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Abstract. Luteolin, a plant-derived flavonoid, is thought 
to inhibit tumor growth. However, the precise molecular 
mechanisms by which luteolin inhibits cancer cell growth 
remain unclear. In the present study, we evaluated the role 
of AMP-activated protein kinase (AMPK) in the inhibition 
of cancer cell growth by luteolin in HepG2 hepatocarcinoma 
cells. AMPK is a metabolic sensor and may prevent carcino-
genesis via modulation of signaling networks. We found 
that luteolin strongly induced cell death in HepG2 cells and 
dramatically reduced the tumor volume in a tumor xenograft 
model; both effects were accompanied by AMPK activation 
by luteolin. Luteolin also had a strong inhibitory effect 
on nuclear factor (NF)-κB. To determine the relationship 
between AMPK and NF-κB signaling, we used Compound C, 
a pharmacological AMPK inhibitor, and a dominant-negative 
form of AMPK. Our results indicated that inhibition of AMPK 
activity restored luteolin-inhibited NF-κB DNA-binding 
activity. These results suggest that AMPK activity is critical 
for the inhibition of cancer cell growth, possibly via modula-
tion of NF-κB activity. We also showed that luteolin treatment 
causes the release of reactive oxygen species (ROS) and 
that these intracellular ROS in turn mediate AMPK-NF-κB 
signaling in HepG2 hepatocarcinoma cells. In conclusion, we 
propose that AMPK is a novel regulator of NF-κB in luteolin-
induced cancer cell death. Furthermore, our results suggest 
that AMPK is an attractive target for cancer prevention by 
flavonoids.

Introduction

A number of food-derived compounds are thought to prevent 
various diseases such as diabetes, obesity, cardiovascular 
disorders and even cancers (1,2). The results of several recent 
studies suggest that regular consumption of vegetables and 
fruits can reduce the risk of hepatocellular carcinoma via 
the modulation of specific proteins (2,3). In addition to 
food-derived compounds, plant-derived flavonoids are also 
thought to prevent a variety of diseases (2-4). Luteolin-rich 
herbal extracts have been used to prevent various diseases 
in Oriental countries. Luteolin is a flavonoid found in plant 
leaves, rinds, barks, clover and foods such as celery, green 
pepper and chamomile tea (5). The results of previous studies 
suggest that luteolin is beneficial in the prevention of tumor 
progression and reduces inflammatory responses via the 
modulation of intracellular signaling pathways (6,7). The 
precise mechanism of luteolin-mediated cancer prevention is 
still unclear, although several critical mechanistic steps have 
been identified. 

Prior research involving certain types of cancer cells has 
revealed abnormally increased expression or activity of 
nuclear factor (NF)-κB in these cells, contributing to cancer 
growth, invasion, metastasis and malignancy (8,9). NF-κB is a 
transcription factor that mediates the immune response to 
infection. It is also involved in cellular responses stimulated 
by stress, cytokines and free radicals (10,11). On activation, 
the inhibitor of κB (IκB) protein is phosphorylated and disso-
ciates from NF-κB, which then translocates to the nucleus and 
binds to response elements (8-12). The DNA/NF-κB complex 
stimulates the expression of target genes involved in inflam-
mation, carcinogenesis and metastasis (8-12). Inhibition of 
NF-κB signaling by food-derived compounds may therefore 
provide a reasonable strategy for preventing cancer develop-
ment. 

AMP-activated protein kinase (AMPK) is an energy-
sensing protein that plays a beneficial role in metabolic 
disorders and cancers (13). Recently, AMPK activation 
by food-derived compounds has been the focus of cancer 
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prevention research (13-15). The results of a previous study 
suggest that epigallocatechin 3-gallate (EGCG), a flavonoid 
isolated from green tea, effectively inhibits cancer develop-
ment by activating AMPK signaling (15). AMPK has also 
been reported to regulate the expression of p53, Akt and 
cyclooxygenase-2, thereby inhibiting cell proliferation and 
survival and inducing apoptosis (16,17). These studies provide 
evidence that AMPK signaling may be linked to cancer 
development or prevention. 

In the present study, we investigated whether AMPK 
inhibits NF-κB activity to induce hepatocarcinoma cell death. 
We found that AMPK activation by luteolin is necessary for 
the inhibition of NF-κB DNA-binding activity, a process 
mediated by the release of reactive oxygen species (ROS). 

Materials and methods

Cell culture and reagents. HepG2 hepatoma cells were 
purchased from the American Type Culture Collection 
(ATCC) (Manassas, VA). The cells were cultured in Roswell 
Park Memorial Institute (RPMI)-1640 medium containing 
10% fetal bovine serum. The phospho-specific acetyl-CoA 
carboxylase (ACC), AMPK, NF-κB, and β-actin antibodies 
were purchased from Cell Signaling Technology (Danvers, 
MA). We purchased (4,5-dimethylthiazol-2yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), Hoechst 33342, propidium 
iodide (PI), N-acetylcysteine (NAC), and 2',7'-dichlorofluores-
cein diacetate (DCFH) from Sigma (St. Louis, MO). Luteolin 
was purchased from Alexis Biochemicals (San Diego, CA) 
and dissolved in dimethyl sulfoxide (DMSO).

Adenovirus-mediated gene expression. AMPK wild-type 
(WT) and AMPK dominant-negative (DN) forms were gener-
ated and transfected into cells, as described previously (18). 
Briefly, the cells were infected with the adenovirus expressing 
c-myc-tagged AMPK WT or AMPK DN construct overnight 
in normal medium conditions. After infection, gene expres-
sion was detected by Western blotting with a c-myc antibody.

Determination of cell proliferation. The cells were seeded in 
24-well plates with luteolin for 48 h and then incubated with 
30 µl MTT solution [5 mg/ml in phosphate-buffered saline 
(PBS)] for 2 h at 37˚C. After discarding the medium, the cells 
were directly exposed to DMSO, and the purple supernatants 
were transferred from the 24-well plate to a 96-well plate. 
Relative cell viability was determined with an enzyme-linked 
immunosorbent assay (ELISA) reader. 

Electrophoretic mobility shift assay. An electrophoretic 
mobility shift assay (EMSA) for NF-κB was performed as 
described previously (19). DNA-binding signals were detected 
by chemiluminescent imaging, performed according to the 
manufacturer's instructions (EMSA Gel-Shift kit; Panomics, 
Redwood City, CA).

NF-κB activity assay. NF-κB activity was measured using 
an enzyme-linked assay kit (Assay Design Inc., Ann Arbor, 
MI), according to the manufacturer's instructions. Briefly, 
the cells were stimulated and then harvested with RIPA lysis 
buffer. Total protein was isolated from the supernatants, and 

20 µg total protein was used for the measurement of NF-κB 
activity.

RNA isolation and reverse transcriptase-polymerase chain 
reaction. The HepG2 cells were exposed to various chemical 
stimuli, and RNA was extracted with TRIzol reagent (Life 
Technologies, Glasgow, UK), according to the manufacturer's 
instructions. cDNA was synthesized and used as a template 
for polymerase chain reaction (PCR) amplification. The PCR 
products were separated on 1% agarose gels and stained with 
ethidium bromide. 

Western blot analysis. The cells were lysed with lysis 
buffer [50 mM Tris-HCl, 1% Triton X-100, 0.5% sodium 
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate, 
1 mM NaF and 0.2% protease inhibitor cocktail (pH 7.2)]. 
After separation by sodium dodecyl sulfate (SDS) gel electro-
phoresis, the proteins were transferred onto a nitrocellulose 
membrane. Western blot analysis was performed with specific 
antibodies.

Hoechst staining. After treatment, the cells were fixed with 
3.5% formaldehyde in PBS for 15 min at room temperature; 
subsequently, they were washed twice with PBS and stained 
with 10 µM Hoechst 33342 for 30 min at room temperature. 
Cleaved nuclei were observed with a f luoromicroscope 
(Olympus Optical, Tokyo, Japan).

Measurement of ROS. The cells were seeded on 12-well 
plates with cover slips and were then exposed to stimuli. After 
stimulation, the cells were fixed with 3.5% formaldehyde in 
PBS for 15 min, washed twice with PBS, and stained with 
10 µM DCFH dye at 10 µM for 30 min at room temperature. 
Green fluorescence was detected using a fluoromicroscope.

Tumor xenograft model. Five-week-old male nude mice were 
purchased from Chungang Animal Laboratory (Seoul, Korea). 
The mice were randomly segregated into 2 groups. HepG2 
cells (1x106 cells per 100 µl) were subcutaneously injected 
into the left flanks of the mice. After 2 weeks, the mice were 
intraperitoneally (i.p.) injected with luteolin at a dosage of 
10 µg/kg every 2 days for 3 weeks. All animal procedures 
were approved by the Institutional Animal Care and Use 
Committee of the Korea Food Research Institute. 

Statistical analysis. All data are presented as the mean (SD). 
P<0.05 was indicative of statistical significance. Statistical 
analyses were performed using SPSS 9.0 (SPSS Inc., Chicago, 
IL).

Results

Luteolin-activated AMPK modulates survival gene expres-
sion in HepG2 cells. The results of our previous study and 
those of other studies suggest that the inhibition of cancer cell 
proliferation by various flavonoids is accompanied by AMPK 
activation (20,21). We, therefore, investigated the involvement 
of AMPK in the response to luteolin. We measured the phos-
phorylation status of AMPK and its substrate ACC. Luteolin 
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increased AMPK phosphorylation and ACC concentration 
in a time-dependent manner (Fig. 1A-D). We also tested the 
effect of AMPK inhibition by Compound C on the expression 
of cancer survival genes such as vascular endothelial growth 
factor (VEGF) and hypoxia-inducible transcription factor 
(HIF)-1α in HepG2 cells and found that luteolin markedly 
inhibited the expression of these genes. Inhibition of AMPK 
by Compound C restored survival gene expression (Fig. 1E 
and F). These results suggest that luteolin is an effective acti-
vator of the AMPK signaling pathway and plays an important 
role in HepG2 cell death.

Luteolin effectively induces cell death in vitro and in vivo. 
We next examined the effects of luteolin on HepG2 viability. 
Exposure to luteolin significantly blocked cancer cell growth 
in a dose-dependent manner (Fig. 2A). Under the same 
conditions, exposure to luteolin induced DNA cleavage 

(Fig. 2B). Luteolin thus effectively inhibited cancer growth 
under these conditions. To confirm the inhibitory effect of 
luteolin on cancer cell growth, a HepG2 xenograft model was 
used to examine the anti-tumor properties of luteolin. Mice 
were treated with luteolin for 3 weeks, and the tumors were 
separated from the left flanks and weighed. The tumor growth 
in mice treated with luteolin was dramatically lower than that 
in the untreated controls and cell culture (Fig. 2C). Under the 
same conditions, luteolin did not cause a reduction in body 
weight. Collectively, our data show that luteolin is effective 
for the inhibition of tumor cell growth. 

AMPK activation attenuates NF-κB DNA-binding activity 
stimulated by luteolin. Numerous studies have suggested that 
the proteins involved in cancer development, such as NF-κB, 
are abnormally activated in malignant cancers; therefore, 
attenuation of NF-κB has been suggested as a potential 

Figure 1. Activation of AMPK by luteolin modulates survival gene expression in HepG2 cells. HepG2 cells were exposed to luteolin in a dose- (A and B) or 
time-dependent (C and D) manner, and AMPK activation was measured by Western blot analysis with phospho-specific antibodies against AMPK or ACC, a 
specific downstream target of AMPK [*P<0.05; mean (SD); n=3). (E) HepG2 cells were pre-treated with 10 µM Compound C (C.C) for 30 min and exposed to 
100 µM luteolin for 3 h. AMPK activity was measured by Western blot analysis with phospho-specific antibodies. (F) After pre-treatment with 10 µM C.C for 
30 min, the cells were exposed to 100 µM luteolin for 6 h. Gene expression was assessed by reverse transcription-polymerase chain reaction. Each experiment 
was replicated at least 3 times, and DMSO was used as a solvent control (none). 
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method for cancer prevention (22,23). We next investigated 
whether AMPK activation is critical for the attenuation of 
NF-κB DNA-binding activities. NF-κB was activated in 
normally proliferating HepG2 cells (Fig. 3A). Under the 
same conditions, NF-κB activation was reduced by luteolin 
treatment in a dose-dependent manner. Moreover, our results 
showed that luteolin inhibited the NF-κB activity induced by 
tumor necrosis factor (TNF)-α treatment (which activates the 
TNF receptor).

To assess the role of AMPK signaling in luteolin inhibition 
of NF-κB, the cells were pre-treated with an AMPK inhibitor, 
Compound C, for 30 min, followed by a 3-h exposure to lute-
olin. We found that luteolin inhibited NF-κB DNA-binding 
activity. Under the same conditions, inhibition of AMPK by 
Compound C restored NF-κB activity (Fig. 3B). We confirmed 
our results by using an adenovirus expressing c-myc-tagged 
AMPK WT and AMPK DN constructs. Infection with the 
adenovirus-mediated AMPK DN construct abolished the 
phosphorylation of ACC, a well-known AMPK substrate 
(Fig. 3C), and completely restored luteolin inhibition of 
NF-κB (Fig. 3D). We also examined the necessity of AMPK 
activation for NF-κB inhibition by using aminoimidazole 
carboxamide ribonucleotide (AICAR), an AMPK-specific 
activator. AICAR treatment significantly reduced NF-κB acti-
vation (Fig. 3E). Taken together, these results strongly suggest 
that AMPK activation is critical for the cancer-preventive 
effects of luteolin via inhibition of NF-κB.

ROS are upstream regulators of AMPK induction by luteolin. 
To identify upstream regulators of AMPK activation by 
luteolin, we specifically focused on ROS since ROS may 
act as upstream signaling molecules (24). HepG2 cells were 
exposed to luteolin for 3 h, in the presence or absence of 
N-acetyl cysteine (NAC; an ROS scavenger). Subsequently, 
ROS and NF-κB activity were measured. Under the conditions 
used in our study, luteolin caused a dramatic increase in ROS 
(Fig. 4A) and the phosphorylation of ACC, a direct substrate 
of AMPK; the phosphorylation of ACC was unexpectedly 
abolished upon exposure to NAC (Fig. 4B). In addition, treat-
ment with NAC completely restored the NF-κB DNA-binding 
ability that had been reduced by luteolin treatment (Fig. 4C). 
These results indicate that the luteolin-stimulated activation 
of AMPK and suppression of NF-κB DNA binding are both 
mediated by ROS. 

Discussion

In the present study, we determined that AMPK activity is 
necessary for NF-κB inhibition in luteolin-induced HepG2 
hepatocarcinoma cell death. We found that AMPK activation 
by luteolin significantly inhibited NF-κB DNA binding and 
that this inhibitory effect was mediated by ROS. In addi-
tion, AMPK signaling was essential for luteolin inhibition 
of the expression of cancer survival genes such as VEGF 
and HIF-1α. Therefore, AMPK activity may be crucial for 

Figure 2. Luteolin exerts anti-tumor properties in HepG2 cells and a mouse tumor xenograft model. (A) HepG2 cells were exposed to various doses of 
luteolin for 48 h, and relative cell death was measured using the MTT assay. Each experiment was replicated at least 3 times (n=3), and the asterisks indicate 
a significant difference [*P<0.05; mean (SD)] versus the untreated sample (DMSO only). (B) Under the same conditions as in A, the morphological features 
of apoptotic cell death were assessed by Hoechst staining. (C) HepG2 cells (1x106 cells per 100 µl) were subcutaneously injected into the left flanks of mice 
(Five mice were assigned to each group). The mice were intraperitoneally (i.p.) injected with luteolin at a dosage of 10 µg/kg every 2 days for 3 weeks. After 3 
weeks, the tumor tissue was isolated and weighed. The values in the bar graph are represented as the mean (SD); n=10.
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inducing cell death and several cancer cell growth-regulating 
signals. 

Dietary flavonoids exert various anti-cancer, anti-obesity, 
anti-inflammatory, and anti-diabetic effects, accompanied by 
either the activation or the inhibition of intracellular signaling 
pathways (25,26). In cancer cells, dietary flavonoids such as 
genistein, EGCG and quercetin are thought to prevent cancer 

development via induction of apoptosis-related signaling 
proteins or inhibition of cancer proliferation-related proteins 
(27,28). Luteolin, a natural flavonoid compound, is reported 
to exert anti-proliferative effects on various types of tumors 
via several signaling pathways, and several studies have been 
conducted on the precise regulatory molecules that mediate 
these effects (5-7). In the present study, we found that luteolin 

Figure 3. AMPK regulates the NF-κB signaling pathway upon luteolin treatment. (A) HepG2 cells were treated with luteolin for 6 h in the presence or 
absence of TNF-α, and NF-κB activity was measured. *Significant differences were compared with the control (0) at p<0.05. **Significant differences were 
compared with the control (0) + TNF-α at p<0.05. (B) Cells were pre-treated with Compound C (C.C) and exposed to 100 µM luteolin; NF-κB DNA binding 
was assessed by EMSA. (C) Cells were infected with the adenovirus expressing c-myc-tagged AMPK-wild-type (WT) and AMPK dominant-negative (DN) 
constructs. The cells were treated with 100 µM luteolin for 3 h, and the expression was assessed by Western blot analysis by using phospho-specific (P)-ACC, 
a direct AMPK substrate, and c-myc antibodies. (D) After infection with the Ad-AMPK-WT and Ad-AMPK-DN constructs, the cells were directly exposed 
to 100 µM luteolin for 6 h, and NF-κB activity was measured. *Significant differences were compared with Null, as control at p<0.05. **Significant differences 
were compared with WT infection of AMPK at p<0.05. (E) Cells were exposed to 1 mM AICAR for 6 h, and NF-κB activity was measured [*P<0.05; mean 
(SD); n=3].
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exerted its anti-cancer effects by inducing cell death and by 
suppressing tumor growth in a xenograft model (Fig. 2C). 
Our data indicated that luteolin strongly inhibited NF-κB 
activation and DNA binding and that it suppressed HIF-1α 
and VEGF expression in HepG2 cells (Figs. 1 and 3). These 
results suggest that NF-κB is a possible target molecule 
for luteolin-induced cell death as the inhibition of NF-κB 
signaling pathways by various food factors can induce tumor 
cell apoptosis via inhibition of angiogenesis or metastasis-
related proteins. 

Luteolin is reported to inhibit growth and NF-κB activity 
in cancer cells (29,30). We found that luteolin inhibited 
NF-κB activity through the regulation of death receptors, and 
our results revealed that luteolin inhibited the NF-κB activity 
induced by TNF-α treatment (which activates the TNF 
receptor); however, luteolin also suppressed basal NF-κB 
activity in HepG2 cells (Fig. 3A). Luteolin may therefore 
regulate NF-κB signaling through death receptor-dependent or 
death receptor-independent mechanisms. Next, we examined 
the possibility that ROS modulate NF-κB activity via luteolin 
since ROS are known to be involved in the pathogenesis of a 
wide variety of human diseases, including cancer, and may 
contribute to NF-κB inhibition (31). It is thought that resvera-
trol, a dietary polyphenol, inhibits the growth of cancer cells 
via the inhibition of NF-κB and that these inhibitory activities 
are accompanied by the release of ROS (32,33). We found 
that ROS were induced by luteolin, which reduced NF-κB 

DNA-binding activity in HepG2 cells (Fig. 4). On the basis 
of these results, we propose that it may be possible to tightly 
regulate both NF-κB signaling and ROS activity by treatment 
with dietary supplements such as flavonoids. Therefore, we 
tried to identify a novel regulatory protein for NF-κB, ROS, 
and the apoptosis-inducing network.

Several researchers have proposed that AMPK signaling 
is involved in cancer cell apoptosis stimulated by dietary 
components (20,21). AMPK, a regulator of cell growth, plays 
a critical role in the inhibition of proteins involved in prolif-
eration, such as the mammalian target of rapamycin (mTOR), 
elongation factor 2 and S6 kinase (34,35). It is well known that 
AMPK activates tumor-suppressor proteins such as tuberous 
sclerosis complex protein and p53; this supports the hypoth-
esis that AMPK activity may be critical for the suppression 
of cancer growth (36,37). In the present study, we found that 
AMPK negatively regulates NF-κB activity and is activated 
by ROS that are released by luteolin. AMPK is therefore a 
novel modulating molecule for ROS and NF-κB signaling, 
and further studies are required to fully characterize the 
mechanism underlying the effect of AMPK on NF-κB regula-
tion and apoptosis-related molecules.

In conclusion, our results revealed that luteolin induces 
cell death in hepatocarcinoma cells via ROS release and the 
activation of AMPK signaling pathways, and that AMPK 
strongly blocked NF-κB activity to effect its pro-apoptotic 
properties. Our results suggest that AMPK can be used as 

Figure 4. ROS are upstream mediators of AMPK/NF-κB signaling pathways. (A) After stimulation with luteolin, ROS levels were determined with 
2',7'-dichlorofluorescein diacetate (DCF) dye. (B) HepG2 cells were exposed to luteolin for 3 h in the presence or absence of NAC; the cell extracts were 
subjected to Western blotting with phospho (P)-ACC antibodies. (C) Under the same conditions, total cell extracts were used to assess NF-κB DNA binding. 
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an effective target molecule for cancer prevention by dietary 
flavonoids. 
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