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Abstract. AMP-activated protein kinase (AMPK), a sensor of 
cellular energy, is widely reported as a potential therapeutic 
target in treatment of breast and other cancers. The activated 
enzyme has been shown to be a promising anti-proliferative 
agent in breast cancer cell lines. However, little data exist on 
crosstalk between AMPK and the cellular survival axis of 
PI3K/Akt/mTOR pathway and the impact of microenviron-
ment on cellular responses to AMPK activation. We present 
results which show differential crosstalk between AMPK and 
Akt, dependent on the cellular genetics of each breast cancer 
cell type. We also show that leptin blocks activation of AMPK 
and partially or completely attenuates the anti-proliferative 
effect of AMPK activation depending on the cell type. This 
suggests that leptin within the local environment might 
impose limitations on therapeutic usage of AMPK activators 
in cancer, thereby attenuating their effective use in many 
obese subjects.

Introduction

AMP-activated protein kinase (AMPK) is a pleiotropic 
enzyme playing a role in the control of numerous functions 
both centrally and peripherally (1). AMPK has now emerged 
as a potential therapeutic target for cancer as a consequence 
of being a substrate and a mediator of the tumour suppressor 
gene LKB1 (2). The tumour suppressing effects associated 

with AMPK activation include the ability of the enzyme to 
repress the lipogenic enzymes, fatty acid synthase and acetyl 
coA carboxylase (both enzymes are upregulated in cancer 
cells), to inhibit Akt phosphorylation and to phosphorylate 
p53 and p21, thereby triggering apoptotic and cell cycle 
arresting signals. Protein kinase B (PKB), also known as 
Akt, is a serine threonine kinase which belongs to the same 
family of protein kinases A, G and C (AGC family). Three 
human isoforms have been identified (PKBα or Akt1, PKBβ/
Akt2 and PKBγ or Akt3). Akt influences several biological 
functions including metabolism, growth and proliferation by 
phosphorylating and modulating the activity of numerous 
cellular substrates, such as glycogen synthase kinase 3, the 
mammalian target of rapamycin (mTOR), breast cancer 
susceptibility gene 1 (BRCA1) and others (3). Understanding 
the molecular mechanism of action and regulation of this 
enzyme is crucial as a result of its aberrant regulation in 
life-threatening disorders, such as cancer (4). Akt is activated 
downstream of phosphatidyl inositol 3-kinase (PI3K), which is 
activated upon interaction of growth factors with their recep-
tors (5,6). Akt isoform specific upregulation in various types 
of human cancers has been reported. Increased expression of 
AKT1 was reported in gastric cancers (7), while AKT2 has 
been reported to be amplified in ovarian carcinomas (8) and 
cancers of pancreas (9) and AKT3 in cancerous melanocytes 
(10). Akt1 has been reportedly activated in breast cancer (11), 
Akt2 in hepatic (12) and colorectal (13) cancers and finally, 
Akt3 is upregulated in ER-negative breast cancers (14). The 
involvement of both AMPK and Akt in metabolic and survival 
control suggests that, in cancer, there is crosstalk between Akt 
and AMPK. This study has been undertaken to investigate 
the effect of AMPK activation on Akt, phosphorylation and 
Akt inhibition on AMPK phosphorylation and proliferation 
in three human breast cancer cell lines each with differing 
genetic backgrounds. The adipose tissue-related hormone, 
leptin, is encoded by the Ob (obese) gene (7q31). Leptin is a 
pleiotropic hormone having numerous peripheral and central 
effects (15,16). Leptin is an angiogenic, mitogenic and survival 
factor and is also an important metabolic regulator (17). Leptin 
binds to OB-R receptor and activates the JAK/STAT signal-
ling pathway, which in turn activates MAPK and PI3K/Akt 
signalling pathways. So in addition, the effect of leptin on 
AMPK phosphorylation and on cell proliferation was also 
investigated.
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Materials and methods

5-aminoimidazole carboxamide ribonucleotide (AICAR) was 
from Sigma-Aldrich, Poole, Dorset, UK. InSolution™ Akt 
Inhibitor VIII (Isozyme-Selective, Akt-1/2), was purchased 
from Calbiochem®, Watford, UK. Dulbecco's minimal essen-
tial medium (DMEM) was obtained from Gibco BRL, Paisley, 
UK and fetal calf serum (fCS) was from Autogenbioclean, 
UK Ltd. Phosphate-buffered saline and trypsin/EDTA 
were obtained from Sigma-Aldrich, Irvine, Ayrshire, UK. 
CellTiter 96® Aqueous One Solution cell proliferation assay 
was purchased from Promega, Madison, WI, USA. T25 and T75 
tissue culture flasks were from Nunc™, Denmark and tissue 
culture sterile 6-, 24- and 96-well plates were from Costar®, 
USA. Anti-phospho-AMPK (Thr172) and anti-phospho-Akt 
(Ser473) antibodies were purchased from Cell Signaling 
Technology; Danvers, MA, USA. All blotting reagents were 
purchased from Bio-Rad® (CA, USA and München, Germany) 
except TBST and transfer buffer, which were prepared from 
their components. Leptin, human, recombinant expressed in 
E. coli (#L4146) was purchased from Sigma-Aldrich, GmbH 
Germany.

Breast cancer cell lines MCf-7 (p53+ and ER+), T47D (p53 
mutant and ER+) and MDA-MB-231 (p53 mutant and ER-) 
were purchased from the European Collection of Cell Cultures 
(ECACC, Porton Down, UK).

Cell culture. Breast cancer cell lines were grown in a 
continuous monolayer culture in T75 top filtered sterile tissue 
culture flasks inside a sterile humidified incubator at 37˚C and 
5% CO2 in air. Cells were then sub-cultured as necessary for 
maintenance. Cells were used between passages 57-70, 9-22 
and 12-24 for MCf-7, MDA-MB-231 and T47D cells respec-
tively.

Western blotting. Cell lines were sub-cultured, counted and 
plated at 1x106 cells in appropriate tissue culture plates and 
incubated at 37˚C and 5% CO2 in a humidified atmosphere 
overnight. Cells were then incubated with AICAR (0.83 mM) 
or with corresponding vehicle for 3 or 24 h. Equivalent sets 
of cells were incubated and subjected to the same procedure 
with Akt inhibitor VIII in the presence or absence of AICAR 
for 1 h with corresponding controls. This was to investigate 
the effect of Akt inhibition on AMPK phosphorylation. To 
study the effect of leptin on AMPK phosphorylation, cells 
were incubated with AICAR ± leptin and leptin alone. Cell 
lysates from control and treated cells were collected, followed 
by protein assay. Equal protein concentrations (w/v) of control 
and stimulated cells were premixed with Laemmli sample 
buffer (Bio-Rad) containing β-mercaptoethanol and loaded 
in a maximum volume of 30 µl/well into wells in pre-formed 
Tris-HCl-SDS gels (Bio-Rad). Proteins were then separated 
by electrophoresis and then transferred to a PVDf membrane. 
The membrane was blocked overnight in 10% dry milk before 
being incubated overnight at 4̊C with anti-phospho-Akt or 
anti-phospho-AMPK antibody, directed against p-Ser473 or 
p-Thr172 amino acid residues, respectively. The membrane 
was washed in TBST four times (15 min each) then incubated 
with polyclonal anti-rabbit IgG antibody then washed again 
four times before adding the horseradish peroxidase (HRP)-

linked substrate and generating signals that were detected on 
X-ray film. Band densitometry was performed (as an equiva-
lent percentage) using ImageJ software. Statistical analysis 
was investigated by Graphpad Prism.

Cell proliferation. Cells were sub-cultured, counted and plated 
at 7x103 cells/well in sterile 96-well plates and incubated over-
night at 37˚C and 5% CO2 in air. The next day, serial 
concentrations of AICAR (0-16.65 µM), Akt inhibitor VIII 
alone (0.00-4.16 µM) or in combination with AICAR 
(0.415 mM), or leptin (0-300 ng/ml) were added. The number 
of viable cells was then estimated after 72 h using the MTS 
method (Aqueous One assay kit, Promega), which assesses 
the ability of viable cells to reduce the tetrazolium salt, 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS), producing brownish 
red coloured formazan, which was measured at 490 and 
630 nm using a Biotek ELX800 Microplate reader (Biotek 

figure 1. The effect of AICAR on Akt phosphorylation in breast cancer cells. 
Each of the 3 cell types were incubated with AICAR versus control (medium 
alone) for 3 or 24 h and Akt phosphorylation at Ser-473 was assessed as 
described in Materials and methods. Significant reduction in Akt phosphory-
lation was observed in MCf-7 (A) and MDA-MB-231 (B) cells, but not in 
T47D cells (C) (**p≤0.01 and ***p≤0.001; n=3).
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Instruments, Winooski, VT , USA). Cell proliferation was then 
calculated as percentages of control and plotted as negative 
dose response curves using Graphpad Prism and statistical 
analysis by ANOVA.

Results

We have reported previously on the significant effects of 
AICAR on AMPK in all three cell types (18), so to simplify 
presentation, we do not present statistical data on this effect 
alone.

Effects of AMPK activation on Akt Ser473 phosphorylation. 
Incubation of each of the cell lines with AICAR for 3 or 24 h 
resulted in a significant reduction in p-Akt (Ser473) levels in 
MCf-7 and MDA-MB-231 cells after 24 h as compared to the 
corresponding controls (there was no observable difference 
after 3 h). In T47D cells, however, there was no significant 
difference in Akt phosphorylation in response to activation of 
AMPK at either time-point (fig. 1).

Effects of inhibition of Akt on AMPK phosphorylation. 
Incubation of the three cell types with Akt inhibitor VIII 
revealed that it did not have a significant effect on AMPK phos-
phorylation in MCf-7 and T47D cells in comparison with the 
corresponding control (fig. 2). In contrast, in MDA-MB-231 
cells, treatment with Akt inhibitor VIII resulted in an apparent 
decrease in AMPK phosphorylation when compared to the 
corresponding control of medium alone. In the presence of 
AICAR, inhibition of Akt resulted in a significant reduction in 
AMPK phosphorylation in T47D cells, but did not suppress the 
phosphorylating effect of AICAR on AMPK in the other cell 
lines investigated. These results suggested that Akt inhibition 
increased AMPK phosphorylation in T47D cells, but not the 
other two cell types (fig. 2).

figure 2. The effects of inhibition of Akt on AMPK phosphorylation. MCf-7, 
MDA-MB-231 and T47D cells were incubated with medium alone, Akt 
inhibitor VIII (16.65 µM) alone or in the presence of AICAR (0.415 mM). 
AMPK phosphorylation was assessed as described in Materials and methods. 
The Akt inhibitor had no effect on either basal or AICAR stimulated AMPK 
phosphorylation in MCf-7 cells (A) and only a small effect on basal MDA-
MB-231 cells (B). However, in T47D cells (C), the inhibitor significantly 
reduced stimulated AMPK phosphorylation (*p≤0.05, ***p<0.001; n=3).

figure 3. The effect of Akt inhibitor VIII alone and in combination with 
AICAR on cell proliferation. Cells were incubated with AICAR (0.415 mM) 
and varying concentrations of Akt inhibitor VIII (0-16.65 µM). Differential 
effects of Akt inhibitor VIII on cell proliferation are shown. Also shown are 
the effects of Akt inhibitor VIII in the presence of AICAR [*p<0.05, **p<0.01, 
***p<0.001; n=3 for MCF-7 (A) and MDA cells (B); n=5 for T47D cells (C)]. 
Triangles indicate the significance in the difference between control cell 
proliferation in the presence and absence of AICAR (△p<0.05 and △△p<0.01).
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Cell proliferation. Akt inhibition resulted in differential anti-
proliferative effects in the 3 breast cancer cell types.

a) MCF-7 cells. The activating effect of AICAR on AMPK was 
previously reported by the present group to be associated with 
inhibition of breast cancer cell proliferation (18). In the present 
study, Akt inhibitor VIII (0-16.65 µM) caused a dose-depen-
dent reduction in MCf-7 cell proliferation. Co-administration 
of AICAR (0.415 mM) and Akt inhibitor VIII indicated an 
additive effect in this cell line (fig. 3A).

b) MDA-MB-231 cells. The MDA-MB-231 cell line was not 
responsive to Akt inhibitor VIII and on combination with 
AICAR there was no change in the anti-proliferative action 
of AICAR suggesting that MDA-MB-231 cells might express 
an Akt isoform which is less responsive to Akt inhibitor VIII 
(fig. 3B).

c) T47D cells. Although incubation of T47D cells with 
increasing concentrations of Akt inhibitor VIII resulted in a 
dose responsive inhibition of cell proliferation, co-administra-
tion of AICAR (0.415 mM) with Akt inhibitor VIII appeared 
to have no influence on cell proliferation (Fig. 3C).

Leptin suppressed activated AMPK phosphorylation and cell 
proliferation. AICAR (0.83 mM)-induced AMPK phosphory-
lation was suppressed by co-administration with leptin in all 
three cell types. There was no evidence of a significant effect 
of leptin alone (fig. 4). Leptin also differentially attenuated 
breast cancer cell proliferation. Indeed, the effects of leptin 
were also apparent at lower doses of AICAR. In MCf-7 cells, 
leptin abolished the effect of AMPK activation. However, in 

figure 4. Co-administration of leptin with AICAR abolished its effect on 
AMPK phosphorylation in MCf-7 (A), MDA-MB-231 (B) and T47D (C). 
Cells were incubated with AICAR (0.83 mM) in the presence or absence of 
leptin (150 ng/ml). The inhibitory effect of leptin on AMPK phosphorylation is 
shown (*p≤0.05, **p≤0.01; n=3).

figure 5. Effect of co-administration of leptin with AICAR on cell prolif-
eration. Cells were incubated with AICAR (0-0.83 mM) in the presence 
or absence of leptin (150 ng/ml). The effect of AICAR alone are shown 
*p<0.05, **p<0.01, ***p<0.001; n=3). The triangles show the significance of 
the inhibitory effects of leptin on AICAR-induced inhibition of cell prolifera-
tion [△p≤0.05, △△p≤0.01 and △△△p≤0.001; n=3 for MCF-7 cells (A) and n=4 for 
MDA-MB-231 cells (B) and T47D cells (C)].
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the other two cell types, this blockade was partial, but still 
significant (Fig. 5).

Discussion

Both the PI3K/Akt/mTOR and LKB/AMPK signalling path-
ways have been implicated in cancer (19). We have previously 
reported that activation of AMPK has differential effects on 
cell proliferation in MCf-7, MDA-MB-231 and T47D cells (18). 
The present study reports an investigation into the potential 
crosstalk between these pathways in breast cancer cell lines 
with differing p53 and estrogen receptor status. Activation 
of AMPK by AICAR exerted differential inhibitory effects 
on Akt phosphorylation in the three cell types investigated 
(fig. 1). There was a clear inhibitory effect in MCf-7 and 
MDA-MB-231 cells, which was not significant in T47D cells. 
The inhibitory effect of AICAR on PI3K pathway components 
has also been reported in C6 glioma cells; a reduction in Akt 
phosphorylation observed both in vivo and in vitro (20,21). 
It has also been reported that AICAR inhibited the phos-
phorylation of mTOR at serine 1448, a crucial event in mTOR 
activation (22). In contrast, in the present study, inhibition of 
Akt had only minimal or no significant inhibitory effects on 
AMPK phosphorylation in all three cell types.

There were clear differences between the cell types in 
response to co-administration of AICAR and Akt inhib-
itor VIII when cell proliferation was assessed. In MCf-7 cells, 
the co-administration resulted in an apparent additive inhibi-
tory effect on cell proliferation (fig. 3A). In MDA-MB-231 
cells, however, Akt inhibitor VIII failed to produce a notice-
able effect on cell proliferation (fig. 3B) perhaps as a result of 
overexpression of Akt3 (the least responsive isoform to Akt 
inhibitor VIII) in ER-negative breast cancer cells (14). In T47D 
cells, simultaneous activation of AMPK by AICAR and inhibi-
tion of Akt by Akt inhibitor VIII did not produce a significant 
decrease in cell proliferation when compared to the effect of 
Akt inhibitor VIII alone (Fig. 3C). The absence of significant 
differences between the effects of Akt inhibitor VIII combined 
with AICAR might suggest that any potential additive effect 
of the drug combination is attenuated. This could be related 
to the reduction in AICAR-mediated AMPK phosphoryla-
tion upon treating cells with Akt inhibitor VIII and AICAR 
together (fig. 2C).

In line with our results, another report showed that 
metformin-activated AMPK in MCf-7 cells resulted in 
de-phosphorylation of Akt, an action that helped to improve 
the sensitivity to anti-HER2 receptor drugs and decrease the 
risk of cardiomyopathy (23). It was also reported that AMPK 
activation downregulates the mTOR pathway in breast cancer 
following its activation by metformin (24).

There is growing literature linking obesity to cancer inci-
dence (25). In this context, it was reported that leptin switches 
the metabolic profile of breast cancer cells from fatty acid β 
oxidation to the aerobic glycolytic pathway (26). This effect 
was found to be accompanied by Akt activation and down-
regulation of the LKB1 gene with a subsequent decrease in 
AMPK phosphorylation (26). In the present study, treatment 
of MCf-7, MDA-MB-231 and T47D cells with leptin resulted 
in blockade of the phosphorylating effect of AICAR on 
AMPK (fig. 4). This was associated with attenuation of the 

inhibitory effect of AMPK activation on cell proliferation 
in MDA-MB-231 and T47D cells and complete blockade in 
MCf-7 cells. In this regard, it has been reported that leptin 
stimulated Akt phosphorylation at Ser473 (27,28) and induced 
PI3K-regulted PKC-α gene expression suggesting that leptin 
activates the PI3K pathway (29). A 6-fold reduction in apop-
tosis was observed in MCf-7 cells treated with leptin for >24 h 
(30). This was in line with the ability of leptin to reduce the 
levels of p53 and Bax (31). These effects of leptin on MCf-7 
cells support the concept established in the present study 
that leptin could oppose the antitumour effects of P-AMPK 
not only in this cell line but also to some extent in the other 
two. It has also been reported that leptin receptor is expressed 
on mammary cancer stem cells suggesting that leptin may 
act as an initiation factor for the primary mammary tumour 
which, once established, proliferates, migrates and invades 
local tissues also with the aid of leptin. Moreover, leptin could 
sustain angiogenesis by acting on endothelial cells to enhance 
the pro-inflammatory processes that are required to support 
tumour growth by exerting its effects on other stromal cells, 
such as immune cells and fibroblasts (32).

This study suggests that crosstalk between Akt and 
AMPK in breast cancer cells is dependent on cellular genetics. 
Consequently further investigation is required before deciding 
on the use of particular Akt inhibitors with or without an 
activator of AMPK. Therefore, in the context of therapeutics, 
administration of an Akt inhibitor with AMPK activators may 
be effective in some, but not all, breast cancers depending on 
cellular characteristics. These findings support indications 
that genetic profiling could be very important in defining the 
most effective treatment regimes across a range of therapeutic 
targets. Indeed, it is clear that administration of a drug targeting 
an intracellular process has to take account of crosstalking 
pathways that might interfere with treatment effectiveness. Of 
particular importance, from the present study, is that attempts 
to employ any new generation AMPK activators in the treat-
ment of breast cancer could be less effective in patients with 
high circulating levels of leptin, again dependent on the genetic 
background of the tumour.
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