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We investigated the effect of 3-methyladenine (3MA), a class III phosphatidylinositol 3-kinase (PI3K)-
blocking autophagy inhibitor, on cancer cell death induced by simultaneous inhibition of glycolysis by 2-
deoxyglucose (2DG) and mitochondrial respiration by rotenone. 2DG/rotenone reduced ATP levels and
increased mitochondrial superoxide production, causing mitochondrial swelling and necrotic death in
various cancer cell lines. 2DG/rotenone failed to increase proautophagic beclin-1 and autophagic flux in
melanoma cells despite the activation of AMP-activated protein kinase (AMPK) and inhibition of
mechanistic target of rapamycin complex 1 (mTORC1). 3MA, but not autophagy inhibition with other
PI3K and lysosomal inhibitors, attenuated 2DG/rotenone-induced mitochondrial damage, oxidative
stress, ATP depletion, and cell death, while antioxidant treatment mimicked its protective action. The
protection was not mediated by autophagy upregulation via class I PI3K/Akt inhibition, as it was pre-
served in cells with genetically inhibited autophagy. 3MA increased AMPK and mTORC1 activation in
energy-stressed cells, but neither AMPK nor mTORC1 inhibition reduced its cytoprotective effect. 3MA
reduced JNK activation, and JNK pharmacological/genetic suppression mimicked its mitochondria-
preserving and cytoprotective activity. Therefore, 3MA prevents energy stress-triggered cancer cell
death through autophagy-independent mechanisms possibly involving JNK suppression and decrease of
oxidative stress. Our results warrant caution when using 3MA as an autophagy inhibitor.

© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Macroautophagy (hereafter autophagy) is a process in which
intracellular proteins and organelles are sequestered within
double-membrane autophagosomes, which deliver their cargo to
lysosomes for degradation and recycling.1 Autophagy proceeds
through the coordinated engagement of autophagy-related (ATG)
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proteins involved in initiation and autophagosome formation,
maturation, and fusion with lysosome. The main autophagy-
initiating signaling pathway is energy stress-mediated activation
of the intracellular energy sensor AMP-activated protein kinase
(AMPK), followed by the inhibition of the mechanistic target of
rapamycin complex 1 (mTORC1), the principal suppressor of
autophagy.1 Conversely, stimulation of Akt by various growth fac-
tors leads to mTORC1 activation and autophagy suppression.1 By
removing damaged organelles, protein aggregates, as well as by
providing new building blocks and energy for cellular homeostasis,
autophagy plays an important role in the adaptive protective
response against metabolic, hypoxic, oxidative, proteotoxic, and
drug-induced stress.1 However, in certain conditions autophagy can
contribute to apoptotic/necrotic cell demise or function as an
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alternative programmed cell-death pathway.2 Deficient or over-
active autophagy is associated with the pathogenesis and pro-
gression of multiple disorders, including malignant, metabolic,
neurodegenerative, cardiovascular, and autoimmune/inflammatory
diseases.2 The rationale behind the current exploration of auto-
phagy inhibitors in cancer therapy is to counteract the protective
action of autophagic response triggered by energy stress in cancer
cells exposed to nutrient/oxygen deprivation and/or chemo-
therapy.3 Autophagy signaling, autophagosome formation/matu-
ration, and lysosomal degradation are all potentially druggable
processes, and the selectivity of autophagy modulators has to be
carefully considered in various experimental and therapeutic
settings.

3-methyladenine (3MA), together with wortmannin and
LY294002, belongs to a group of phosphatidylinositol 3-kinase
(PI3K) inhibitors that block autophagy at the initiation and matu-
ration stages by preventing the class III PI3K interaction with
various ATG partners.4 While mainly used for autophagy research
in vitro, the potential therapeutic usefulness of 3MA-mediated
autophagy inhibition has been indicated by its beneficial effects in
animal models of cancer.5e7 However, prolonged exposure to 3MA,
but not other class III PI3K inhibitors, can promote autophagy in
nutrient-rich conditions through persistent inactivation of class I
PI3K and subsequent inhibition of Akt/mTORC1 pathway.8,9 More-
over, 3MA can affect other kinases and cellular processes such as
glycogen metabolism, endocytosis, proteolysis, and mitochondrial
permeability transition in an autophagy-independent manner.10e13

Despite these, cytoprotective effects of 3MA in various experi-
mental settings have been frequently ascribed to autophagy sup-
pression, without directly confirming (e.g. by genetic approaches)
the role of autophagy in the observed cell death.14e16 It is also
worth noting that 3MA is excised by 3MA DNA glycosylase from
DNA alkylated spontaneously or by environmental toxins and
chemotherapeutic agents,17 causing its levels to increase in the
urine of cancer patients receiving chemotherapy.18 However, while
unrepaired 3MA is a potentially lethal lesion in cancer cells,19 the
biological roles of the excised 3MA are not known.

In the present study, we explored the potential of various
autophagy inhibitors, including 3MA, to affect energy stress-
triggered death of cancer cells exposed to simultaneous blockade
of glycolysis and mitochondrial respiration, both used by tumor
cells to sustain their high energy demands. Surprisingly, while
neither of autophagy blockers was able to increase energy stress-
induced cell death, 3MA promoted their survival through
autophagy-independent mechanisms possibly involving the inhi-
bition of oxidative stress and c-Jun N-terminal kinase (JNK).

2. Material and methods

2.1. Cell culture

Mouse melanoma B16, mouse fibrosarcoma L929, and human
glioblastoma U251 cell lines purchased from the European
Collection of Animal Cell Cultures (Salisbury, UK) were main-
tained and plated for experiments exactly as previously
described.20 Primary mouse (C57BL/6) mesenchymal stem cells
(Invitrogen, Paisley, UK; S1502-100) were kindly provided by Dr.
Vladislav Volarevic (Faculty of Medical Sciences, University of
Kragujevac, Serbia). Cells were maintained at 37 �C in a humidi-
fied atmosphere with 5% CO2 and 20% O2 (or 1% O2 for hypoxia
evaluation), in a HEPES-buffered RPMI 1640 cell culture medium
with L-glutamine, supplemented with 10% fetal bovine serum
(FBS) for B16 and MSC cells and 5% FBS for U251 and L929 cells,
1 mM sodium pyruvate and antibiotic/antimycotic (all purchased
from GE Healthcare, Chicago, Illinois). After resting for 24 h cells
157
were treated with glycolysis inhibitor 2-deoxyglucose (2DG) and/
or mitochondrial complex I inhibitor rotenone, in the presence or
absence of antioxidant a-tocopherol, mitochondrial permeability
transition (MPT) inhibitor cyclosporine A, glycolysis inhibitor
iodoacetate, oxidative phosphorylation inhibitors carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP) and 1-methyl-4-
phenylpyridinium (MPPþ), autophagy inhibitors 3MA, bafilomy-
cin A1, chloroquine, and ammonium chloride, mTORC1 inhibitor
rapamycin, caspase inhibitors Z-VAD-FMK and Q-VD-OPh, nec-
roptosis inhibitor necrostatin-1, PI3K inhibitors wortmannin or
LY29400, Akt inhibitor 10-(4’-(N-diethylamino)butyl)-2-
chlorophenoxazine (DEBC), extracellular signal kinase (ERK) in-
hibitor PD098059, JNK inhibitor SP600125, adenylyl cyclase acti-
vator forskolin, or cAMP analogue 8-Chloro-cAMP (8-Cl-cAMP)
(all from Merck, Darmstadt, Germany). The cytotoxic drug
cisplatin (Merck, Darmstadt, Germany) was used in some exper-
iments as a positive control.

2.2. Phase contrast and transmission electron microscopy (TEM)

Cell morphology was determined using a phase contrast mi-
croscope (Leica Microsystems DMIL, Wetzlar, Germany) equipped
with Leica Microsystems DFC320 camera and Leica Application
Suite software (version 2.8.1). For the ultrastructural analysis by
TEM, trypsinized cells were fixed in 3% glutaraldehyde, postfixed in
1% osmium tetroxide, dehydrated in graded alcohols and then
embedded in Epon 812 (all from Merck, Darmstadt, Germany). The
ultrathin sections were stained in uranyl acetate and lead citrate
and examined using a Morgagni 268D electron microscope (FEI,
Hillsboro, OR).

2.3. Lactate dehydrogenase (LDH) cytotoxicity assay

The release of the intracellular enzyme LDH, as a marker of cell
membrane damage, was used to determine cytotoxicity of various
treatments. Briefly, 50 ml of cell culture supernatant was mixed
with 50 ml of solution containing 54 mM lactic acid, 0.28 mM
phenazine methosulfate, 0.66 mM p-iodonitrotetrazolium chloride
and 1.3 mM bNAD. The pyruvate-mediated conversion of 2,4-dini-
trophenylhydrazine into visible hydrazone precipitate was
measured using an automated microplate reader at 492 nm. The
percentage of dead cells was determined using the following for-
mula: [(E�C)/(T�C)]�100, where E is the experimental absorbance
of treated cells, C is the control absorbance of medium without
cells, and T is the absorbance corresponding to the maximal (100%)
LDH release of Triton X-100-lysed cells.

2.4. Apoptosis/necrosis and caspase activation analysis

Apoptotic and necrotic cell death were analyzed by flow
cytometry following double staining with annexin V-fluorescein
isothiocyanate (FITC) and 7-aminoactinomycin D (7AAD), in which
annexin V binds to cells with exposed phosphatidylserine, while
7AAD labels the cells with membrane damage. Staining was per-
formed according to the instructions by the manufacturer (BD
Biosciences, San Diego, CA), and the percentages of viable
(annexin�/7AAD�), apoptotic (annexinþ/7AAD�), and necrotic
(annexinþ/7AADþ) cells were determined using flow cytometry.
DNA fragmentation, as a feature of apoptotic cell death, was
determined by cell cycle analysis. Briefly, the cells were fixed in 70%
ethanol at 4 �C for 30 min. Before analysis, ethanol was removed by
centrifugation and cells were washed twice with PBS. Cells were
then resuspended in PBS containing 1 mg/ml RNase and propidium
iodide (40 mg/ml) (both fromMerck, Darmstadt, Germany) and kept
at 37 �C in the dark for 30 min. The proportion of apoptotic cells
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with fragmented DNA in the subG0/G1 compartment of the cell
cycle was determined by flow cytometry. Activation of caspases
was measured using a cell-permeable, FITC-conjugated pan-
caspase inhibitor Z-VAD-FMK (ApoStat; R&D Systems, Minneap-
olis, MN) according to themanufacturer's instructions. The increase
in green fluorescence as a measure of caspase activity was deter-
mined using flow cytometry and presented as the fold change in
fluorescence intensity, which was arbitrarily set to 1 in untreated
cells. All flow cytometric acquisitions were done on FACS Aria III
flow cytometer using FACSDiva 6.0 software (BD Biosciences, San
Diego, CA) and subsequently analyzed with FlowJo software (BD
Biosciences, San Diego, CA).

2.5. Mitochondrial membrane potential and superoxide
measurement

Mitochondrial membrane potential was measured using JC-1
(Trevigen Inc., Gaithersburg, MD), a lipophilic cation that aggre-
gates upon mitochondrial membrane polarization thus forming an
orange-red fluorescent compound. When the membrane potential
is disrupted, the dye cannot access the transmembrane space and
remains or reverts to its green monomeric form. The cells were
stained with JC-1 dye as described by the manufacturer, and the
fluorescence emitted by the green monomers and red aggregates
was detected by flow cytometry. The increase and decrease in
green/red fluorescence ratio reflect mitochondrial membrane de-
polarization and hyperpolarization, respectively. The results are
presented as a fold change of green/red fluorescence ratio in treated
compared to the control cells. The production of mitochondria-
derived superoxide was determined by measuring the intensity of
red fluorescence emitted by a redox-sensitive dye MitoSOX Red
(Thermo Fisher Scientific, Waltham, MA), according to the manu-
facturer's instructions. The mean intensity of MitoSOX Red fluo-
rescence, corresponding to superoxide levels, was determined
using flow cytometry and presented as the fold change in fluores-
cence intensity, which was arbitrarily set to 1 in untreated cells.
Both JC-1 and MitoSOX measurements were done on FACS Aria III
flow cytometer using FACSDiva 6.0 software for acquisition and
FlowJo software for analysis.

2.6. Intracellular ATP quantification

The intracellular concentration of ATP was determined by
Chameleon microplate reader (Hidex, Turku, Finland) using ATP
Bioluminescence Assay Kit HS II (Roche Applied Science, Penzberg,
Germany) according to the manufacturer's instructions. The results
are presented as the fold change in luminescence intensity, which
was arbitrarily set to 1 in untreated cells.

2.7. Immunoblotting

Cells were lysed in the lysis buffer (30 mM TriseHCl pH 8.0,
150 mM NaCl, 1% NP-40 and protease/phosphatase inhibitor cock-
tail; all fromMerck, Darmstadt, Germany), stored on ice for 30 min,
centrifuged at 14,000 g for 15 min at 4 �C, and the supernatants
were collected. Equal protein amounts from each sample were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA). Rabbit anti-mouse antibodies against cleaved
caspase-3 (#9664), cytochrome c (#4280), Poly (ADP-ribose) po-
lymerase (PARP; #9542), AMPKa (#2603), phospho-AMPKa
(Thr172; #2535), microtubule-associated protein 1 light chain 3B
(LC3B; #2775), mTOR (#2983), phospho-mTOR (Ser2448; #2971),
eukaryotic translation initiation factor 4E-binding protein 1
(4EBP1; #9644), phospho-4EBP1 (Thr37/46; #2855), Akt (#9272),
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phospho-Akt (Ser473; #9271), JNK (#9252), phospho-JNK (Thr183/
Tyr185; #9251), ERK (#9102), phospho-ERK (Thr202/Tyr204;
#9101), actin (#4967) (all from Cell Signaling Technology, Beverly,
MA), TOM20 (sc-11415) (Santa Cruz Biotechnology, Santa Cruz, CA),
and beclin-1 (NB500-249; Novus Biologicals, Littleton, CO) were
used as primary antibodies. Peroxidase-conjugated goat anti-rabbit
IgG (#7074, Cell Signaling Technology, Beverly, MA) was used as a
secondary antibody, and specific protein bands were visualized by
enhanced chemiluminescence using ChemiDocMP Imaging System
(Bio-Rad, Hercules, CA). The intensity of protein bands was
measured by densitometry using Image Lab software (Bio-Rad,
Hercules, CA).

2.8. RNA interference (RNAi)

The transfection of cells with control small interfering RNA
(siRNA) or siRNA against beclin-1, LC3, AMPK, or JNK (all from Santa
Cruz Biotechnology, Dallas, TX) was performed using the SF Cell
Line 4D-Nucleofector V Kit and 4D-Nucleofector (Lonza, Basel,
Switzerland), according to the manufacturer's instructions. After
transfection, cells were rested for 24 h before being used in
experiments.

2.9. Statistical analysis

Statistical significance of the differences between treatments
was assessed using t-test or one-way ANOVA followed by Tukey's
test for multiple comparisons. A value of p < 0.05 was considered
statistically significant.

3. Results

3.1. Simultaneous inhibition of glycolysis and mitochondrial
respiration causes necrosis of cancer cells

To establish the optimal conditions for the induction of cell
death through energy depletion, we treated B16melanoma cells for
24 h with different doses of glycolysis inhibitor 2DG and mito-
chondrial inhibitor rotenone, separately or in combination, and cell
death was assessed by LDH release assay. While neither compound
alone affected cell viability, the combined treatment increased LDH
levels in the cell culture supernatants in a dose-dependent manner,
thus reflecting the loss of cell membrane integrity (Fig. 1A). For
further studies, we have chosen the combination of 5 mM 2DG and
1 mM rotenone. 2DG and rotenone at the chosen concentrations
also synergized in inducing cell death of L929 fibrosarcoma and
U251 glioma cells, but failed to do so in non-cancerous mesen-
chymal stem cells (Fig. 1B). B16 were selected for further experi-
ments because of the slightly higher sensitivity (Fig. 1B). A similar
cytotoxic effect was also obtained by using rotenonewith glycolysis
inhibitor iodoacetate or in a cell culture medium without glucose
(Fig. 1C), as well as by combining 2DG with mitochondrial complex
I inhibitor MPPþ, mitochondrial uncoupler CCCP, or hypoxia (1% O2)
(Fig. 1D). These data confirmed that the synergistic cytotoxicity
resulted from the simultaneous inhibition of glycolysis and mito-
chondrial respiration. Flow cytometric analysis of annexin-V/
7AAD-stained cells revealed a synergistic induction of cell mem-
brane damage by the two compounds, as shown by the time-
dependent increase in the numbers of double-positive cells
(Fig. 1E and F). The absence of truly apoptotic cells with external-
ized phosphatidylserine and no membrane damage (Annþ/7AADe)
at earlier time points (not shown) indicated the induction of pri-
mary, rather than secondary necrosis. Accordingly, the cell cycle
analysis did not detect hypodiploid (sub-G) apoptotic cells with
fragmented DNA upon 2DG/rotenone treatment (Fig. 1G), and



Fig. 1. Simultaneous inhibition of glycolysis and mitochondrial respiration causes necrotic cell death. (A) B16 cells were incubated with different doses of 2DG or rotenone (ROT)
alone and in combination. (B) B16, L929, U251, and mesenchymal stem cells (MSC) were incubated with 2DG (5 mM) or rotenone (1 mM) alone and in combination. (C) B16 cells
were incubated with rotenone (1 mM) in medium with or without glucose or glycolytic inhibitor iodoacetate (IA; 4 mM). (D) B16 cells were incubated with 2DG (5 mM) in the
absence or presence of oxidative phosphorylation inhibitors MPPþ (4 mM) and CCCP (30 mM) or hypoxia (1% O2). (EeJ) B16 cells were incubated with 2DG (5 mM) or rotenone
(1 mM) alone and in combination. (K) B16 cells were incubated with 2DG (5 mM) and rotenone (1 mM) or cisplatin (50 mM) in the absence or presence of Q-VD-OPh (10 mM), Z-VAD-
FMK (1 mM), or necrostatin (10 mM). (A-D, K) Cytotoxicity was assessed by LDH release assay after 24 h of treatment. (EeI) Phosphatidylserine externalization (annexinþ cells) and
cell membrane damage (7AADþ cells) (E, F), DNA fragmentation (G), and caspase activation in ApoStat-stained cells (I) were assessed by flow cytometry, while cell morphology was
determined by TEM (H) after the indicated time periods (E, I), 16 h (F), 24 h (G, H). (J) Caspase-3 activation and PARP cleavage after 12 h of treatment were examined by
immunoblotting. Representative flow cytometry dot-plots (F) and histograms (G, I), as well as TEMmicrographs (H) and immunoblot images (J) are shown. The data are presented as
mean ± SD values of triplicates from a representative of at least three experiments (A-D, K) or mean ± SD values of three independent experiments (E, I) (*p < 0.05, **p < 0.01, and
***p < 0.001 vs. no treatment).
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apoptotic cells were also not observed by electron microscopy
(Fig. 1H). While showing no obvious alterations of cell morphology
in cells exposed to 2DG or rotenone alone, TEM analysis confirmed
the necrotic appearance of cells treated with their combination,
which displayed membrane disintegration and electron-lucent
cytoplasm (Fig. 1H). Despite the absence of apoptosis, flow cyto-
metric analysis displayed a time-dependent increase in the acti-
vation of apoptosis-inducing enzymes caspases (Fig. 1I), and
immunoblotting confirmed the activation (cleavage) of the
apoptosis-executing caspase-3 in B16 cells treated with 2DG/
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rotenone (Fig. 1J). However, a DNA-repairing enzyme PARP, which
responds to DNA breaks during apoptosis, was not activated
(cleaved) in 2DG/rotenone-exposed cells (Fig.1J). Moreover, neither
the inhibitors of apoptosis Q-VD-OPh and Z-VAD-FMK, nor
necrostatin, inhibitor of necroptosis (programmed necrosis), were
able to reduce 2DG/rotenone-induced cell death despite signifi-
cantly attenuating the cytotoxicity of cisplatin (Fig.1K). Collectively,
these results demonstrate that the cancer cell demise induced by
simultaneous inhibition of glycolysis and oxidative phosphoryla-
tion is mediated by necrosis, but not apoptosis or necroptosis.
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3.2. 2DG/rotenone treatment induces mitochondrial damage
associated with ATP depletion and superoxide production

Ultrastructural analysis of B16 cells treated with 2DG or rote-
none alone revealed the presence of mitochondrial edema, with
the majority of mitochondria being swollen, displaying
condensed matrix and edematous cristae (Fig. 2A, black arrows).
On the other hand, combined treatment caused more severe
mitochondrial damage, where in addition to the edematous
mitochondria, degraded or disintegrated mitochondria were
observed, showing loss of matrix density and fragmentation and
loss of the inner membrane cristae (Fig. 2A, white arrows). We
next investigated effects of 2DG/rotenone treatment on mito-
chondrial function in B16 cells. 2DG and to the lesser extent
rotenone reduced intracellular ATP levels, while combined
treatment caused further ATP loss in a time-dependent manner
(Fig. 2B). Flow cytometric analysis of JC-1 green/red fluorescence
ratio revealed that rotenone caused fast and sustained mito-
chondrial depolarization, in contrast to the increase in mito-
chondrial membrane potential in 2DG-treated cells (Fig. 2C and
D). In 2DG/rotenone-exposed cells mitochondria were signifi-
cantly less depolarized compared to rotenone treatment, except at
the latest time point (24 h) (Fig. 2D). While neither agent alone
increased mitochondrial superoxide levels, they synergized in a
time-dependent manner to increase its production, as confirmed
Fig. 2. 2DG/rotenone treatment induces mitochondrial damage associated with ATP deplet
rotenone (ROT; 1 mM) alone and in combination, in the presence or absence of a-tocopherol
periods (B, D, E). Cell ultrastructural morphology was analyzed by TEM (A), intracellular A
larization in JC-1-stained cells (C, D) and mitochondrial superoxide production in MitoSOX R
LDH release assay (F, G). The black and white arrows in (A) point to swollen but intact mitoc
presented as mean ± SD values of triplicates from a representative of at least three experim
**p < 0.01, and ***p < 0.001 vs. no treatment; ###p < 0.001 vs. treatment with 2DG/roten
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by flow cytometric analysis of MitoSOX-stained cells (Fig. 2E).
Moreover, a-tocopherol, an antioxidant able to both scavenge
superoxide and suppress its mitochondrial generation,21 reduced
the cytotoxicity of 2DG/rotenone combination (Fig. 2F). On the
other hand, MPT inhibitor cyclosporine A failed to exert any
protection (Fig. 2G). Therefore, 2DG/rotenone-induced mito-
chondrial damage and subsequent necrosis were apparently
mediated by synergistic induction of ATP loss and mitochondrial
superoxide, independently of mitochondrial depolarization and
MPT induction.

3.3. 3MA protects cancer cells from inhibition of glycolysis and
mitochondrial respiration

As energy depletion usually triggers the protective autophagic
response, we next tested the ability of various autophagy inhibitors
to potentiate cell death induced by the inhibition of both glycolysis
and oxidative phosphorylation. Surprisingly, autophagy suppres-
sion with lysosomal inhibitors bafilomycin A1, chloroquine, and
NH4Cl did not affect 2DG/rotenone-induced death of B16, L929, and
U251 cells, while the administration of PI3K class III and autophagy
initiation inhibitor 3MA resulted in a significant dose-dependent
cell protection (Fig. 3AeD). Similar results were obtained when
rotenone was replaced with MPPþ, CCCP, or hypoxia (1% O2)
(Fig. 3EeG), or when 2DG was replaced with iodoacetate or
ion and superoxide production. (AeG) B16 cells were incubated with 2DG (5 mM) or
(aTOC) (F) or cyclosporine A (CsA) (G) for 24 h (A, F, G), 16 h (C), or the indicated time
TP concentration was determined by bioluminescence assay (B), mitochondrial depo-
ed-stained cells (E) were measured by flow cytometry, and cytotoxicity was assessed by
hondria and damaged mitochondria with fragmented cristae, respectively. The data are
ents (B, F, G) or mean ± SD values of three independent experiments (D, E) (*p < 0.05,
one).



Fig. 3. 3MA protects cancer cells from inhibition of glycolysis and mitochondrial respiration. (AeI) B16 (A, D-I), L929 (B), or U251 cells (C) were treated for 24 h with the com-
bination of 2DG (5 mM) and rotenone (ROT; 1 mM) (AeD), 2DG and MPPþ (4 mM) (E), CCCP (30 mM) (F), or hypoxia (1% O2) (G), rotenone and iodoacetate (4 mM) (H) or glucose-free
medium (I), in the absence or presence of autophagy inhibitors 3-methyladenine (3MA; 5 mM), bafilomycin A1 (BAF; 10 nM), chloroquine (CQ; 20 mM), or ammonium chloride
(NH4Cl; 10 mM). Cytotoxicity was determined by LDH release assay, and the data are presented as mean ± SD values of triplicates from a representative of at least three experiments
(***p < 0.001 vs. no treatment; ##p < 0.01 and ###p < 0.001 vs. treatment with 2DG/rotenone (AeD), 2DG/MPPþ (E), 2DG/CCCP (F), 2DG/hypoxia (G), iodoacetate/rotenone (H), or
glucose-free medium/rotenone (I)).
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glucose-free medium (Fig. 3HeI), thus indicating that 3MA was
indeed able to protect B16 cells from the simultaneous inhibition of
glycolysis and mitochondrial respiration.

3.4. 3MA protects melanoma cells from 2DG/rotenone
independently of autophagy

Next, we investigated the role of autophagy in the cytopro-
tective action of 3MA in B16 melanoma cells exposed to 2DG/
rotenone. In agreement with previous results (Fig. 3AeC), RNAi
silencing of autophagy-essential genes beclin-1 and LC3 failed to
affect 2DG/rotenone cytotoxicity (Fig. 4A), indicating that the pro-
tective effect of 3MA was unrelated to autophagy inhibition.
Moreover, the pro-survival effect of 3MAwas completely preserved
in beclin-1- and LC3-deficient cells (Fig. 4A), thus excluding the
possibility that 3MA-mediated cytoprotection was due to previ-
ously described autophagy upregulation resulting from class I PI3K
inhibition.8 Somewhat unexpectedly, 2DG/rotenone decreased the
conversion of LC3-I to its lipidated, autophagosome-associated
form LC3-II (Fig. 4B), indicating suppression, rather than induc-
tion of autophagy. We also tested LC3-II accumulation in the
presence of lysosomal inhibitor, as this approach, due to degrada-
tion of LC3-II by lysosomal hydrolases after formation of autoly-
sosomes, reflects autophagic turnover (flux) better than the
161
assessment of steady-state LC3-II levels.22 Lysosomal degradation
of LC3-II was inhibited by the V-ATPase proton pump blocker
bafilomycin A1, which expectedly increased LC3-II accumulation
(Fig. 4B). The additional treatment with 2DG/rotenone significantly
reduced LC3-II levels compared to bafilomycin A1 alone (Fig. 4B),
thus confirming the decrease in autophagic flux. Accordingly, 2DG/
rotenone reduced the intracellular levels of autophagy activator
beclin-1, with 3MA treatment causing no further change in beclin-1
expression (Fig. 4C). Moreover, 3MA had no significant effect on LC3
conversion in 2DG/rotenone treated cells (Fig. 4C). On the other
hand, 3MA prevented LC3-II increase in cells treated with the well-
known autophagy inducer cisplatin23 (Fig. 4D) and increased its
cytotoxicity similarly to other autophagy inhibitors (Fig. 4E).
Together, these data demonstrate that 3MA protects cells from the
simultaneous inhibition of glycolysis and oxidative phosphoryla-
tion independently of its autophagy-modulating effect and in a
context-dependent manner.

3.5. 3MA-mediated protection from mitochondrial damage and
necrosis is associated with decrease in superoxide production

We next explored the effects of 3MA on structural and func-
tional integrity of mitochondria in 2DG/rotenone-treated B16 cells.
The ability of 3MA to reduce necrotic morphology (Fig. 5A) and cell



Fig. 4. 3MA protects melanoma cells from 2DG/rotenone independently of autophagy.
(A) B16 cells transfected with control, beclin-1, or LC3B siRNA were incubated for 24 h
with 2DG (5 mM) and rotenone (ROT, 1 mM) in the absence or presence of 3MA (5 mM)
(immunoblots confirm the efficiency of beclin-1 and LC3В knockdown). (B, C) B16 cells
were treated for 6 h with 2DG (5 mM) and ROT (1 mM), in the presence or absence of
10 nM bafilomycin A1 (B) or 5 mM 3MA (C). (D, E) B16 cells were treated with cisplatin
(50 mM) in the presence or absence of 3MA (5 mM) for 6 h (D) or 3MA (5 mM),
bafilomycin A1 (BAF; 10 nM), chloroquine (CQ; 20 mM), and ammonium chloride
(NH4Cl; 10 mM) for 24 h (E). Cytotoxicity was determined by LDH release assay (A, E).
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membrane permeability to 7AAD in 2DG/rotenone-exposed cells
(Fig. 5B) was associated with the increase in ATP synthesis (Fig. 5C)
and decrease in mitochondrial superoxide production (Fig. 5D),
indicating a partial recovery of mitochondrial function. While
mitochondrial structure was not altered after treatment with 3MA
alone, 2DG/rotenone combination, in accordance with the findings
reported in Fig. 2A, caused severe mitochondrial damage with
fragmentation of cristae and washed-out appearance of mito-
chondrial matrix (Fig. 5E, white arrows). On the other hand,
mitochondria in 2DG/rotenone-exposed cells treated with 3MA
displayed an improved morphology with preserved cristae, which
was associated with the increased presence of donut-shaped
mitochondria (Fig. 5E, black arrows). The donut shape of mito-
chondria has been associated with the mild levels of mitochondrial
ROS and their ability to recover “healthy”, low ROS-producing
tubular shape.24 Mitochondrial swelling causes the rupture of
outer mitochondrial membrane, cytochrome c release from the
intermembrane space, and subsequent activation of caspases.25

Accordingly, 3MA prevented 2DG/rotenone-triggered caspase
activation (Fig. 5F) and decrease in the mitochondrial content of
cytochrome c (Fig. 5H). The observed effects of 3MA were not
associated with the changes in mitochondrial membrane potential
in 2DG/rotenone-treated cells (Fig. 5G). These data indicate that
3MA might prevent 2DG/rotenone-triggered mitochondrial dam-
age and necrosis through mitochondrial membrane potential-
independent decrease in superoxide generation.
3.6. Cytoprotective action of 3MA is associated with JNK inhibition

Finally, we explored if AMPK/mTORC1 axis, as the main intra-
cellular energy balance-controlling signaling pathway, PI3K/Akt
axis, which is known molecular target of 3MA, or cell survival/
death-regulating MAPK members JNK and ERK, were involved in
3MA cytoprotective action. In accordance with the ability to cause
energy depletion in B16 cells, 2DG/rotenone increased the phos-
phorylation (activation) of the energy sensor AMPK, while sup-
pressing phosphorylation of the mTORC1 componentmTOR and its
target 4EBP1 (Fig. 6A). 3MA additionally activated AMPK and partly
recovered the phosphorylation of mTOR and 4EBP1 (Fig. 6A).
Despite increasing the toxicity of 2DG/rotenone, RNAi-mediated
AMPK knockdown failed to exert a similar effect in 3MA-pro-
tected cells (Fig. 6B), thus arguing against the role of AMPK in the
observed protection. Moreover, the activation of mTORC1 was not
responsible for the cytoprotective effect of 3MA, as the latter was
not affected by the mTORC1 inhibitor rapamycin (Fig. 6C).
Expectedly, 3MA as a known PI3K inhibitor additionally potenti-
ated 2DG/rotenone-mediated decrease in Akt phosphorylation
(Fig. 6A). However, neither the pan-class I/II/III PI3K inhibitors
wortmannin and LY29400 nor the Akt inhibitor DEBC were able to
mimic the protective activity of 3MA (Fig. 6D), suggesting that it
was independent of PI3K/Akt suppression. While upregulation of
cAMPwas responsible for some autophagy-independent biological
effects of 3MA,10,26 adenylate cyclase activator forskolin and cAMP
agonist 8-Cl-cAMP did not reduce 2DG/rotenone cytotoxicity
(Fig. 6E). 2DG to some extent increased and rotenone decreased
the phosphorylation of the MAPK family member ERK, while the
net ERK activation in the combination treatment was somewhat
lower than that observed in untreated cells, and slightly increased
by 3MA (Fig. 6A). ERK inhibitor PD98059 failed to affect the
Representative blots are shown, and densitometry data are presented as mean ± SD
values of three independent experiments (BeD), or triplicates from representative of
three independent experiments (A, E) (*p < 0.05, **p < 0.01, and ***p < 0.001 vs. no
treatment; ##p < 0.01 and ###p < 0.001 vs. 2DG/rotenone (A), treatment with bafilo-
mycin A1 alone (B), or cisplatin (D, E)).



Fig. 5. 3MA-mediated protection from mitochondrial damage and necrotic death is associated with decrease in superoxide production. (AeH) B16 cells were incubated for 24 h (A),
12 h (B, D-H), or the indicated time periods (C) with 2DG (5 mM) or rotenone (ROT, 1 mM) alone and in combination, in the absence or presence of 3MA (5 mM). Cell ultrastructural
morphology was analyzed by TEM (A, E), phosphatidylserine externalization (annexinþ cells), cell membrane damage (7AADþ cells) (B), superoxide production (D), caspase
activation (F), and mitochondrial membrane depolarization (G) were determined by flow cytometry, ATP concentration was measured by bioluminescence assay (C), and the levels
of cytochrome c (cyt c) and TOM20 as a mitochondria-specific loading control in mitochondrial and actin in cytosol fractions were determined by immunoblot (H). Representative
electron micrographs (A, E), flow cytometry dot-plots (B) or histograms (D, F, G) from one of two independent experiments with similar results are shown. The black and white
arrows in (E) point to swollen but intact donut-shaped mitochondria and damaged mitochondria with fragmented cristae, respectively. Representative blots are shown, and
densitometry data are presented as mean ± SD values of three independent experiments (H). The data in (C) are presented as mean ± SD values of triplicates from a representative
of at least three experiments (**p < 0.01 and ***p < 0.01 vs. no treatment; #p < 0.01 and ##p < 0.01 vs. treatment with 2DG/rotenone).
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protective effect of 3MA (Fig. 6F), implying that protective activity
of 3MA was independent of ERK. 2DG/rotenone combination
caused a strong synergistic increase in the phosphorylation of
another MAPK family member, JNK, which was markedly down-
regulated by 3MA (Fig. 6A). JNK inhibitor SP600125 and JNK siRNA,
which effectively reduced JNK phosphorylation and total levels
163
(Fig. 6H and I), partly mimicked the protective action of 3MA
(Fig. 6G, I) and mitigated mitochondrial damage (Fig. 6J) in 2DG/
rotenone-treated cells. Therefore, the suppression of JNK, but not
modulation of AMPK, mTORC1, PI3K/Akt, ERK, or cAMP, might
participate in 3MA-mediated autophagy-independent protection
from 2DG/rotenone cytotoxicity.



Fig. 6. Cytoprotective action of 3MA is associated with JNK inhibition. (A, CeH, J) B16 cells were incubated for 2 h (A, H), 24 h (CeG) or 12 h (J) with or without 2DG (5 mM)/
rotenone (1 mM) in the absence or presence of 3MA (5 mM) (A, C, D, F), mTORC1 inhibitor rapamycin (10 nM) (C), PI3K inhibitors wortmannin (WM; 100 nM) and LY29400 (LY;
12.5 mM), Akt inhibitor DEBC (10 mM) (D), cAMP up-regulators forskolin (20 mM) and 8-Cl-cAMP (2 mM) (E), ERK inhibitor PD98059 (F), or JNK inhibitor SP600125 (G, H, J). (B, I, J)
B16 cells transfected with control and AMPK siRNA (B) or JNK siRNA (I, J) were incubated with 2DG (5 mM)/rotenone (1 mM) in the absence or presence of 3MA (5 mM) (im-
munoblots confirm the efficiency of AMPK and JNK knockdown). The levels of phosphorylated/total AMPK, mTOR, 4E-BP1, Akt, ERK, and JNK were determined by immunoblot (A,
H), cytotoxicity was measured by LDH test (B-G, I), while cell ultrastructural morphology was analyzed by TEM (J). Representative immunoblots from one of two independent
experiments with similar results are shown (A, H). The data are presented as mean ± SD values of triplicates from a representative of at least three experiments (B-G, I) (*p < 0.05,
**p < 0.01, and ***p < 0.001).
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4. Discussion

We here demonstrate that a widely used autophagy inhibitor
3MA protects cancer cells from mitochondrial damage and ne-
crosis induced by simultaneous blockade of glycolysis and oxida-
tive phosphorylation. However, the observed protection was
164
independent of autophagy modulation and possibly involved the
suppression of JNK and decrease in mitochondrial superoxide
production.

By using different cancer cell lines and experimental approaches,
the present study confirms the concept that the fast metabolism and
elevated energy demands make cancer cells more sensitive than
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non-transformed cells to energy depletion induced by simultaneous
targeting of glycolysis and oxidative phosphorylation.27,28 More
specifically, we have confirmed the previously reported ability of
glycolysis inhibitor 2DG and mitochondrial complex I inhibitor
rotenone to jointly induce cancer cells death.29e31 Our data further
expand on these studies by demonstrating that the ATP loss triggered
by 2DG/rotenone is followed by a synergistic induction of superoxide
production and mitochondrial swelling. Mitochondrial swelling is
usually associated with the loss of mitochondrial membrane poten-
tial and opening of the MPT pore, a non-selective water- and solute-
passing protein channel spanning the inner and outer mitochondrial
membrane.32 While confirming the role of oxidative stress, our data
argue against the involvement of mitochondrial depolarization and
MPT in 2DG/rotenone-induced mitochondrial damage. Namely,
although mitochondrial complex I suppression by rotenone, in
accordance with previous findings33,34 readily triggered dissipation
of mitochondrial membrane potential, the effect was counteracted
by the known hyperpolarizing activity of 2DG.35,36 Moreover, the
MPT inhibitor cyclosporine A, in contrast to the antioxidant a-
tocopherol, failed to reduce 2DG/rotenone-induced cytotoxicity in
our experiments. Although somewhat unexpected, these findings
agree with the studies demonstrating that mitochondrial swelling in
some conditions could proceed without the involvement of mito-
chondrial depolarization and/or MPT.32,37e39 However, while in
these studies mitochondrial swelling led to the outer membrane
rupture, release of cytochrome c from the intermembrane space and
subsequent apoptosis, 2DG/rotenone treatment in our experiments
caused necrotic cell demise insensitive to the inhibition of pro-
grammed cell death (apoptosis and necroptosis). Despite mito-
chondrial release of cytochrome c and caspase activation, we did not
demonstrate any PARP activation, DNA fragmentation, and apoptotic
death in 2DG/rotenone-treated cells. This is consistent with the fact
that the nuclear translocation of active caspases and DNA degrada-
tion require ATP.40,41 Accordingly, ATP depletion readily converts
apoptosis to necrosis.40,42 In agreement with the ability of the pro-
death kinase JNK to participate in mitochondrial damage and ne-
crosis induced by various cytotoxic stimuli, including energy depri-
vation,43,44 our data indicate the possible role of JNK in 2DG/
rotenone-mediated mitochondrial dysfunction and necrosis.

In accordance with the proposed mechanisms of 2DG/rotenone
cytotoxicity, the ability of 3MA to prevent 2DG/rotenone-triggered
necrosis was associated with the partial ATP recovery and decrease
in mitochondrial swelling, superoxide production, and JNK activa-
tion. However, the 3MA-mediated restoration of ATP levels did not
occur before 12 h of treatment and was rather moderate, indicating
that it was probably a consequence, rather than a cause of improved
mitochondrial function. Interestingly, 3MA treatment and JNK sup-
pression in our experiments increased the presence of donut-
shaped (toroidal) mitochondria, which are produced by anoma-
lous fusion events and tolerate matrix volume increases more
effectively, giving rise to offspring that can regain normal function.45

Moreover, antioxidant treatment and JNK suppression, partly but
less effectively than 3MA, protected 2DG/rotenone-exposed cells,
indicating a possible partial relevance of these events in the pro-
survival action of 3MA. Having in mind a complex feedback
network between mitochondrial superoxide production, JNK acti-
vation, and cytochrome c release, one could assume that the latter
could also contribute to 3MA-mediated protection. Namely, mito-
chondrial superoxide generation and JNK stimulate each other,46

while both increase the permeability of outer mitochondrial mem-
brane and subsequent cytochrome c release.47,48 In turn, a decrease
in mitochondrial levels of cytochrome c, which in its oxidized state
acts as a superoxide scavenger, could further promote ROS accu-
mulation,49 thus potentially increasing mitochondrial damage and
cell demise independently of its role in caspase-mediated
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apoptosis. Indeed, some data indicate that cytochrome c release
frommitochondria might regulate not only apoptotic, but also some
forms of necrotic cell death.50,51 It remains on further studies to
explore the role of superoxide-JNK interplay and cytochrome c in
3MA pro-survival action in energy stress caused by 2DG/rotenone
combination. Moreover, although 3MA has been reported to affect
various signaling pathways,8,10,13 our data obtained with appro-
priate pharmacological modulators argue against the involvement
of AMPK, mTORC1, PI3K/Akt, ERK, or cAMP in its protective effect
against 2DG/rotenone-triggered necrosis.

Our results are consistent with the ability of 3MA to inhibit
mitochondrial swelling and cytochrome c release in neurons
exposed to calcium or phenylarsine oxide,12 as well as JNK activation
in nerve growth factor-deprived neurons.13 However, while these
studies did not directly examine the role of autophagy modulation
in the cytoprotective actions of 3MA, we clearly demonstrate that
neither inhibition nor induction of autophagy by 3MAwas involved
in the protection from2DG/rotenone-triggered cytotoxicity. Namely,
lysosome inhibitors (bafilomycin A1, chloroquine, NH4Cl) and PI3K-
blocking autophagy modulators (wortmannin, LY29400), as well as
RNAi knockdown of beclin-1 or LC3, all failed to mimic 3MA-
mediated cytoprotection. The decrease of autophagic flux by 2DG/
rotenone and inability of 3MA to further affect it supports our
conclusion that the pro-survival action of 3MA was independent of
autophagy inhibition. This might seem surprising, having in mind
that autophagy is usually activated in conditions of limiting energy
supply, as well as that AMPK/mTORC1 energy-sensing signaling axis
was readily engaged by 2DG/rotenone treatment in our experi-
ments. On the other hand, autophagy itself requires ATP, especially
for the initiation steps.52 It is therefore plausible to assume that the
ATP levels in 2DG/rotenone-exposed cells may have fell below the
minimal energetic threshold necessary for an adequate autophagic
response. Indeed, autophagy was reduced in cancer cells treated
with 2DG in combination with the mitochondrial ATP synthase in-
hibitor oligomycin,53 mitochondrial complex I inhibitor metfor-
min,54 or moderate hypoxia.55 This correlated with dramatic
depletion of ATP, transcriptional downregulation of autophagy, and
decreased levels of ATG5/ATG12 and PI3K class III/beclin-1 com-
plexes.55 Accordingly, we have observed a reduction in beclin-1
levels in 2DG/rotenone-treated cells, which further confirms the
inhibition of autophagy in our experimental model of intracellular
energy depletion. Finally, the inability of beclin-1 or LC3 knockdown
to reduce the protective effect of 3MA confirmed that it was not
mediated by its previously reported ability to induce autophagy
through PI3K class I/mTOR suppression.8

In conclusion, the results of the present study warrant caution
when attributing the cytoprotective effects of 3MA to autophagy
inhibition without the additional proof. They also indicate that
autophagy suppression might not be effective, and 3MA could be
even detrimental, in therapeutic killing of cancer cells in which
autophagy is already suppressed by a severe energy deficit. Finally, in
light of the findings showing measurable levels of endogenous 3MA
in chemotherapy-receiving patients, it would be interesting to
explore if the release of 3MA from mutated DNA might serve as a
survival mechanism for energy-stressed or drug-treated tumor cells.
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