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Abstract
Background: Hepatocellular carcinoma (HCC), the primary liver cancer, is one of the most malignant human
tumors with extremely poor prognosis. The aim of this study was to investigate the anti-cancer effect of berberine
in a human hepatocellular carcinoma cell line (HepG2), and to study the underlying mechanisms by focusing on
the AMP-activated protein kinase (AMPK) signaling cascade.
Results: We found that berberine induced both apoptotic and autophagic death of HepG2 cells, which was
associated with a significant activation of AMPK and an increased expression of the inactive form of acetyl-CoA
carboxylase (ACC). Inhibition of AMPK by RNA interference (RNAi) or by its inhibitor compound C suppressed
berberine-induced caspase-3 cleavage, apoptosis and autophagy in HepG2 cells, while AICAR, the AMPK activator,
possessed strong cytotoxic effects. In HepG2 cells, mammalian target of rapamycin complex 1 (mTORC1) activation
was important for cell survival, and berberine inhibited mTORC1 via AMPK activation.
Conclusions: Together, these results suggested that berberine-induced both apoptotic and autophagic death
requires AMPK activation in HepG2 cells.
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Background
Hepatocellular carcinoma (HCC), the primary liver cancer,
is one of the most malignant human tumors with extremely poor prognosis [1]. HCC accounts for over 80% of
all liver cancers and is diagnosed in over 600,000 people
annually [1]. HCC has become one of the leading causes of
cancer-related mortality in the United States and around
the world [1,2]. There is currently no clinically proved curable therapy for the advanced HCC [1,3], and a large percentage of advanced HCC do not respond to any
chemotherapies, mainly due to the high level of intrinsic
and acquired chemo-resistances [4]. Thus, the development of novel and effective therapeutic approaches for this
devastating disease is of utmost relevance [3,4].
Berberine, the isoquinoline alkaloid presented in
Huanglian (Coptis chinensis) and many Chinese medicinal
herbs, has shown significant anti-tumor activities both
in vitro and in vivo [5]. Its high anti-cancer efficiency is
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associated with its transcriptional and post-transcriptional
regulation of some oncogenes and carcinogenesis-related
genes, and its interactions with both DNA and RNA [5]. In
the current study, we aimed to investigate the anti-cancer
ability of berberine in a human HCC line (HepG2), and to
study the underlying mechanisms by focusing on the AMPactivated protein kinase (AMPK) signaling cascade.
Under the metabolic stress conditions such as hypoxia,
heat shock, oxidative stress, and exercise where ATP is depleted, AMPK is activated and functions as a major metabolic switch to maintain energy homeostasis [6,7]. This
highly conserved heterotrimeric kinase has also been
shown to act as an intrinsic regulator of mammalian cell
cycle [6,7]. Moreover, AMPK plays a important role in
cancer cell survival and apoptosis. As a matter of fact, a
number of anti-cancer medicinal herb extracts activate
AMPK-dependent cell death pathways [8,9]. Recent studies have shown that berberine could also activate AMPK
[10,11], however, the potential roles and underlying mechanisms of AMPK in mediating berberine-induced cancer
cell death remain largely unknown. In this study, we found
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that AMPK activation is important for berberineinduced both apoptotic and autophagic cell death in
HCC HepG2 cells.

Results
Berberine inhibits survival and proliferation of HepG2 cells

First we examined the effect of berberine on HepG2 cell
survival and proliferation. Cell viability “MTT” assay was
performed. Results in Figure 1A clearly showed that
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high-dose of berberine (50 and 100 μM) dramatically inhibited HepG2 cell survival, as the MTT OD decreased significantly. Meanwhile, the number of trypan blue positive
(“dead”) cells increased sharply after high dose of berberine
stimulation (50 and 100 μM) (Figure 1B). Interestingly, a
relative low dose of berberine (10 μM) had almost no effects on HepG2 cell survival (Figure 1A and B). We also examined the effect of berberine on HepG2 cell proliferation.
Using the BrdU incorporation assay, we demonstrated that
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Figure 1 Berberine induces apoptotic and necrotic death of HepG2 cells. HepG2 cells were either left untreated or treated with described
concentration of berberine, cells were further cultured in DMEM for 48 hours, the cell viability was tested by “MTT” assay (A), the percentage of
trypan blue dye positive cells was recorded (B); HepG2 cell proliferation was analyzed by BrdU incorporation assay (C). HepG2 cells treated with
or without berberine were cultured in DMEM for 24 hours, apoptotic and necrotic cell death was tested by Annexin V FACS assay (D and E),
expressions of cleaved-caspase 3, Bcl-2 and β-actin were tested by western blots (F). HepG2 cells were pre-treated with z-VAD-fmk (50 μM) for 1 hour,
followed by berberine (50 and 100 μM) stimulation, cells were further cultured for 48 hours before cell viability was tested (G). Experiments in this figure
were repeated three times, and similar results were obtained. Data were expressed as mean ± SD. *p < 0.05 vs. Ctrl group (A and B). #p < 0.05 vs.
berberine-treated group (C).
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berberine dose-dependently suppressed HepG2 cell proliferation (Figure 1C). Taken together, these results suggested
that berberine significantly inhibits survival and proliferation of HepG2 cells.
Berberine induces apoptotic and necrotic death of
HepG2 cells

The results above showed that berberine inhibited HepG2
cell survival and proliferation; next we tested whether cell
apoptosis was involved in such an effect. As shown in
Figure 1D and E, berberine (50 and 100 μM) induced both
early (Annexin V+/PI−) and late (Annexin V+/PI+) apoptosis
in HepG2 cells. Meanwhile, berberine also caused caspase3 cleavage and Bcl-2 degradation (Figure 1F). Interestingly,
we noticed that berberine also induced necrotic HepG2 cell
death (Annexin V−/PI+) (Figure 1D and E). Further, cell viability assay results in Figure 1G showed that z-VAD-fmk,
the general caspase inhibitor, only suppressed (but not reversed) berberine-induced HepG2 viability loss, indicating
that both apoptotic and necrotic death also accounted for
berberine-induced cytotoxicity in HepG2 cells.
Berberine induces autophagic death in HepG2 cells

The above results showed that berberine induced both
apoptotic and necrotic death of HepG2 cells. Thus, we
tested autophagy induction in berberine-treated HepG2
cells. Expressions of Beclin-1 [12,13] and light chain 3
(LC3) B-II, two autophagy indicators, in berberine-treated
HepG2 cells were examined. Results in Figure 2A clearly
showed that berberine induced Beclin-1 and LC3B-II upregulation in HepG2 cells. Meanwhile, the number of
HepG2 cells with intense LC3B-GFP puncta was increased
dramatically after berberine treatment (Figure 2B). In
order to explore the role of autophagy in berberineinduced HepG2 cell cytotoxicity, we first utilized caspase
inhibitor (z-VAD-fmk) to block cell apoptosis. In this condition, we found that the autophagy inhibitors including
3-methyladenine (3-MA, an inhibitor of class III PI3kinase), Bafilomycin A1, (Baf A1, a proteolysis inhibitor)
and NH4Cl (another proteolysis inhibitor) significantly
inhibit berberine-induced viability loss (Figure 2C). Further, siRNA-mediated silencing of LC3B or Beclin-1
(Figure 2D) also suppressed berberine-induced HepG2
cell death (Figure 2E). These results suggest that autophagy activation is important for berberine-mediated
cytotoxicity.
Activation of AMPK is involved in berberine-induced
cytotoxicity in HepG2 cells

As shown in Figure 3A and B, berberine-induced significant AMPK activation in HepG2 cells, as the expressions
of phosphorylated AMPKα and its downstream ACC
in HepG2 cells were significantly increased after berberine treatment (Figure 3A and 3B). Importantly, AMPK
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inhibition by its inhibitor compound C (AMPKi) or RNA
interference (AMPKα-RNAi) suppressed berberine-induced
cell viability loss (Figure 3C and D). Meanwhile, berberineinduced apoptosis and caspase-3 cleavage were also inhibited by AMPK inhibition (Figure 3E and F). Further, the
AMPK inhibitor or RNAi also reduced the number of LC3GFP puncta (autophagic) cells after berberine treatment,
indicating that AMPK is required for both apoptosis and
autophagy induction by berberine. The fact that the AMPK
activator 5-aminoimidazole-4-carboxyamide-1-β-D-ribofuranoside (AICAR) (Figure 3H) inhibited HepG2 cell survival
(Figure 3I) further confirmed that activation of AMPK is involved in berberine-induced cytotoxicity in HepG2 cells.
mTORC1 activation is required for HepG2 cell survival,
inhibited by berberine

Activation of Akt and mammalian target of rapamycin
complex 1 (mTORC1) signaling plays a key role in liver
cancer cell survival, proliferation and apoptosis-resistance;
we then examined these signalings in berberine-treated
HepG2 cells. Western blot results in Figure 4A and B
showed that berberine induced Akt activation in a time
and dose-dependently manner in HepG2 cells. Note that
Akt activation was reflected by the increased expressions
of phospho (p)-Akt (Ser 473 and Thr 308). However, at
the same time, berberine significantly inhibited mTORC1
activation in HepG2 cells (Figure 4A and B), as p-S6 and
p-4E-BP1 downregulated sharply after high dose of berberine (>50 μM) treatment. mTORC1 inhibition started with
0.5-1 hour after berberine (100 μM) treatment (Figure 4B).
These results together suggested that berberine activates Akt while inhibiting mTORC1 in HepG2 cells.
Similarly, RAD001 and rapamycin, two mTORC1 inhibitors blocked S6 phosphorylation and activated Akt in
HepG2 cells (Figure 4C), these two also inhibited HepG2
cell survival (Figure 4D). Interestingly, berberine-induced
mTORC1 inhibition was almost reversed by AMPK inhibitor compound C (Figure 4E), suggesting that AMPK
activation was required mTORC1 inhibition by berberine.
Together, these results suggested that berberine, via activating AMPK signaling, inhibits mTORC1 activation and
cell survival in HepG2 cells. Also, berberine-induced Akt
activation is probably through mTOR-dependent feedback
pathways [14].

Discussions
Although AMPK is generally recognized as the metabolic
switcher [6], a number of recent papers have suggested
that cellular stresses-activated AMPK also promotes cell
apoptosis [15], such an effect by AMPK is through regulating AMPK’s downstream signals, including c-Jun Nterminal kinases (JNK) [16], p53 [17] and mTOR [15].
Meanwhile, anti-cancer chemotherapies such as taxol
[18,19] and temozolomide [20] activate AMPK-dependent

Yu et al. Cancer Cell International 2014, 14:49
http://www.cancerci.com/content/14/1/49

A

Page 4 of 8

B

C

120%

Berberine ( µM), 24h
50 100 200
Beclin-1
1.00 1.07 3.02 5.38 4.22

LC3B-II
1.00 1.55 1.92 3.00 3.18

β-actin
Erk1/2

D

30

#
20

25
20
15
10
5
0

2

1.4

Ctrl

10

E
120%

Beclin-1-RNAi

102%
100%
98%

100%

Beclin-1
1.00 0.95 0.11

LC3B-II
1.00 0.09 0.11

β-actin

Cell viability (vs. Ctrl)

LC3B-RNAi

sc-RNAi

Berberine+zVAD

#
21.8

50
100
Berberine (µM), 24h
sc-RNAi
Beclin-1-RNAi
LC3B-RNAi

*

*

90%

100%

Cell viability (vs. Ctrl)

25

LC3B puncta postive cells (%)

C

*

100%

88%
82%

80%
67%
60%
36%

40%
20%
0%
Ctrl

+

+

+

+

+ Berberine (100 µM)

- + + + +
- - + - - - - + - - - - +

zVADfmk (50 µM)
3-MA (1 mM)
Baf-A1 (0.1 µM)
NH4Cl (10 mM)

*
*
92%
91%
67%

80%
60%
40%
20%
0%
Ctrl

Berberine+zVAD

Figure 2 Berberine induces apoptotic and necrotic death of HepG2 cells. HepG2 cells were either left untreated or treated with described
concentration of berberine (10, 50, 100 and 200 μM), cells were further cultured in DMEM (no serum) for 24 hours, expressions of Beclin-1, LC3B-II,
Erk1/2 and β-actin were tested by western blots (A). The number of LC3-GFP puncta positive cells (autophagic cells) was counted (B).Cell viability
of HepG2 cells with indicated treatment for 48 hours was tested by MTT assay (C). HepG2 cells transfected with scramble control siRNA, Beclin-1
siRNA or LC3B siRNA (100 nM each, for 48 hours) were either left untreated, or stimulated with berberine (100 μM) plus z-VAD-fmk (50 μM)
(Berberine + ZVAD), cells were further cultured for 48 hours, expression of Beclin-1, LC3B and β-actin was tested by western blots (D), cell viability
was also tested (E). Experiments in this figure were repeated three times, and similar results were obtained. Data were expressed as mean ± SD.
#
p < 0.05 vs. Ctrl group (B). *p < 0.05 (C and E).

apoptosis pathways. Meanwhile, resveratrol [21], capsaicin
[8] and EGCG [22] anti-cancer plant extracts induced cancer cell death also requires AMPK activation. In the
current study, we also observed a significant AMPK activation in berberine-treated HepG2 cells. Inhibition of
AMPK by RNAi or compound C suppressed berberineinduced caspase-3 cleavage, apoptosis and autophagy in
HepG2 cells. Conversely, HepG2 cell viability was inhibited
by the AMPK activator AICAR. These results together suggested that AMPK is required for berberine-induced anticancer effects in HepG2 cells.
AMPK regulated cell death was, however, not solely rely
on apoptosis induction. As a matter of fact, recent studies
have indentified another way to promote cell death by
AMPK activation: autophagy [23,24]. Activation of AMPK
directly phosphorylates and activates Ulk1 to trigger cell autophagy [23,24]. Meanwhile, AMPK-medicated mTORC1
inhibition also promotes autophagy, through removing Ulk1
inhibition by mTORC1 [23,25]. As a matter of fact, recent
studies have shown that anti-cancer agents (i.e. resveratrol

and ceramide) activate AMPK-dependent autophagic death
pathway [26,27]. Activation of AMPK by aspirin induces autophagic cell death in colorectal cancer cells [28,29]. In the
current study, we also observed a significant autophagic cell
death by berberine in HepG2 cells, which was associated
with mTORC1 inhibition. Activation of AMPK appeared to
be important for the process, as inhibition of AMPK by
RNAi or compound C suppressed autophagy induction and
mTORC1 inhibition.
Activation of mTORC1 is important for HepG2 cell survival, proliferation and apoptosis resistance [30]. In the
current study, we found that two mTORC1 blockers
(rapamycin and RAD001) inhibited HepG2 cell survival.
Interestingly, although berberine or the two inhibitors almost blocked mTORC1 activation, it simultaneously activated Akt. These results suggested that berberine-induced
mTORC1 inhibition was not dependent on its effect on
Akt, rather Akt activation by berberine might be due to
mTORC1 or S6 inhibition [31]. Further, we provided evidence to support that mTORC1 inactivation by berberine
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Figure 3 Activation of AMPK is involved in berberine-induced cytotoxicity in HepG2 cells. HepG2 cells were either left untreated or treated
with described concentration of berberine (10, 25, 50, 100 and 200 μM) for 4 hours, or treated with 100 μM of berberine for described time (15′, 30′,
1 h, 2 h and 4 h), phospho- and total AMPKα/ACC were tested by western blots (A and B). HepG2 cells were pre-treated with the AMPK inhibitor
compound C (10 μM) for 1 hour, followed by berberine (100 μM) stimulation, cells were further cultured for 48 hours before cell viability was tested
(C). Scramble control RNAi or AMPKα RNAi transfected HepG2 cells were either left untreated or treated with berberine (100 μM), cells were further
cultured for 48 hours before cell viability was tested (D), expressions of AMPKα and β-actin in those cells were also tested by western blot (D, upper).
Above cells were also tested for cell apoptosis 24 hours after stimulation (E), expressions of cleaved-caspase-3 and β-actin were examined (F), the
number of LC3-GFP puncta positive cells were also recorded (G). HepG2 cells were either left untreated or treated with AICAR (1 mM), phospho- and
total AMPKα/ACC were tested by western blots 2 hours after stimulation (H), and cell viability was examined by MTT assay after 48 hours incubation (I).
Experiments in this figure were repeated three times, and similar results were obtained. *p < 0.05 (C and D). **p < 0.05 vs. berberine-treated group
(G and E). #p < 0.05 vs. Ctrl group (I).

might be associated with AMPK, as inhibition of AMPK
reversed mTORC1 inhibition by berberine. It is known
that AMPK inhibits mTORC1 activation through the following two mechanisms: by phosphorylation and activation of TSC2 (tuberous sclerosis protein 2), the mTOR
inhibitory protein [32], or by phosphorylation of Raptor
(regulatory associated protein of mTOR) [33].
It should be noted that AMPK inhibition only reduced,
but not reversed HepG2 cytotoxicity-induced by berberine.

This could be due to the incomplete inhibition of AMPK
by the methods used in this study (RNAi or compound
C). However, it is more likely that AMPK activation is
among many mechanisms activated by berberine to mediate HepG2 cell death [5]. Other signals independent of
AMPK activation are likely to participate in the process
[5]. Meanwhile, although studies including this study have
confirmed AMPK activation by berberine, the potential
upstream signal for this activation is not known.
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Figure 4 mTORC1 activation is required for HepG2 cell survival, inhibited by berberine. HepG2 cells were either left untreated or treated
with described concentration of berberine (10, 25, 50, 100 and 200 μM) for 4 hours, or treated with 100 μM of berberine for described time,
expressions of phospho- and total Akt, S6 and 4EBP1, as well as Erk1/2 were tested by western blots (A and B). HepG2 cells were either left
untreated or stimulated with RAD001 (200 nM) or rapamycin (200 nM), Akt and S6 activations were tested by western blots 4 hours after stimulation
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Conclusions
Together, these results suggested that berberine-induced
both apoptotic and autophagic death requires AMPK activation in HepG2 cells.

Cell viability assay

Cell viability was measured by the 3-[4,5-dimethylthylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT, Sigma)
assay as described before [34].
BrdU incorporation assay

Methods
Chemicals and reagents

Berberine hydrochloride, 5-aminoimidazole-4-carboxyamide-1-β-D-ribofuranoside (AICAR), 3-methyladenine (3MA), Bafilomycin A1, (Baf A1), NH4Cl and mouse
monoclonal β-actin antibody were purchased from Sigma
(Louis, MO). Z-VAD-fmk, compound C, rapamycin and
RAD001 were purchased from Calbiochem (Darmstadt,
Germany). Anti-Erk1/2 and Akt, AMPK, ACC and S6
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). All other phospho (p)- and nonphospho-antibodies were purchased from Cell Signaling
Technology (Bevery, MA).

Cell culture

The HepG2 cell was obtained from Chinese Academy of
Sciences Cell Bank (Shanghai, China). Cells were maintained in DMEM medium (Sigma), supplemented with a
10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA),
Penicillin/Streptomycin (1:100, Sigma, St. Louis, MO) and
4 mM L-glutamine (Sigma), in a CO2 incubator at 37°C.

HepG2 cells were seeded at a density of 1 × 105 cells/well
in 0.5 ml DMEM containing 10% FBS onto the 48-well tissue culture plates, cells were serum-starved for 24 hours
and then exposed to various concentrations of Berberine
for 48 hours. The cell proliferation was assessed using
BrdU incorporation though the BrdU ELISA colorimetric
assay (Roche, Indianapolis, IN) according to the manufacturer’s protocol. The ELISA OD value of treatment group
was normalized to that of untreated control group. Each
condition was tested in triplicate.

Cell apoptosis assay

HepG2 cell apoptosis was detected by the Annexin V
Apoptosis Detection Kit (Beyotime, Shanghai, China) according to the manufacturer’s protocol. Briefly, one million
HepG2 cells with indicated treatment were stained with
FITC-Annexin V and propidium iodide (PI) (Beyotime,
Shanghai, China). Both early (annexin V + /PI − ) and
late (annexin V + /PI + ) apoptotic cells were sorted by a
fluorescence-activated cell sorting (FACS) machine
(Becton Dickinson FACS Calibur).
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Trypan blue staining

The number of “dead” HepG2 cells (trypan blue dye
positive) after indicated treatment was recorded, and the
percentage of death HepG2 cells was calculated by the
number of the trypan blue dye positive cells divided by
the total number of the cells.
Quantification of autophagic cells

HepG2 cells were transfected with GFP-light chain 3
(LC3) in the pcDNA3 plasmid using Lipofectamine 2000
(Invitrogen, USA) in serum- and antibiotic-free medium
for 6 hours, followed by a 72 hours incubation in growth
medium (with FBS). Afterwards, cells were selected with
1 mg/ml G418 (Gibco, USA) to establish a stable cell line
expressing the GFP-LC3 fusion protein. Selected cells
were seeded onto confocal cover-slips and treated as described in figure legends. The accumulation of GFP-LC3
was examined by fluorescence microscopy. Autophagic
cells were recorded by counting the percentage of cells
showing an accumulation of intense GFP-LC3 puncta,
analyzing 100 cells per preparation in three independent
experiments.
Western blot assay

As described before [34], aliquots of 30–40 μg of proteins
from each sample (treated as indicated in the legends) were
separated by 10% SDS–polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). After
blocking with 10% of milk for 1 hour at room temperature,
the PVDF membrane was incubated with the indicated primary antibody overnight at 4°C, followed by incubation
with corresponding secondary antibody for 30 min to
1 hour at room temperature. Antibody binding was detected with the enhanced chemiluminescence (ECL) detection system (Amersham Biosciences, Piscataway, NJ). The
intensity of indicated band was quantified using Image J
software (http://rsbweb.nih.gov/ij/download.html), and the
value was normalized to corresponding loading control,
and was expressed as fold change vs. control group.
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dilution buffer (Santa Cruz). To this was added 3 μl of Lipofectamine LTX. The transfection complex was then added
to the well containing 1 ml of DMEM for 12 hours, with a
final RNAi concentration of 100 nM. Growth medium
was then added back to the cells, which were cultured for
additional 48 hours. Expression level of target proteins in
transfected cells was always tested by western blots. Only
cells with target protein significant-knockdown were used
for experiments.
Statistics analysis

All data were normalized to control values of each assay
and were presented as mean ± standard deviation (SD).
Data were analyzed by one-way ANOVA followed by a
Scheffe’s f-test by using SPSS software (SPSS Inc., Chicago,
IL, USA). Significance was chosen as p < 0.05.
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RNA interference (RNAi)

The RNAi sequences (5′GCAUAUGCUGCAGGUAGA
U3′ [35] and 5′AAGGAAAGTGAAGGTGGGCAA3′ [36])
against human AMPK-α1/2 were synthesized by GENEWIZ,
Inc. (Suzhou, China). Non-sense control RNAi was purchased from Santa Cruz and was used as RNAi-negative
control. Beclin-1 siRNA and LC3B siRNA were purchased
from Cell Signaling Tech (Shanghai, China). Transfection
was performed as described before [37]. Briefly, HepG2 cells
were cultured on a six-well plate with 60% confluence in
antibiotic- and serum-free medium. Targeted and control
RNAi (100 μM) and 3.0 μl of Lipofectamine PLUS Reagent
(Invitrogen, Carlsbad, CA) were diluted in 90 μl of siRNA

References
1. El-Serag HB: Hepatocellular carcinoma. N Engl J Med 2011, 365:1118–1127.
2. Altekruse SF, McGlynn KA, Reichman ME: Hepatocellular carcinoma
incidence, mortality, and survival trends in the United States from 1975
to 2005. J Clin Oncol 2009, 27:1485–1491.
3. Yang JD, Roberts LR: Hepatocellular carcinoma: a global view. Nat Rev
Gastroenterol Hepatol 2010, 7:448–458.
4. Spangenberg HC, Thimme R, Blum HE: Targeted therapy for
hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol 2009, 6:423–432.
5. Sun Y, Xun K, Wang Y, Chen X: A systematic review of the anticancer
properties of berberine, a natural product from Chinese herbs.
Anticancer Drugs 2009, 20:757–769.
6. Luo Z, Saha AK, Xiang X, Ruderman NB: AMPK, the metabolic syndrome
and cancer. Trends Pharmacol Sci 2005, 26:69–76.
7. Inoki K, Kim J, Guan KL: AMPK and mTOR in cellular energy homeostasis
and drug targets. Annu Rev Pharmacol Toxicol 2012, 52:381–400.

Yu et al. Cancer Cell International 2014, 14:49
http://www.cancerci.com/content/14/1/49

8.

9.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.
29.

Kim YM, Hwang JT, Kwak DW, Lee YK, Park OJ: Involvement of AMPK
signaling cascade in capsaicin-induced apoptosis of HT-29 colon cancer
cells. Ann N Y Acad Sci 2007, 1095:496–503.
Zheng QY, Jin FS, Yao C, Zhang T, Zhang GH, Ai X: Ursolic acid-induced
AMP-activated protein kinase (AMPK) activation contributes to growth
inhibition and apoptosis in human bladder cancer T24 cells.
Biochem Biophys Res Commun 2012, 419:741–747.
Cheng Z, Pang T, Gu M, Gao AH, Xie CM, Li JY, Nan FJ, Li J: Berberinestimulated glucose uptake in L6 myotubes involves both AMPK and p38
MAPK. Biochim Biophys Acta 2006, 1760:1682–1689.
Lee YS, Kim WS, Kim KH, Yoon MJ, Cho HJ, Shen Y, Ye JM, Lee CH, Oh WK,
Kim CT, Hohnen-Behrens C, Gosby A, Kraegen EW, James DE, Kim JB: Berberine, a natural plant product, activates AMP-activated protein kinase
with beneficial metabolic effects in diabetic and insulin-resistant states.
Diabetes 2006, 55:2256–2264.
Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H, Levine B:
Induction of autophagy and inhibition of tumorigenesis by beclin 1.
Nature 1999, 402:672–676.
Gozuacik D, Kimchi A: Autophagy as a cell death and tumor suppressor
mechanism. Oncogene 2004, 23:2891–2906.
Zhang HH, Lipovsky AI, Dibble CC, Sahin M, Manning BD: S6K1 regulates
GSK3 under conditions of mTOR-dependent feedback inhibition of Akt.
Mol Cell 2006, 24:185–197.
Kim I, He YY: Targeting the AMP-activated protein kinase for cancer
prevention and therapy. Front Oncol 2013, 3:175.
Meisse D, Van de Casteele M, Beauloye C, Hainault I, Kefas BA, Rider MH,
Foufelle F, Hue L: Sustained activation of AMP-activated protein kinase
induces c-Jun N-terminal kinase activation and apoptosis in liver cells.
FEBS Lett 2002, 526:38–42.
Nieminen AI, Eskelinen VM, Haikala HM, Tervonen TA, Yan Y, Partanen JI,
Klefstrom J: Myc-induced AMPK-phospho p53 pathway activates Bak to
sensitize mitochondrial apoptosis. Proc Natl Acad Sci U S A 2013,
110:E1839–E1848.
Rocha GZ, Dias MM, Ropelle ER, Osorio-Costa F, Rossato FA, Vercesi AE, Saad MJ,
Carvalheira JB: Metformin amplifies chemotherapy-induced AMPK activation
and antitumoral growth. Clin Cancer Res 2011, 17:3993–4005.
Sun H, Yu T, Li J: Co-administration of perifosine with paclitaxel
synergistically induces apoptosis in ovarian cancer cells: more than just
AKT inhibition. Cancer Lett 2011, 310:118–128.
Zhang WB, Wang Z, Shu F, Jin YH, Liu HY, Wang QJ, Yang Y: Activation of
AMP-activated protein kinase by temozolomide contributes to apoptosis
in glioblastoma cells via p53 activation and mTORC1 inhibition. J Biol
Chem 2010, 285:40461–40471.
Hwang JT, Kwak DW, Lin SK, Kim HM, Kim YM, Park OJ: Resveratrol induces
apoptosis in chemoresistant cancer cells via modulation of AMPK
signaling pathway. Ann N Y Acad Sci 2007, 1095:441–448.
Hwang JT, Ha J, Park IJ, Lee SK, Baik HW, Kim YM, Park OJ: Apoptotic effect
of EGCG in HT-29 colon cancer cells via AMPK signal pathway.
Cancer Lett 2007, 247:115–121.
Kim J, Kundu M, Viollet B, Guan KL: AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol 2011, 13:132–141.
Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W,
Vasquez DS, Joshi A, Gwinn DM, Taylor R, Asara JM, Fitzpatrick J, Dillin A,
Viollet B, Kundu M, Hansen M, Shaw RJ: Phosphorylation of ULK1 (hATG1)
by AMP-activated protein kinase connects energy sensing to mitophagy.
Science 2011, 331:456–461.
Mihaylova MM, Shaw RJ: The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat Cell Biol 2011, 13:1016–1023.
Puissant A, Auberger P: AMPK- and p62/SQSTM1-dependent autophagy
mediate resveratrol-induced cell death in chronic myelogenous
leukemia. Autophagy 2010, 6:655–657.
Huo HZ, Wang B, Qin J, Guo SY, Liu WY, Gu Y: AMP-activated protein
kinase (AMPK)/Ulk1-dependent autophagic pathway contributes to C6
ceramide-induced cytotoxic effects in cultured colorectal cancer HT-29
cells. Mol Cell Biochem 2013, 378:171–181.
Hardie DG, Ross FA, Hawley SA: AMP-activated protein kinase: a target for
drugs both ancient and modern. Chem Biol 2012, 19:1222–1236.
Din FV, Valanciute A, Houde VP, Zibrova D, Green KA, Sakamoto K, Alessi DR,
Dunlop MG: Aspirin inhibits mTOR signaling, activates AMP-activated
protein kinase, and induces autophagy in colorectal cancer cells.
Gastroenterology 2012, 142:1504–1515. e1503.

Page 8 of 8

30. Choudhari SR, Khan MA, Harris G, Picker D, Jacob GS, Block T, Shailubhai K:
Deactivation of Akt and STAT3 signaling promotes apoptosis, inhibits
proliferation, and enhances the sensitivity of hepatocellular carcinoma
cells to an anticancer agent, Atiprimod. Mol Cancer Ther 2007, 6:112–121.
31. Wan X, Harkavy B, Shen N, Grohar P, Helman LJ: Rapamycin induces
feedback activation of Akt signaling through an IGF-1R-dependent
mechanism. Oncogene 2007, 26:1932–1940.
32. Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X, Yang Q, Bennett C,
Harada Y, Stankunas K, Wang CY, He X, MacDougald OA, You M, Williams
BO, Guan KL: TSC2 integrates Wnt and energy signals via a coordinated
phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 2006,
126:955–968.
33. Hardie DG: AMPK and Raptor: matching cell growth to energy supply.
Mol Cell 2008, 30:263–265.
34. Cao C, Huang X, Han Y, Wan Y, Birnbaumer L, Feng GS, Marshall J, Jiang M,
Chu WM: Galpha(i1) and Galpha(i3) are required for epidermal growth factormediated activation of the Akt-mTORC1 pathway. Sci Signal 2009, 2:ra17.
35. Bogachus LD, Turcotte LP: Genetic downregulation of AMPK-alpha isoforms uncovers the mechanism by which metformin decreases FA
uptake and oxidation in skeletal muscle cells. Am J Physiol Cell Physiol
2010, 299:C1549–C1561.
36. Niu W, Bilan PJ, Ishikura S, Schertzer JD, Contreras-Ferrat A, Fu Z, Liu J,
Boguslavsky S, Foley KP, Liu Z, Li J, Chu G, Panakkezhum T, Lopaschuk GD,
Lavandero S, Yao Z, Klip A: Contraction-related stimuli regulate GLUT4
traffic in C2C12-GLUT4myc skeletal muscle cells. Am J Physiol Endocrinol
Metab 2010, 298:E1058–E1071.
37. Wu CH, Cao C, Kim JH, Hsu CH, Wanebo HJ, Bowen WD, Xu J, Marshall J:
Trojan-horse nanotube on-command intracellular drug delivery.
Nano Lett 2012, 12:5475–5480.
doi:10.1186/1475-2867-14-49
Cite this article as: Yu et al.: Berberine-induced apoptotic and
autophagic death of HepG2 cells requires AMPK activation. Cancer Cell
International 2014 14:49.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

