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The AMP-activated protein kinase agonist AICAR mimics a low intracellular energy state and inhibits the
proliferation of cancer cells by different mechanisms, which may depend on the bioenergetic signature of
these cells. AICAR can also stimulate mitochondrial biogenesis in myoblasts, neurons and HeLa cells. Yet,
whether the reactivation of oxidative phosphorylation biogenesis by AICAR contributes to the growth arrest of
cancer cells remains undetermined. To investigate this possibility, we looked at the impact of 24- and 48-hour
treatments with 750 μM AICAR on human cancer cell lines (HeLa, DU145, and HEPG2), non-cancer cells
(EM64, FM14, and HLF), embryonic cells (MRC5) and Rho0 cells. We determined the bioenergetic profile of
these cells and assessed the effect of AICAR on oxidative phosphorylation biogenesis, cell viability and cell
proliferation, ROS generation, mitochondrial membrane potential and apoptosis induction. We also followed
possible changes in metabolic regulators such as Akt and Hif1-α stabilization which might participate to the
anti-proliferative effect of AICAR. Our results demonstrated a strong and cancer-specific anti-growth effect of
AICAR that may be explained by three different modes according to cell type: the first mode included
stimulation of the mitochondrial apoptotic pathway however with compensatory activation of Akt and
upregulation of oxidative phosphorylation. In the second mode of action of AICAR Akt phosphorylation was
reduced. In the third mode of action, apoptosis was activated by different pathways. The sensitivity to AICAR
was higher in cells with a low steady-state ATP content and a high proliferation rate. This article is part of a
Special Issue entitled: Bioenergetics of Cancer.
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1. Introduction

The bioenergetic profile of a given tumor can vary widely from
glycolytic to oxidative, according to the oncogenes activated and the
microenvironment [1–5]. The typical “glycolytic” type of cancer cells
presents an enhanced glycolytic machinery confronted to a less
efficient OXPHOS system, while the “OXPHOS” type of cancer cells
relies mainly on mitochondrial respiration to produce ATP from
glucose and glutamine oxidation [6–8]. It was demonstrated that
mitochondrial oxidative phosphorylation is of low efficiency in
glycolytic tumors, notably through a reduction of mitochondrial
content [9–13]. Therapeutic strategies able to interfere specifically
with the pathways primarily used by cancer cells for energy
production could ideally permit to reduce tumor growth [14,15]. As
each cancer cell type presents their own bioenergetic signature
[5,16–18], pharmacological attempts to interfere with distinctive
steps of cancer energy production pathways could provide drug
specificity. Hence, a potential therapeutic strategy may begin with the
determination of the bioenergetic signature of tumors [7,10,19–22]
followed by the reactivation of the mitochondrial oxidative metab-
olism in glycolytic tumors with ineffective mitochondria, when
appropriate. Indeed, stimulation of PDH activity with sodium-
dichloroacetate [23] or overexpression of frataxin [24] reduced the
proliferation of colorectal cancer cell lines and colon cancer cells,
respectively. Another possibility could consist in the global stimula-
tion of mitochondrial biogenesis in cancer cells with a reduced
mitochondrial content and OXPHOS capacity. In a previous study
performed on lung epidermoid carcinoma cells we attempted to
reactivate mitochondrial biogenesis by using resveratrol [10], a
polyphenol that activates Sirt1 and promotes PGC1-α deacetylation,
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resulting in mitochondrial protein expression [25,26]. With resvera-
trol, we observed a rapid and specific loss of cancer cell viability, while
non-cancer lung fibroblasts treated with the same doses presented a
stimulation of mitochondrial energy metabolism and increased cell
viability [25]. In the present article, we followed on this strategy by
using the AMP-activated protein kinase agonist AICAR, which was
shown to stimulatemitochondrial biogenesis in skeletal muscle [26,27]
and cultured cells as diverse as neurons [28], myocytes [29] and
myotubes [26]. In addition, a potent anti-tumoral effect was demon-
strated for AICAR in pancreatic cancer cells [30], melanomas [31],
cervical cancer [32–34], breast cancer cells [35,36], leukemia-derived
lymphoblasts [37], glioblastomas [38], prostate cancer cells [36,39,40],
hepatomas [41], myelomas [42], colon and gastric cancer cells [43–45],
hematological cell lines [36], C6 gliomas [36], astrocytomas [36,46] and
chronic myelogenous leukemia cells [36]. Furthermore, when admin-
istered in vivo, AICAR attenuated the growth of MDA-MB-231 tumors
and of glioblastomaxenografts in nudemice [38,47]. However, eventual
changes in mitochondrial or OXPHOS content by AICAR were not
investigated as one participating mechanism to the observed anti-
proliferative effects of this drug on cancer. In addition to possible
changes in OXPHOS biogenesis, AICAR could also modulate cancer cell
proliferation by acting on Akt phosphorylation and HIF1α content, both
of which are potent regulators of cancer cell proliferation and
energetics. Lastly, the reduction of cancer cell viability induced by
AICAR might also include the activation of apoptosis, and this
mechanism remains to be evaluated.

Here, we analysed the impact of 24- and 48-hour treatments with
750 μMAICAR on the viability of cancer and non-cancer cells. We used
tumor-derived cell lines with native differences in their bioenergetic
profile as well as Rho0 cells to evaluate the link between the cellular
energy state and the sensitivity to AICAR. To investigate the cell-type
specific impact of AICAR in the cell lines tested, we determined
changes in OXPHOS content, induction of apoptosis, generation of ROS
and activation of the Akt–GS3K survival pathway.

2. Materials and methods

2.1. Chemicals

All the reagents including AICAR (Aminoimidazole-4-carboxamide-
1-β-D-ribofuranosyl 5′-monophosphate) were purchased from Sigma-
Aldrich, with the exception of the ATP monitoring kit (ATP Biolumi-
nescence Assay Kit HS II from Roche).

2.2. Cell types and culture conditions

HeLa, DU145, HEPG2, HLF and MRC-5 cells were purchased from
the American Type Culture Collection (ATCC). The primary monolayer
epithelial cell line EM64 and the primary monolayer fibroblasts FM14
Table 1
Cell lines description and bioenergetic profile.

Cell line Organ Cancer-type Morphology Age

Cancer cell lines
HeLa Cervix Adenocarcinoma Epithelial 31
DU145 Prostate Carcinoma Epithelial 69
HEPG2 Liver Hepatocellular carcinoma Epithelial 15

Non cancer cell lines
EM64 n.d. Normal Epithelial Adult
FM14 Skin Normal Fibroblast Adult
HLF Lung Normal from tissue surrounding

epidermoid carcinoma
Fibroblast-like 54

Rho 0 Skin BET treated Epithelial Adult
MRC-5 Lung Embryonic Fibroblast Fetal (14-week

(n.d.: not determined).
were prepared in our laboratory. The primary fibroblasts derived Rho0

cells were prepared by using 2′3′-dideoxycytidine as we detailed in
[48]. A description of each cell line is given in Table 1. Cells were
grown in Glucose Dulbecco's Modified Eagle Media (DMEM) contain-
ing 25 mM glucose supplemented with 10% fetal bovine serum (PAA),
100 U/ml penicillin, and 100 U/ml of streptomycin. All cells were kept
in 5% CO2 at 37 °C. For all experiments cells were harvested during
exponential phase of growth at 70% confluency.

2.3. Cell enumeration and cell viability

The cytotoxicity of AICAR was evaluated on the different cell lines
by counting the cells after 48 h of treatment with 750 μMAICAR using
a Malassez haemocytometer. Cells were seeded in 6 well plates
(100 000 cells per well) and treated with 750 μM AICAR for 48 h.
Then, cells were trypsinized and counted manually (NN3 for each
condition). Cell viability was measured using the neutral red assay as
detailed by Borenfreund [49,50]. Absorbance was measured in a
multi-well scanning spectrophotometer (MP96 from SAFAS) at a
wavelength of 540 nm with a reference set at 630 nm. For each
condition, multiple replicates (nN6) were performed. The results
were expressed as percent value of the control absorbance ratio.

2.4. ATP measurements

The intracellular ATP content was measured by using the
bioluminescent ATP kit HS II (Roche Applied). Cells treated or not
with AICAR were washed with PBS, detached with trypsin and
resuspended in DMEM (100 μl of a cell suspension of 2×106cells/ml).
For each cell type one aliquot was used to measure the total ATP
content, while the second aliquot was treated with antimycin A for
20 min to block mitochondrial ATP synthesis and allow ATP turnover
by the ATP consuming processes. In a third aliquot, glycolysis was
blocked with 200 μM iodoacetate to evaluate the participation of
glycolysis to cellular ATP synthesis. Then, cells were lysed to release
the intracellular ATP by using the lysis buffer provided with the kit
(equal volume) for 20 min. 100 μl of this lysate was analysed in a 96
well plate luminometer (Luminoskan) using the luciferine–luciferase
reaction system provided with the kit. 100 μl of luciferine/ase was
injected in thewells and after 10 s of incubation, bioluminescencewas
read (1 s integration time). Standardization was performed with
known quantities of standard ATP provided with the kit measured in
the same conditions. The contribution of glycolysis and oxidative
phosphorylation to cellular ATP synthesis was obtained by calculating
the ratio of the ATP content in cells treated with antimycin (glycolytic
ATP remains) to that determined in untreated cells (glycloysis+
OXPHOS). The amount of ATP produced by OXPHOS was verified in
cells treated with iodoacetate (glycolysis is blocked) and similar
results were obtained.
Gender Ethnicity Tumorigenic Total ATP
(pmoles per 1.10E5 cells)

% Glycolytic
ATP

Female Black n.d. 0.53 79
Male Caucasian Yes 0.63 96
Male Caucasian Yes 0.61 76

n.d. n.d. No 0.96 71
Female Caucasian No 1.40 48
Female Black No 1.52 54

Female Caucasian No 0.71 100
old) Male Caucasian No 0.63 95



Fig. 1. Growth properties and energy metabolism of cancer cells and non-cancer cells. (A) Correlation between the percentage of mitochondrial ATP production and the total cellular
ATP content in the different cell lines. (B) Cell proliferation rate of the different cell lines measured over 48 h; cell culture was initiated with 10 000 cells. (C) Cell growth rate was
plotted as a function of the cellular steady-state ATP content. All the data shown correspond to the mean value±SD of N≥3 different experiments.
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Fig. 2. Impact of a 48 h treatment with 750 μM AICAR on cell viability. The neutral red assay was performed on the different types of cells and the IC50 was determined by a fitting
procedure (Excel) using a four parameter model. All the data shown correspond to the mean value±SD of N≥3 different experiments. N.A. = Not Applicable (the data cannot be
fitted as no inhibition is observed) in the non-cancer cells.
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2.5. Measurement of mitochondrial transmembrane electric potential
and ROS cytosolic concentration on cell populations

Cells were trypsinized, counted, and incubated in the presence of
750 μM AICAR for 24 h in DMEM. TMRM (Invitrogen) was used for
measuring the relative mitochondrial membrane potential. Changes
in cytosolic ROS levels were monitored using the CM-H2DCFDA
probe. These probes were added in the cell suspension in the
presence of AICAR, and incubated for 30 min at 37 °C, according to
the manufacturer's protocol. Cells were washed in PBS, and
fluorescence was measured in a quartz cuvette on a Xenius
spectrofluorometer (SAFAS). A second reading was performed with
the addition of 100 μM H2O2 in the cuvette to verify the response
and the absence of saturation of CM-H2DCFDA probe. The signal
increased immediately after the addition in a dose dependent
manner. In the same manner, a second reading was performed with
the addition of 100 μM FCCP for the TMRM probe (results not
shown) and the signal decreased immediately. The fluorescence
value measured after FCCP was close to zero and similar in all the
samples tested. We expressed the ΔΨ as the difference between
TMRM fluorescence measured in the sample and that measured after
FCCP addition.
2.6. Assessment of mitochondrial network morphology, and single cell
evaluation of ROS level and ΔΨ by fluorescence microscopy

Cells were grown in 6 well plates for 24 h in the presence or not of
750 μM AICAR. The mitochondrial network was stained with the
Mitotracker green dye (Invitrogen), used at 60 nM for 15 min at 37 °C.
Cytosolic ROS were detected with CM-H2DCFDA (Invitrogen) used at
5 μM for 30 min as detailed in [51] and relative ΔΨ was evaluated
with TMRM used at 60 nM for 30 min, as described in [51]. The probes
were added directly to the wells under the continuous presence of
AICAR. For these observations we used a Nikon E 200 microscope,
with a 60×, 1.4 N.A water immersion objective. A series of images was
acquired using a Q-Imaging Retiga Exi fast 1394 digital camera, driven
by Fluo'up (Explora Nova, France). Image analysis was performed
with Morpho pro v2.8 (Explora Nova, France).

2.7. Western-blotting

Total cell lysis was performed using 0.4% lauryl-maltoside, for
30 min on ice. Samples were diluted into a SDS-PAGE tricine sample
buffer (Bio-Rad) containing 2% β-mercaptoethanol by incubation for
30 min at 37 °C, and separated on a 4–20% SDS polyacrylamide

image of Fig.�2
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gradient mini-gel (Bio-Rad) at 150 V. Proteins (20 μg for each sample)
were transferred electrophoretically to 0.45 μm polyvinylidine
difluoride (PVDF) membranes for 2 h at 100 mA in CAPS buffer
(3.3 g CAPS, 1.5 l 10% methanol, pH 11) on ice. Membranes were
blocked overnight in 5%milk-PBS+0.02% azide, and incubated for 4 h
with the primary antibodies. Polyclonal antibodies against caspase 3,
PARP, phospho-Akt-Ser473 and phospho-GS3Kβ and monoclonal
antibodies against Hif1α, β-actin, MnSOD were obtained from Santa
Cruz Biotechnology. Monoclonal antibodies against respiratory chain
complexes were obtained fromMitosciences (OXPHOS cocktail). After
six washes with PBS−0.05% Tween 20, the membranes were
incubated for 1 h with horseradish peroxidase-conjugated goat anti-
rabbit (Bio-Rad), or bovine anti-goat diluted in 5% milk-PBS. This
secondary antibody was detected in a Chemidoc (biorad) using the
chemiluminescent ECL PlusTM reagent (Amersham). The signal was
quantified by densitometric analysis using Image J (NIH) software.

2.8. Statistical analysis

All the data presented in this study correspond to the mean value
of N experiments±SD, with N≥3. Comparison of the data sets
(control versus AICAR treated) was performed with the Student's
t test, using Excel Software (Microsoft). Two sets of data were
considered statistically different when Pb0.05.

3. Results

3.1. Metabolic profile of the tumor-derived cell lines and of the primary
cells

We measured the relative contribution of glycolysis and of
oxidative phosphorylation (OXPHOS) to the cellular ATP production
(Table 1). This was obtained by using specific inhibitors of glycolysis
(iodoacetate) and of OXPHOS (antimycin). In Table 1, the tissue of
origin and the type of tumor from which the cancer cell lines
originated are specified. It can be seen that all the tumor-derived cell
lines used in this study produced their vital ATP mainly through
glycolysis (from 76 to 96% of the total ATP produced), while non-
cancer cells relied on glycolysis to a lesser extent (from 48 to 71%). As
expected, the Rho0 cells, depleted of mitochondrial DNA, relied
exclusively on glycolysis to produce ATP. The embryonic lung
fibroblasts (MRC-5) also used glycolysis to a large extent (95%). The
Fig. 3. Effect of AICAR on cell number (after 48 hours of growth.). The results are expres
All the data shown correspond to the mean value±SD of N≥3 different experiments. p
untreated ones.
total ATP content was higher in non-cancer cells (HLF, EM64 and
FM14) as compared to cancer cells, which positively correlated
(R2=0.71, p=0.0148) with the degree of OXPHOS utilization for ATP
synthesis (Fig. 1A). The rate of cell proliferation was evaluated by
measuring the net increase in cell number after 48 h of growth
(Fig. 1B). HeLa and DU145 were fast-growing cancer cell lines in
contrast with HEPG2. The non-cancer cells (FM14, EM64 and HLF)
showed a lower rate of cell proliferation (mean value of 50% increase
in cell number after 48 h) as compared to the cancer group (294%).
The embryonic cell line MRC-5 presented a rather high proliferation
rate (208%) intermediate between the cancer cells and the control
cells, as was the case of Rho0 (106%). Lastly, cells with a high
proliferation rate showed low steady-state values of total ATP content,
and reciprocally (Fig. 1C).

3.2. AICAR treatment decreases proliferation and viability of cancer cells

We treated the different cell-lines with increasing concentrations
of AICAR (from 50 μM to 1 mM) for 48 h and measured cell viability
using the neutral red assay (Fig. 2A–H). AICAR was present during all
the measurements described below (continuous AICAR treatment).

The calculated IC50 values for AICAR are given in Fig. 2. In striking
contrast with the non-cancer cells and the Rho0 cells, we observed a
clear dose-dependent inhibition of neutral red uptake in all the cancer
cells tested (IC50 values ranging from 99 to 500 μM) and in the
embryonic cell line (IC50=750 μM), suggesting a decrease in viability
upon treatment of cancer cells with AICAR. As the neutral red uptake
test depends both on cell number and cell metabolic activity, we
assessed the actual decrease in cell number induced by AICAR (Fig. 3).
We observed no increase in the number of dead cells in the culture
dishes at 12, 24 and 48 h (data not shown). Instead, AICAR treatment
strongly reduced the proliferation of cancer cells (HeLa, DU145 and
HEPG2) after 48 h of treatment (55, 95 and 85% of inhibition
respectively), while no significant or little effect was observed for
the non-cancer epithelial cells EM64, skin fibroblasts FM14 and HLF
(16, 1 and 7% of inhibition respectively). The embryonic non-cancer
cell line MRC-5 showed a strong decrease in cell number (55% of
inhibition). A comparison of the effect of AICAR on cell number and
cell viability (Fig. 3) indicated a stronger effect of AICAR on the latter.
For instance, the prostate cancer cell line DU145 showed a reduction
by 70±06% of the cell number, while viability was reduced by
95±03%.
sed as percentage of cell viability or cell number obtained in the untreated controls.
values were obtained from the comparison of the AICAR treated samples with the

image of Fig.�3
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3.3. Impact of AICAR treatment on apoptosis and cell survival

We evaluated the degree of apoptosis induction by measuring the
increase in caspase 3 and PARP protein content (active forms) after
treatment of the cell lines with 750 μMAICAR for 24 h (Fig. 4A and B).
Although the inactive (uncleaved) form of PARP was observed in all
the cell lines at the exception of FM14 and HEPG2, its active form was
only detected in HLF cells under normal conditions. In HLF, AICAR
treatment induced an increase (363%, pb0.05) in the active form of
PARP, as well as that of caspase 3 (825% of the untreated control,
pb0.05). Interestingly, Akt phosphorylation at serine 473 was
increased in HeLa, MRC-5 and HLF (140, 126 and 163% of the
untreated control, respectively). In contrast, Akt phosphorylation
(activation) was significantly reduced in DU145 and HEPG2. We also
looked at the overall morphology of the mitochondrial network
(Fig. 5) which typically harbors a fragmented shape when apoptosis is
induced [52]. In accordance with the levels of PARP and caspase-3, no
sign of fragmentation of the mitochondrial network was noticed at
4 h, 8 h, 12 h 24 h and 48 h in the cell-lines following the treatment
with AICAR (in this figure the 24 h data are shown). The Rho0 cells
show a fragmented mitochondrial network in the control conditions,
and no further fragmentation was observed after the AICAR
treatment.
Fig. 4. Effect of AICAR on apoptosis and cell survival. (A) Western blot analyses performed
expression levels (normalized to actin) of signaling and apoptosis proteins in cell treated wit
different experiments. p values were obtained from the comparison of the AICAR treated sa
3.4. Impact of AICAR treatment on the cell cycle regulator GSK3β

Glycogen synthase kinase-3beta (GSK3β) generally represses cell
cycle progression by direct phosphorylation of cyclin D1 [53]. As
AICAR treatment inhibited the proliferation in cancer cells, we
measured possible changes in the phosphorylation status of GSK3β
by western-blot (Fig. 4A and C). We observed a significant increase in
GSK3β phosphorylation in EM64, DU145 and HeLa cells (286, 167 and
131% of the untreated control, respectively). In contrast, GS3Kβ
phosphorylation was reduced in Rho0, HEPG2 and HLF cells (64, 32
and 53% of the untreated control, respectively).

3.5. Modulation of OXPHOS content by AICAR

The expression level of five mitochondrial respiratory chain
proteins was evaluated by western blot and the individual modifica-
tions (mean±SD values and p values) are given in (Fig. 6A and B). In
MRC-5 and HeLa cells treated with 750 μM AICAR there was a
significant increase (pb0.05) in the levels of (+22% mean value).
Conversely, in EM64, DU145 and Rho0 cells, there was a significant
reduction (−22% mean value, Pb0.05). We also tested the impact of
the AICAR treatment on Hif1α as this transcription factor plays a
central role in the metabolic remodeling of cancer cells. Hif1α was
on 20 μg of proteins taken from cell treated with 750 μM AICAR for 48 h. (B) Protein
h 750 μMAICAR for 24 h. All the data shown correspond to the mean value±SD of N≥3
mples with the untreated ones.

image of Fig.�4
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only detectable in four cell lines (Fig. 4A) and the AICAR treatment
triggered a significant increase (Pb0.05) of its content (+56%) solely
in the embryonic MRC-5 fibroblasts.
Fig. 5. Impact of AICAR on the fragmentation of the mitochondrial network. The
mitochondrial network was stained with Mitotracker Green in cells treated (right
panel) or not (left panel) for 24 h with 750 μM AICAR. No sign of mitochondrial
fragmentation was observed in all the cells except for the Rho0 cells where the
untreated controls exhibited a fragmented mitochondrial network.
3.6. Effect of AICAR on oxidative stress and antioxidant defenses

To evaluate changes in oxidative stress possibly mediated by the
AICAR treatment we monitored intracellular DCFDA-detectable
oxidants production by measuring CM-H2DCFDA fluorescence
(Fig. 7A). A significant reduction (Pb0.05) of CM-H2DCFDA fluores-
cence was noticed in HeLa cells (−50%), FM14 cells (−66%) and
MRC-5 cells (−29%). This was correlated with a significant increase in
the expression level of MnSOD (Fig. 4A and B) in HeLa cells (+ 39%)
and MRC5 cells (+20%). Conversely, in HEPG2, EM64, HLF and Rho0

cells the AICAR treatment induced a significant increase in ROS levels
(ranging from 29% in HEPG2 to 51% in HLF). Fluorescence microscopy
analyses (Fig. 7B) revealed the presence of ROS in the cytosol and the
mitochondrion, as confirmedwith the co-staining of DU 145 cells with
CM-H2DCFDA and TMRM (Fig. 7B lower panel).

3.7. Effect of AICAR on mitochondrial membrane potential (ΔΨ)

Moderate changes in mitochondrial ΔΨ reflect variations in
respiratory chain activity, while a large drop in ΔΨ can indicate the
onset of apoptosis. Here, we monitored the relative changes in ΔΨ
after 24 h of treatment with 750 μM AICAR by measuring TMRM
fluorescence (Fig. 8). The results showed a significant decrease of ΔΨ
in DU145 (−16%), HEPG2 (8%), EM64 (−25%) and FM14 (−14%).
Conversely, TMRM fluorescence was increased in HeLa cells (+27%),
HLF cells (+16%) and Rho0 cells (+12%). We verified that in our
experimental conditions TMRM entered the mitochondrion and did
not show unspecific staining (data not shown).

4. Discussion

The main findings of our study are the strong inhibition of cancer
cell's viability and proliferation by AICAR without affecting non-
cancer cell's viability and proliferation. Numerous studies have
reported the anti-proliferative effect of AICAR on cancer cells but
often lacked a comparison with paired non-cancer cells, and therefore
data about cancer-specificity of AICARmust be used with caution. Our
data indicate a strong effect of AICAR on the cancer prostate
carcinoma cell line DU145 and the hepatocellular carcinoma HEPG2
cell line (IC50 of 100 μM). The epidermoid carcinoma HeLa cells were
less sensitive to this treatment (IC50 of 500 μM) as was the embryonic
cell line MRC-5 (IC50 of 750 μM). All these cells share in common a
high contribution of glycolysis to the cellular ATP production (ranging
from 76% in HEPG2 to 96% in DU145) and a low steady-state ATP
content, as compared to the non-cancer cells used in our study and
that were not affected by AICAR. This suggests that cells with low
steady-state ATP content are more sensitive to AICAR. Cells with the
highest sensitivity to AICAR were also those in which (i) the
contribution of OXPHOS to ATP synthesis was low, and (ii) cell
proliferation rate was rapid, suggesting that cancer cells of the
glycolytic type could be preferentially targeted by treatment with
AICAR-type compounds. Not surprisingly, the growth of the embry-
onic cell line MRC-5 was also inhibited by AICAR as previous studies
have reported similarities between embryonic cells and cancer cells,
with regard to the regulation of energy metabolism. Accordingly, it
would be expected that a high mitochondrial bioenergetic activity
would protect against the anti-proliferative effect of AICAR [54]. In our
study, we observed that cancer cells present a higher proliferation
rate as compared to the non-cancer cells. Yet, differences in the tissue
of origin and the type of oncogene activated as well as disparities in
the preferential energy substrate could explain differences in the
observed proliferation rates.

No sign of cell death was observed in the cancer group during the
AICAR treatment, as well as no induction of apoptosis, as verified by
the absence of caspase 3 and PARP activation or the lack of
mitochondrial network fragmentation and deep decrease in ΔΨ at

image of Fig.�5


Fig. 6. Effect of AICAR on OXPHOS biogenesis. (A) Western blot analyses performed on 20 μg of proteins taken from cell treated with 750 μM AICAR for 48 h. (B) Densitometric
analyses of the expression level of five mitochondrial respiratory chain proteins normalized to the actin levels. All the data shown correspond to the mean value±SD of N≥3
different experiments. The p values (Student t test) are given for each bar. p values were obtained from the comparison of the AICAR treated samples with the untreated ones.
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the exception of HLF cells. Therefore, the low number of cells observed
after the 48 h treatment with 750 μM AICAR can be attributed to a
lowered rate of cell proliferation, as previously reported on different
cancer cell lines [30,33,37].

The main question we intended to address in our study was the
impact of the AICAR treatment on mitochondrial biogenesis in cancer
cells and non-cancer cells. To do so we measured the changes in the
expression level of five mitochondrial respiratory chain proteins after
treatment with AICAR. The effects of AICAR on OXPHOS content were
cell-type specific. We found an increase in OXPHOS components in
HeLa,MRC-5 (around 30 to 50% increase) andHLF cells (20% increase),
while a reduced level of these proteins was observed in EM64, FM14,
DU145 and Rho0 cells (around −20%). Therefore, our observations
indicate that the preferential anti-proliferative effect of AICAR on
cancer cells did not include a consistent stimulation of OXPHOS
biogenesis, in contrast with our hypothesis. Likewise, the observed
increase in ROS levels in EM64 and HLF cells was not associated with
the sensitivity to AICAR, in comparisonwith other cell lines tested [55].
However, we did observe an antioxidant effect in HeLa and MRC-5
cells. The activation of Akt by AICAR followed a similar cell-type
specific pattern, as Akt phosphorylation was increased in HeLa cells
(+50%), MRC5 cells and HLF cells, but it was reduced in DU145 and
HEPG2. Sengupta et al. [37] proposed that Akt activation induced by
AICARmay represent a compensatory survivalmechanism in response
to apoptosis and/or cell cycle arrest triggered by this drug. Our
observations also suggest that cancer cell elimination might be
obtained by using AICAR in combination with Akt inhibitors.

Overall, our study evidenced clear differences in the effect of AICAR
on apoptosis induction, mitochondrial biogenesis stimulation, ROS
generation and Akt activation, which clearly indicate a cell-type
specific response to the AICAR treatment. As deduced from different
studies and from our data, three mechanisms could explain the anti-
cancer properties of AICAR (Table 2). The first mechanism includes
cell cycle arrest and stimulation of the mitochondrial apoptotic
pathway with compensatory activation of Akt and stimulation of
OXPHOS biogenesis. This mechanism was recently described in
leukemia cells [37] and HeLa cells [33]. The second mode of action
of AICAR also includes cell proliferation arrest, but Akt phosphoryla-
tion is reduced instead of being activated. Consequently, this second
mechanism can be observed in cancer cells where Akt was primarily
activated, and for which glycolysis is also typically up-regulated [56].
In the third mode of action of AICAR, cancer cells die from apoptosis,
as mediated by different pathways (Table 2). Yet, although previous
studies indicated the possible activation of apoptosis by AICAR, our
results evidenced no significant changes in caspase 3 cleavage upon
AICAR treatment. The apparent discrepancy observed between our
results and the studies listed in Table 2, with regard to the possible
activation of apoptosis by AICAR, might be explained by differences in
the type of cancer cells investigated which may present variable
dysregulation of the apoptotic pathways.

In our study, the impact of AICAR on DU145 and HEPG2 cells
presented similaritieswith the secondmechanism, as cell proliferation
was reduced and a reduction of Akt was also observed. HeLa cells
followed the first mode of action of AICAR since Akt was activated by
AICAR, and induction of apoptosis was not observed. Lastly, HLF cells
showed an increased apoptosis with an increased activation of Akt,
which resembles the third mechanism. HLF cells are lung non-cancer,
as are MRC5, and both demonstrated changes in cell proliferation and
Akt after the AICAR treatment, which suggests that AICAR does not
target specifically cancer cells. Indeed, the state of Akt activation, cell
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Fig. 7. Effect of AICAR on oxidative stress. (A) Intracellular ROS levels were determined using the fluorescent probe CM-H2DCFDA on 0.5×1E5 cells/ml after 24 h of treatment with
750 μMAICAR. * P≤0.05. (B) CM-H2DCFDAmeasurement by fluorescence microscopy in single cells after 24 h of treatment with 750 μMAICAR. All the data shown correspond to the
mean value±SD of N≥3 different experiments.
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proliferation rate and glycolysis utilization might determine more the
sensitivity to AICAR, rather than the sole cancer origin of the cell
exposed to this drug. This might explain the important undesired
effect of this drug in clinical trials [57].

The changes in mitochondrial respiratory chain content following
AICAR treatment revealed cell specific responses with large variations.
First, we observed an increased content of OXPHOS proteins in cancer
(HeLa) and non-cancer cells (MRC5 and HLF) where AICAR also
activated Akt and triggered a stimulation of MnSOD expression. A
previous study performed on endothelial cells also showed that AICAR
stimulates both the expression of MnSOD and increases OXPHOS
content through the activation of the AMPK-PGC1α pathway [55]. In
HeLa, MRC-5 and HLF all the respiratory chain proteins analysed
showed an increased expression, while in HEPG2 the increase was
only observed for complex I and complex IV. However, the reduction
of respiratory chain content observed in DU145, Rho0 and EM64
suggests the inhibition of OXPHOS or the activation of mitophagy.
Therefore, AICAR can trigger two opposite responses in different cell
lines, but their determinants remain unclear. We think that the
bioenergetic profile of the cell and its capacity to adapt the energy
producing machinery to a low energy-state vary widely between
different cell types, explaining the differences of AICAR effects which
mimic such a low energy-state. For instance, we observed recently
that breast cancer cells reduce their mitochondrial content in hypoxic
conditions, while the corresponding non-cancer cells present an
opposite increased mitochondrial content [22]. In particular, our
study of the impact of AICAR on different cell types evidenced a
stronger anti-growth effect on cells withmore active proliferation and
a low steady-state ATP content, which might reflect an active
anabolism and a strong energy need, with a corresponding capacity
for bioenergetic adaptation. Interestingly, the Rho0 cells which solely
rely on glycolysis to survive were not affected by the AICAR treatment,
indicating that the pathway primarily used for energy production
does not determine by itself the sensitivity to AICAR. The
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Fig. 8. Effect of AICAR on mitochondrial membrane potential. Mitochondrial membrane potential was determined using the fluorescent probe TMRM on 0.5×1E5 cells/ml after 24 h
of treatment with 750 μM AICAR. * P≤0.05. All the data shown correspond to the mean value±SD of N≥3 different experiments.
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measurements of ΔΨ in cells treated with AICAR also showed variable
effects according to the type of cells investigated. Instead, as discussed
above, the energy status of the cell might determine the impact of
AICAR on a given cell line. Likewise, cancer cells and non-cancer cells
adapt differently to an increase in energy demand induced by glucose
deprivation or oxygen low availability, as occurs in solid tumors
[21,22].

5. Conclusions

Our data show that AICAR inhibits the growth of cancer cells in a
cell line specific manner. The activation of OXPHOS biogenesis by
AICAR is not a consistent property of this drug as the mitochondrial
content was even reduced in three cell lines treated with AICAR. The
diversity of mechanisms by which AICAR inhibits cancer cell
Table 2
Cell-type dependent modes of action of AICAR.

Apoptosis Akt activation Mt-biogenesis ROS Cell death Cell proliferati

↑ ↑ n.d. ↑↓ ↓ p27 p53 (up)
↑ n.d. ↓
– ↑ ↑ ↓ ↓
– ↑ ↑ – ↓

↓ n.d. ↓
↑ p53 ↓ n.d. ↑ ↓ mTOR (down

↓ n.d. ↓ p21, 27, 53 (
↓ n.d. ↓ ERK–S6K–mT

– ↓ ↓ ↑ ↓
– ↓ ↓ ↑ ↓

n.d. ↓
n.d. ↓
n.d. p21 (up)–lipog
Glycolysis ↓ ↓ lipogenesis d

↑ n.d. ↑
↑ NF-kappaB n.d. ↑ ↑
↑ Trail n.d. ↑
↑ n.d.
↑ p53–p38–cjun n.d.
↑ n.d.
↑ n.d.
↑ n.d.

(n.d.: not determined).
proliferation allows distinguishing three modes of action which may
depend on cell line specific energy status and bioenergetic profile. Our
study complements that byMukherjee and colleagues [41] reinforcing
the conclusion that cancer cells and non-cancer cells are differentially
affected by AICAR, and our results further indicate that AICAR
increases OXPHOS content in a subset of cancer cells. In clinical trials,
AICAR has proven highly toxic [57] and produces undesired metabolic
effects that limit its utilization in cancer therapies. Yet, the strategy of
mimicking a low-energy state in cancer cells to trigger cell
proliferation arrest and apoptosis is still valid, and the research for
identifying novel energy restriction-mimetic agents (ERMAs) [58]
capable of reducing human tumor growth will benefit from a better
characterization of the bioenergetic signature of cancer cell lines, in
particular in response to challenging energy conditions, as occurs
during hypoxia and aglycemia.
on Ref. Cell-type AICAR mode of action

[36] Leukemia No. 1
[32] HeLa
present HeLa

MRC5
[29] Pancreas No. 2

) [27] Cervical
up) [35] Various
OR (down) [41] Myeloma

present DU145
HEPG2

[46] Breast
[38] Prostate

enesis–mTOR (down) [39] Prostate
own [37] Glioblastoma (EGFR+)

[30] Melanomas No. 3
[58] Neuroblastoma
[34] Breast
[40] Brain tumor
[42] Colon cancer
[43] Colon cancer
[44] Gastric cancer
[45] Astrocytoma
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