-

tion of a COX-2 inhibitor or cox-2
-/-
 cells supported the 

idea that AMPK is an upstream signal of COX-2, and is 

required for the anti-proliferatory and pro-apoptotic ef-

fects of quercetin. The suppressive or growth in-
hibitory effects of quercetin on COX-2 were abolished 

by treating cancer cells with an AMPK inhibitor 

Compound C.  These results suggest that AMPK is cru-
cial to the anti-cancer effect of quercetin and that the 

AMPK-COX-2 signaling pathway is important in quer-

cetin-mediated cancer control. 
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Introduction

Quercetin is one of the most ubiquitous flavonoids 
found in many fruits, vegetables, nuts, and red wine, 
and exerts anti-inflammatory and anti-carcino-
genic activities (Russo, 2007). Several pieces of 
evidence indicate that quercetin can modulate a 
number of proteins like MAPKs, Akt/protein kinase 
B, and phosphoinositol-3-kinase (Granado-Serrano 
et al., 2006; Lee et al., 2008) which are linked to 
cell survival, growth, apoptosis, as well as other 
molecular targets such as NK-κB, and COX-2, the 
key components of the inflammation process 
(O'Leary et al., 2004; AI-Fayez et al., 2006).
    AMP-activated protein kinase (AMPK) is a mem-
ber of a serine/threonine protein kinase that is 
found in all eukaryotes (Motoshima et al., 2006).  
The unique ability of AMPK to directly sense cellu-
lar energy status makes it an attractive target mo-
lecule for ensuring that cell division proceeds when 
cells have sufficient metabolic resources to support 
cell proliferation (Koh et al., 2007; Liang et al., 
2007). A low incidence of cancer in diabetic patients 
on metformin has been explained in vitro by the 
metformin's anti-proliferatory effect through activa-
tion of AMPK (Hadad et al., 2008). AMPK activa-
tion is known to regulate apoptosis in multiple 
cancer cells by a signaling pathway that includes 
up-regulation of p53 and p21 proteins, activation of 
caspases, inhibition of molecules related to growth, 
and proliferation of cancer cells, such as COX-2, 
Akt, and mTOR (Jin et al., 2007; Su et al., 2007;  
Hwang et al., 2007).
    Cyclooxygenase-2 (COX-2), the inducible form 
of the COX enzymes, catalyzes the conversion of 
arachidonic acid to prostaglandin H2, which is 
further converted to several other prostaglandins 
and plays an essential role in carcinogenesis and 
inflammation (Cho et al., 2005; Lee et al., 2007). 
COX-2 is known to be over-expressed in many 
cancers including breast cancer and colon cancer. 
In addition, inhibition of COX-2 with selective 
COX-2 inhibitors has been reported to effectively 
prevent proliferation and angiogenesis, and induce 
apoptosis in human breast cancer and colon 
cancer cell (Mazhar et al., 2006; Das et al., 2007). 
    In this study, we hypothesized that quercetin 
regulates proliferation and apoptosis through AMPK 
activation and that the activated AMPK inhibits 
COX-2 expression in both breast cancer and colon 
cancer cells. 
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Figure 1. Quercetin exerts apoptotic effects on MCF-7 breast cancer cells. MCF-7 cells were treated with quercetin (25, 50, 100, 200, or 400 μM) for 6 h, 
and the cell viability was determined by MTT assay as described in Methods. Data are expressed as the percent relative to control (A).  Cells were treated 
with quercetin (50, 100 or 200 μM) for 24 h, and harvested cells were fixed with 70% ethanol, and stained with 10 μg/ml propidium iodide. The cell cycle 
was then examined using flowcytometry (B). Cells were exposed to quercetin (25, 50, 100 or 200 μM) for 24 h, total RNA was extracted with Tri-Zol re-
agent, and RT-PCR was performed using specific primers for p-53, p-21, VEGF, and β-actin (C). Cells were treated with 100 μM quercetin for 12 h, and 
stained with 10 μM Hoechst33342 dye for 30 min, and chromatin condensation representing apoptotic cell death was examined using fluorescence micro-
scope (D). 

Results 

Quercetin induces apoptosis in MCF-7 breast
cancer cells 

The effect of quercetin on cell proliferation and apop-
tosis was evaluated. Quercetin inhibited cell growth 
and arrested the cell cycle at the sub-G1 phase in a 
dose-dependent manner (Figure 1A and B). In 
addition, quercetin elevated the levels of p53 and 
p21, the apoptosis-related genes, and reduced a sur-
vival gene, VEGF (Figure 1C). Apoptotic cell death 
was increased with 100 μM quercetin treatment, as 
shown with chromatin condensation (Figure 1D). 

Quercetin activates AMPK through ROS generation 
in MCF-7 breast cancer cells  

We investigated the effect of quercetin on AMPK 

activation. Quercetin strongly activated AMPK in a 
dose-dependent manner (Figure 2A). For closer 
confirmation, we treated the AMPK activator 
(AICAR) with quercetin in MCF-7 cells. As shown 
in Figure 2B, co-treatment of AICAR and quercetin 
increased AMPK more drastically. To examine the 
role of quercetin on AMPK activation, we used a 
synthetic AMPK inhibitor, Compound C, in cance-
rous cells. As expected, the elevated AMPK activity 
by quercetin was abrogated (Figure 2C). These 
results strongly indicate that quercetin induces 
apoptosis and activates AMPK in MCF-7 breast 
cancer cells. We examined the effects of quercetin 
on ROS generation, because ROS is proposed to 
be an upstream candidate of AMPK (Hwang et al., 
2007). Quercetin increased AMPK activity through 
ROS generation and AMPK activity was reduced 
by the antioxidant NAC (N-acetyl-cysteine) (Figure 
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Figure 2. Quercetin activates AMPK in MCF-7 breast cancer cells. MCF-7 cells were treated with quercetin (25, 50, 100, 200, or 400 μM) for 6 h (A), with 
quercetin (100 or 200 μM) or/and 1 mM AICAR for 6 h (B), and with 10 μM Compound C before being stimulated by quercetin (100 or 200 μM) for 6 h 
(C), and were exposed to 5 mM NAC before treatment with quercetin (100 or 200 μM) for 6 h (D). After treatment, the cells were lysed and the levels of 
phosphorylated AMPK, ACC, and β-actin were determined by Western blot analysis as described in Methods using specific antibodies.  Intracellular ROS 
levels were determined as follows. Cells were treated with 100 μM quercetin for 12 h, and stained with 10 μM DCFH-DA for 30 min, and ROS generation 
was examined using a fluorescence microscope (E).

2D). The induction of ROS by quercetin was also 
determined by DCFH-DA staining (Figure 2E).

Quercetin inhibits COX-2 expression through AMPK 
activation 

It was shown that quercetin inhibited COX-2 expre-
ssion in a dose-dependent manner (Figure 3A). To 
explore the association of AMPK with the inhibitory 
effect of quercetin on COX-2 regulation, the inhi-
bition of AMPK as well as suppression of COX-2 
by celecoxib was adopted. As shown in Figure 3B, 
by inhibiting AMPK with Compound C, the down-
regulation of COX-2 by quercetin was no longer 
observed. Furthermore, when the cox-2 dominant- 
positive or cox-2 dominant-negative fibroblast cells 
were treated with quercetin in the presence or 
absence of Compound C, it was found that quer-
cetin activated AMPK both in the presence and 
absence of the cox-2 gene and inhibited COX-2 
only through AMPK activation (Figure 3C). The 
association between AMPK and COX-2 was further 
confirmed by treating cox-2 dominant-positive or 
cox-2 dominant-negative fibroblast cells with AICAR. 
AMPK activation was not dependent on the pre-
sence of the cox-2 gene (Figure 3D). In addition, 
without activating AMPK, COX-2 expression was 
not inhibited. These results strongly suggest that 
quercetin decreased COX-2 expression by activa-
tion of AMPK in MCF-7 breast cancer cells. 

Quercetin exerts apoptotic effects by controlling the 
AMPK-COX-2 signaling pathway in HT-29 colon 
cancer cells 

The apoptotic effect of quercetin was also obser-
ved in HT-29 colon cancer cells. Quercetin arres-
ted the cell cycle at the sub-G1 phase, and indu-
ced chromatin condensation, which was assessed 
by Hoechst 33342 staining (Figure 4A). AMPK was 
activated and COX-2 was inhibited by quercetin in 
a dose-dependent manner in HT-29 cells (Figure 
4B), and the expressions of both AMPK and 
COX-2 were abolished by Compound C (Figure 
4C). Further, quercetin blocked cell proliferation at 
50 μM but AMPK inhibition with Compound C led 
to increased cell population (Figure 4D). These 
results indicate that quercetin also regulates the 
AMPK-COX-2 signaling pathway in HT-29 cells 
and AMPK may be a key regulator of cell growth or 
apoptosis in cancerous cells when they are treated 
with a flavonoid such as quercetin. 

Discussion 

Quercetin, an anti-oxidative polyphenolic flavonoid, 
has shown chemotherapeutic potential in various 
systems (Kandaswami et al, 2005; Ramos et al., 
2007; Thomasset et al., 2007). In the present 
experiments, we hypothesized that quercetin me-
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Figure 3. Quercetin down-regulates COX-2 through AMPK activation. MCF-7 cells were treated with quercetin (25, 50, 100, 200, or 400 μM) for 6 h (A) 
and pre-treated with Compound C (10 μM) or Celecoxib (50 μM) for 30 min, and treated with quercetin (100 μM) for 6 h (B). Further, cox-2 negative and 
cox-2 positive cells were exposed with 10 μM Compound C for 30 min before treatment with 100 μM quercetin for 6 h (C) or treatment with 1 mM AICAR 
(D). The cells were lysed and the levels of phosphorylated AMPK, ACC, COX-2, and β-actin were determined by Western blot analysis as described in 
Methods using specific antibodies.

diates the induction of cell apoptosis through the 
activation of AMPK signaling. We also hypothesi-
zed that AMPK activity is necessary for the down- 
regulation of COX-2 expression in MCF-7 breast 
cancer cells. We observed that quercetin (25-200 
μM) inhibited cell growth, arrested the cell cycle at 
the sub-G1 phase, and induced apoptotic death in 
both breast and colon cancer cells. In other re-
ports, quercetin inhibited cell growth at 30 μM in 
HCT-116 colon cancer cells and also quercetin 
indicated apoptotic effect up to 100 μM in MCF-7 
cells (Van der woude et al., 2003). When quercetin 
was supplemented with different concentrations 
(20, 100, 150 mg/day), plasma concentrations of 
quercetin were indicated at 255 nM, 497 nM, 1,292 
nM and these concentrations were too low for 
improvement of plasma antioxidant status (Egert et 
al., 2008). 
    We showed that quercetin activated AMPK 
effectively, similar to a synthetic AMPK activator.  
Also, recently, it is reported that quercetin activated 
AMPK and induced apoptosis in adipocytes (Ahn 
et al., 2008). Our data are in agreement with this 
observation that AMPK is responsible for major 
effects exerted by quercetin. We also showed that, 
AMPK was necessary in quercetin-induced apop-
tosis in cancer cells, since the abolishment of AMPK 
activity by treatment with an AMPK inhibitor was no 
longer growth inhibitory. The present study indica-
tes that a mechanism through which quercetin 
activates AMPK might involve an up-stream target, 

ROS. The distinctive generation of ROS by the 
quercetin treatment was abolished completely by 
NAC, a ROS scavenger.
    We then investigated the possibility of COX-2 as 
a downstream target of AMPK. The importance of 
COX-2 in the development of breast and colon 
cancers has been emphasized in many cancer 
reports. According to the US Women's Health In-
itiative Observational Study of 80,741 postmeno-
pausal women, NSAID usage for 5-9 years resul-
ted in a 21% reduction of breast cancer incidence 
(Harris et al., 2003). In addition, treatment of fa-
milial ademomatous polyposis (FAP) patients with 
celecoxib for 6 months reduced the number of 
colorectal polyps closely associated with develo-
ping colon cancers (Steinbach et al., 2000). We 
have found that quercetin exerts anti-proliferatory 
effects on MCF-7 breast cancer cells mediated by 
the activation of AMPK in parallel with suppression 
of COX-2 expression. It was shown that the acti-
vation process of AMPK by quercetin seemed to 
be independent of COX-2 involvement, since quer-
cetin stimulated AMPK expression in celecoxib- 
treated and cox-2 dominant-negative cells. How-
ever, the inhibition of COX-2 by quercetin could be 
reversed in cells treated with an AMPK inhibitor, 
Compound C. Thus we conclude that quercetin 
regulates AMPK regardless of the presence of 
COX-2, and AMPK exerts an important role in 
COX-2 regulation by quercetin. It has been repor-
ted that quercetin inhibited adipogenesis through 
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Figure 4. Quercetin exhibits apoptotic effects through regulation of AMPK-COX-2 signaling in HT-29 colon cancer cells. HT-29 cells were treated with 
quercetin (25, 50 or 100 μM) for 24 h. The cells were harvested and stained with 10 μg/ml propidium iodide and then the cell cycle was examined using 
flowcytometry (A, top). Treated cells were stained with 10 μM Hoechst33342 dye for 30 min, and chromatin condensation representing apoptotic cell 
death was examined using a fluorescence microscope (A, bottom). HT-29 cells were treated with quercetin (10, 25, 50, 100, or 200 μM) for 6 h (B), and 
cells were pre-exposed to Compound C (5, 10 or 20 μM) for 30 min before treatment with 50 μM quercetin for 6 h (C). The cells were lysed and the levels 
of phosphorylated AMPK, ACC, COX-2, and β-actin were determined by Western blot analysis as described in Methods using specific antibodies. Cells 
were pre-treated with Compound C (5 or 10 μM) for 30 min, and treated with 50 μM quercetin for 6 h and cell viability was examined by MTT assay. Data 
are expressed as the percent relative to control (D). 

regulating MAPK as well as AMPK signaling (Ahn 
et al., 2008). Furthermore, even though the rela-
tionship between COX-2 and MAPK pathway is 
well established, MAPK pathway is not the only 
way to regulate COX-2 expression, and in the 
cancer cell systems we applied, MAPK might be 
also connected to the AMPK or COX-2 regulatory 
process of quercetin. Thus the relationships among 
AMPK, MAPK and COX-2 need to be scrutinized.
    We determined the role of quercetin in regulating 
cancer cell proliferation and apoptosis, and the 
possible involvement of an AMPK-COX-2 signaling 
pathway exerting these regulatory processes. The 
activation of AMPK by quercetin appeared to be 
necessary in the regulation of COX-2 in MCF-7 
breast and HT-29 colon cancer cells. Based on the 
findings of this study, we propose that the anti- 

cancer activity of quercetin carry out through AMPK 
expression that targets COX-2 regulation in breast 
cancer cells as well as colon cancer cells.

Methods

Cell culture and reagents

MCF-7 cells and HT-29 cells were obtained from the Ame-
rican Type Culture Collection (Manassas, VA) and grown in 
RPMI 1640 medium containing 10% FBS at 37oC in a 5% 
CO2 atmosphere. Quercetin, and AICAR were purchased 
from Sigma-Aldrich (St. Louis, MO). Compound C was 
obtained from Calbiochem (San Diego, CA). Specific 
antibodies that recognize the phosphorylated forms of 
AMPK Thr172, ACC Ser79 and COX-2, and β-actin were 
obtained from Cell Signaling Technology (Danvers, MA). 
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Celecoxib (Celebrex) was supplied by Pharmacia (Seoul, 
South Korea).

Measurement of cell viability

Cells were seeded on 96-well micro plates at 4,000 
cells/well and were incubated with curcumin at the indi-
cated concentration and for the indicated time period. The 
medium was removed and the cells were then incubated 
with 100 μl of MTT (Sigma-Aldrich, St. Louis, MO) solution 
(2 mg/ml MTT in PBS) for 4 h. Optical densities of the 
solutions were determined by an ELISA reader.

Cell cycle analysis by FACS 

Total cells were harvested by trypsinization, collected by 
centrifugation, washed with PBS, fixed with 70% ethanol, 
and stained in PBS containing 10 μg/ml propidium iodide 
(Sigma-Aldrich) and 300 μg/ml RNase. After sorting out 
viable cells, fluorescence intensity was measured by flow 
cytometry (Becton-Dickinson Biosciences, San Diego, CA) 
using excitation and emission wavelengths of 488 and 525 
nm, respectively.

Detection of apoptosis by Hoechst 33342 chromatin 
staining

Cells were stained with 10 μM Hoechst 33342 dye (Sigma- 
Aldrich) for 30 min and then, fixed with 3.7% para-for-
maldehyde for 15 min. After washing with PBS, the fluo-
rescence intensity was assessed using a fluorescence 
microscope.

RNA isolation and RT-PCR

Total RNA was extracted with Tri-Zol reagent (Life Te-
chnologies, Glasgow, UK) according to the manufacturer's 
instructions, and cDNA synthesis was performed with 1 μg 
total RNA. Synthesized cDNA was used for amplification of 
a specific target. The amplified products were visualized on 
1% agarose gels.

Protein extract and western blot analysis

The cells were washed with PBS, scraped into lysis buffer 
(50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% sodium 
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 
mM sodium orthovanadate, 1 mM NaF, 1 μg/ml aprotinin, 1 
μg/ml leupeptin, and 1 μg/ml pepstatin), and subjected to 
western blot analysis with specific antibodies.

Detection of reactive oxygen species

MCF-7 cells were treated with 10 μM 2', 7' dichlorofluo-
rescein diacetate (DCFH-DA) (Sigma-Aldrich) for 30 min, 
and then cells were fixed with 3.7% para-formaldehyde for 

15 min. After washing with PBS, fluorescence intensity was 
assessed using fluorescence microscope.

COX-2 positive and negative cells

COX-2 positive and negative mouse fibroblast cells were 
gifts from Dr. Zigang Dong (University of Minnesota). Ge-
notypes of these cells were confirmed using PCR primers 
of 5'-ATCCTAGCACTGCATCCTGC-3', 5'-CACCATAGAA-
TCCAGTCCGC-3' and 5'-CTTGGGTGGAGAGGCTATTC-3'. 
These cell lines were cultured in low glucose DMEM con-
taining 10% FBS. 
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