
Synergistic Anticancer Action of Lysosomal Membrane
Permeabilization and Glycolysis Inhibition*

Received for publication, August 8, 2016 Published, JBC Papers in Press, September 1, 2016, DOI 10.1074/jbc.M116.752113

Milica Kosic‡1, Katarina Arsikin-Csordas‡1, Verica Paunovic‡, Raymond A. Firestone2, Biljana Ristic‡,
Aleksandar Mircic§, Sasa Petricevic¶, Mihajlo Bosnjak§, Nevena Zogovic�, Milos Mandic‡, Vladimir Bumbasirevic§,
Vladimir Trajkovic‡3, and Ljubica Harhaji-Trajkovic�4

From the ‡Institute of Microbiology and Immunology, School of Medicine, University of Belgrade, Dr. Subotica 1, 11000 Belgrade,
Serbia, the §Institute of Histology and Embryology, School of Medicine, University of Belgrade, Visegradska 26, 11000 Belgrade,
Serbia, the ¶Institute of Biomedical Research, Galenika a.d., Pasterova 2, 11000 Belgrade, Serbia, and the �Institute for Biological
Research, University of Belgrade, Despot Stefan Blvd. 142, 11000 Belgrade, Serbia

We investigated the in vitro and in vivo anticancer effect of
combining lysosomal membrane permeabilization (LMP)-in-
ducing agent N-dodecylimidazole (NDI) with glycolytic inhibi-
tor 2-deoxy-D-glucose (2DG). NDI-triggered LMP and 2DG-me-
diated glycolysis block synergized in inducing rapid ATP
depletion, mitochondrial damage, and reactive oxygen species
production, eventually leading to necrotic death of U251 glioma
cells but not primary astrocytes. NDI/2DG-induced death of gli-
oma cells was partly prevented by lysosomal cathepsin inhibitor
E64 and antioxidant �-tocopherol, suggesting the involvement
of LMP and oxidative stress in the observed cytotoxicity. LMP-
inducing agent chloroquine also displayed a synergistic antican-
cer effect with 2DG, whereas glucose deprivation or glycolytic
inhibitors iodoacetate and sodium fluoride synergistically coop-
erated with NDI, thus further indicating that the anticancer
effect of NDI/2DG combination was indeed due to LMP and
glycolysis block. The two agents synergistically induced ATP
depletion, mitochondrial depolarization, oxidative stress, and
necrotic death also in B16 mouse melanoma cells. Moreover, the
combined oral administration of NDI and 2DG reduced in vivo
melanoma growth in C57BL/6 mice by inducing necrotic death
of tumor cells, without causing liver, spleen, or kidney toxicity.
Based on these results, we propose that NDI-triggered LMP
causes initial mitochondrial damage that is further increased by
2DG due to the lack of glycolytic ATP required to maintain
mitochondrial health. This leads to a positive feedback cycle of
mitochondrial dysfunction, ATP loss, and reactive oxygen
species production, culminating in necrotic cell death.
Therefore, the combination of LMP-inducing agents and gly-
colysis inhibitors seems worthy of further exploration as an
anticancer strategy.

During carcinogenesis, cancer cells acquire changes in intra-
cellular signaling pathways, cell metabolism, and organelle con-

tent/function, which contribute to development of a malignant
phenotype. On the other hand, these alterations could also pro-
vide specific targets for anticancer therapy. For example,
although the changes in lysosomal volume, composition, and
cellular distribution promote invasive growth, angiogenesis,
and drug resistance, at the same time they can sensitize cancer
cells to lysosomal membrane permeabilization (LMP)5 by lyso-
some-targeting anti-cancer drugs (1). Also, the metabolic phe-
notype of cancer cells is characterized by preferential depen-
dence on glycolysis for energy production in oxygen-limiting
conditions, which confers selective advantage under dimin-
ished nutrient supply but renders cancer cells more sensitive to
glycolysis inhibition (2). It has been known that combining dif-
ferent approaches can increase the efficiency of cancer therapy,
but the effects of simultaneous induction of LMP and glycolysis
inhibition have not been systematically investigated.

N-dodecylimidazole (NDI) was synthesized by Firestone
et al. (3, 4) among several other compounds designed to com-
bine lysosomotropism with detergent activity. By placing imid-
azole, an amine of intermediate pK, onto a long hydrocarbon
chain, the compound was endowed with the ability to diffuse
across lysosomal membrane, where in the low pH environment
it becomes protonated and trapped. NDI then develops surfac-
tant properties and disrupts the lysosomal membrane, causing
death of both normal and cancer cells by releasing the lyso-
somal contents into the cytoplasm (5–7). Depending on the
concentration of lysosomal detergent and the extent of lyso-
somal damage, cells eventually die by apoptosis or necrosis
(8 –11). Because NDI acquires detergent properties under
acidic conditions, it was suggested that it might be useful in
inducing LMP and selective killing of cells in regions of solid
tumors that have reduced extracellular pH due to anaerobic
metabolism (12).
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The glucose analog 2-deoxy-D-glucose (2DG) is an inhibitor
of glycolysis and glucose transport (13). In addition to reducing
intracellular ATP levels, 2DG has also been found to alter pro-
tein glycosylation, intracellular signaling, and gene expression
(13), which eventually leads to oxidative stress, cell cycle arrest,
and apoptotic death of cancer cells in vitro (14 –18). Although
the in vivo anticancer effects of 2DG used as a single agent were
rather limited (19, 20), the drug has been found to significantly
potentiate anticancer effects of other therapeutic agents (19 –
21). Also, clinical trials have shown that 2DG in combination
with radiotherapy is well tolerated by glioma patients (22, 23).
The recent studies demonstrated the synergistic cytotoxicity of
the lysosomal blocker chloroquine and 2DG against rhabdomy-
osarcoma and prostate cancer cells (16, 24), but the possibility
that LMP might cooperate with glycolysis inhibition in cancer
cell killing has not been directly investigated.

We demonstrate here that LMP inducer NDI and glycolysis
inhibitor 2DG synergistically induce ATP depletion, mitochon-
drial dysfunction, oxidative stress, and subsequent necrotic
death in U251 glioma and B16 melanoma cell lines. Impor-
tantly, NDI and 2DG synergized in reducing melanoma growth
in vivo.

Results

NDI and 2DG Synergize in Killing U251 Glioma Cells—To
assess the influence of glycolytic inhibitor 2DG on the antican-
cer activity of lysosomal detergent NDI, we treated U251
human glioma cells with different doses of both agents, sepa-
rately or in combination. Although both NDI and 2DG in a
dose-dependent manner decreased mitochondrial dehydroge-
nase activity (measured by 3-(4,5-dimethylthiazol-2-yl)-2, 5-di-
phenyltetrazoliumbromide(MTT)test)andcellnumbers(mea-
sured by crystal violet staining) in U251 cultures, the effect was
more pronounced upon combined treatment (Fig. 1, A and B).
Varying the sequence of exposure to NDI and 2DG (30 min
preincubation) did not influence the cytotoxic potency of the
combination (data not shown). The mathematical analysis
revealed a synergistic cytotoxic interaction, as the � values for
the combined treatment were significantly �1 for both MTT
and crystal violet tests (Fig. 1C). Based on the � values, the
concentrations of 40 �M for NDI and 10 mM for 2DG were
chosen for further experiments, unless otherwise stated. A
time-kinetics study revealed that the synergistic cytotoxicity of
NDI and 2DG was observed already after 1 h and then gradually
increased up to 24 h (Fig. 1D). Microscopic examination dem-
onstrated that the cell density in cultures treated with each
agent alone was somewhat reduced, presumably due to a block
in cell proliferation, whereas cell morphology was largely pre-
served (Fig. 1E). On the other hand, cells exposed to combined
treatment lost their polygonal or spindle-like shape and became
smaller and more round with less defined edges, indicating the
induction of cell death (Fig. 1E). Therefore, NDI and 2DG exert
a synergistic cytotoxic effect toward U251 glioma cells.

Combination of NDI and 2DG Induces Necrotic Death of
U251 Cells—We next examined the type of cell death (apopto-
tic or necrotic) induced by combination of NDI and 2DG.
When applied separately at different concentrations, both
drugs failed to induce a significant release of the intracellular

enzyme lactate dehydrogenase (LDH) in U251 cell cultures (Fig.
2A), thus suggesting the absence of cell membrane damage. In
contrast, combined treatment increased the LDH release in a
dose- and time-dependent manner, reflecting the loss of cell
membrane integrity as a marker of necrotic death (Fig. 2A). In
accordance with the MTT data (Fig. 1D), the LDH release upon
combined treatment occurred rapidly, after only 1 h, and grad-
ually increased toward the end (24 h) of the incubation (Fig. 2B).
Flow cytometric analysis of the cells treated with either NDI or
2DG alone demonstrated no significant changes in phosphati-

FIGURE 1. NDI and 2DG synergize in killing U251 glioma cells. A–C, U251
cells were incubated with different concentrations of NDI (10 – 80 �M) and
2DG (5–20 mM) for 24 h. Cell viability was determined by MTT (A) and crystal
violet (CV) test (B), whereas the � index for synergism/antagonism was calcu-
lated for 10 mM 2DG and different concentrations of NDI (C). D and E, U251
cells were incubated with NDI (40 �M) and 2DG (10 mM) alone or in combina-
tion. Cell viability was determined by MTT after the indicated time periods (D),
whereas cell morphology was examined by phase contrast microscopy after
8 h of treatment (E). A–E, the data in A, B, and D are presented as the mean �
S.D. values of triplicates from a representative of at least three experiments (#,
p � 0.05 versus no treatment; *, p � 0.05 versus no treatment and treatment
with NDI or 2DG alone). The data in C are presented as the mean � S.D. values
from three independent experiments (*, p � 0.05 denotes the values � 1).
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dylserine exposure or membrane integrity, measured as
annexin/propidium iodide (PI) fluorescence after 8 or 24 h of
treatment (Fig. 2C). In contrast to chemotherapeutic drug cis-
platin, used as a positive control for apoptosis induction, NDI �
2DG treatment induced the increase in numbers of necrotic
(annexin�PI�), but not apoptotic cells (annexin�PI�) (Fig. 2C).
NDI � 2DG-induced necrotic death was genuine and not sec-
ondary to induction of apoptosis, as no increase in apoptotic

cells was noticed before the appearance of necrotic cells (data
not shown). Consistent with the absence of apoptosis, combi-
nation of NDI and 2DG, in contrast to cisplatin, failed to induce
the activation of caspases (Fig. 2D), the apoptosis-executing
enzymes (25). Transmission electron microscopy (TEM) anal-
ysis of NDI � 2DG-treated cells confirmed membrane disinte-
gration and loss of electron density in the cytosol as the main
morphological features of necrotic cell death (Fig. 2E).

Programmed Cell Death Is Not Involved in NDI � 2DG-in-
duced U251 Cell Killing—In the next set of experiments, we
explored possible involvement of different types of pro-
grammed cell death, such as apoptosis, ferroptosis, necroptosis,
and macroautophagy (hereafter autophagy) (26, 27) in NDI �
2DG-triggered cell killing. The pan-caspase inhibitor QVD-
OPH did not affect NDI � 2DG-triggered death of U251 cells
(Fig. 3A), although it significantly reduced the cytotoxicity of
anti-cancer drug cisplatin (from 71.5 � 3.9% to 47.9 � 7.5%;
n � 3, p � 0.05). Ferroptosis-inhibiting iron chelators deferox-
amine and bathophenanthroline disulfonate (BPDS) also failed
to prevent cell death induced by combination of NDI and 2DG
(Fig. 3B). Treatment with NDI and 2DG did not increase phos-
phorylation of necroptosis mediators receptor-interacting
protein (RIP) and mixed lineage kinase domain-like protein
(MLKL) (Fig. 3C), and their knockdown by RNA interference
was unable to rescue U251 cells from NDI � 2DG-induced
death (Fig. 3D). Accordingly, necroptosis inhibitor necrosta-
tin-1 failed to reduce NDI � 2DG cytotoxicity (Fig. 3E),
although it partly decreased that of cisplatin (from 72.7 � 1.8%
to 59.9 � 5.0%; n � 3, p � 0.05). The levels of autophagy marker
microtubule-associated protein light chain 3B-II (LC3-II), an
autophagosome-associated lipidated form of LC3-I (28), were
increased in response to NDI and even further augmented in
combination with 2DG (Fig. 3F). However, RNA interference-
mediated knockdown of crucial autophagy genes autophagy-
related 5 (ATG5) and ATG7 did not affect cell death in U251
cultures exposed to NDI, 2DG, or their combination (Fig. 3G).
These data indicate that apoptosis, ferroptosis, necroptosis, or
autophagy, unlike necrosis, are not involved in NDI � 2DG-
induced death of U251 cells.

NDI and 2DG Synergistically Induce Mitochondrial Depolar-
ization and Oxidative Stress in U251 Cells—Necrotic cell death
is often mediated by mitochondrial membrane depolarization
and oxidative stress (29). Flow cytometric analysis demon-
strated that NDI, and to a lesser extent 2DG, induced a moder-
ate time-dependent mitochondrial depolarization in U251
cells, reflected in a reduced fluorescence (FL2) of MitoTracker
Red (Fig. 4A). The exposure to both agents synergistically aug-
mented mitochondrial depolarization, which was clearly visible
after only 15 min of treatment (Fig. 4A). The loss of mitochon-
drial membrane potential in NDI � 2DG-treated cells was also
confirmed by fluorescent microscopy of MitoTracker-stained
cells (Fig. 4B) and the increase in green/red fluorescence (FL1/
FL2) ratio of the mitochondrial potential-sensitive dye JC-1
(Fig. 4C). The observed mitochondrial depolarization was
followed by a synergistic increase in the intracellular concen-
tration of mitochondria-derived superoxide, detected by
MitoSOX red fluorescence (FL2) after 15 min of combined
treatment (Fig. 4D). Accordingly, total production of reactive

FIGURE 2. Combination of NDI and 2DG induces necrotic death of U251
cells. A and B, U251 cells were incubated with different concentrations of NDI
(10 – 80 �M) and 2DG (5–20 mM) for 24 h (A) or with 40 �M NDI and 10 mM 2DG
alone or in combination for the indicated time periods (B). Cytotoxicity was
determined by LDH release assay, and the data are presented as the mean �
S.D. values of triplicates from a representative of three experiments (*, p �
0.05 versus no treatment and treatment with NDI or 2DG alone). C and D, U251
cells were incubated as in B or with cisplatin (50 �M). Phosphatidylserine
externalization (annexin� cells) and cell membrane damage (PI� cells) (C) or
caspase activation (D) were assessed by flow cytometry after the indicated
time periods or 4 h, respectively. The representative dot plots (C) and histo-
grams (D) are shown. E, U251 cells were incubated with combination of NDI
(40 �M) and 2DG (10 mM) for 24 h, and cell morphology was examined by
electron microscopy (scale bar � 5 �m).
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oxygen species (ROS), measured as dihydrorhodamine 123
(DHR) fluorescence (FL1) (Fig. 4E), as well as the levels of
malondialdehyde (MDA) as a marker of lipid peroxidation (Fig.
4F), were also synergistically increased by NDI � 2DG treat-
ment. The antioxidant �-tocopherol (30) markedly reduced
mitochondrial depolarization (Fig. 4G), ROS production (Fig.
4H), and the cytotoxicity (Fig. 4I) of NDI/2DG combination.
Ultrastructural TEM analysis demonstrated that 2DG, NDI,
and their combination, with the increasing potency, caused the
appearance of mitochondria with electron-dense matrix and
dilated cristae (Fig. 5, A and B), consistent with reversible mito-

chondrial damage (31). However, a significant increase in the
numbers of irreversibly injured swollen mitochondria with
hypodense matrix and discontinued cristae or their remnants
(32) was observed only in the presence of both agents (Fig. 5, A
and B). Consistent with the increased accumulation of an
autophagy marker LC3-II (Fig. 3F), NDI alone, and particularly
in combination with 2DG, caused the appearance of autophagic
vesicles containing cytoplasmic material (Fig. 5, A and C). We
also observed some “empty” electron-lucent vesicles resem-
bling dilated lysosomes (Fig. 5A) as previously described in cells
treated with the LMP-inducing lysosomal inhibitor chloro-
quine (33). These results demonstrate that the necrotic cell
death triggered by NDI/2DG combination depends on the
synergistic induction of mitochondrial damage and oxidative
stress, associated with autophagic/lysosomal vacuolation.

Synergistic Cytotoxicity of NDI and 2DG Depends on LMP
Induction—Because NDI is a lysosomal detergent, we explored
the involvement of NDI-triggered LMP in the synergistic cyto-
toxicity of NDI/2DG combination. The induction of LMP was
assessed by staining with the lysosomotropic fluorochromes
acridine orange and LysoTracker Green. The ratio of red/green
fluorescence (FL3/FL1) of acridine orange as well as the inten-
sity of LysoTracker green fluorescence (FL1) reflect the amount
of lysosomal acidic content. The flow cytometric analysis of
NDI-treated cells demonstrated a time-dependent reduction in
FL3/FL1 ratio of acridine orange (Fig. 6A) and LysoTracker
(FL1) fluorescence (Fig. 6B), indicating a decrease in lysosomal
acidic content. The effect was observed after 15 min of NDI
addition and gradually became more prominent during the
next 45 min. Although 2DG failed to exert similar effects, it
significantly potentiated NDI-induced decrease in acridine
orange FL3/FL1 ratio and LysoTracker fluorescence (FL1) after
1 h of treatment (Fig. 6, A and B). Accordingly, fluorescent
microscopy of acridine orange-stained U251 cells demon-
strated that the treatment with NDI/2DG combination for 1 h
caused an almost complete disappearance of red-fluorescing
lysosomes (Fig. 6C), which is consistent with the induction of
LMP and subsequent loss of lysosomal content. The observed
synergistic induction of LMP was partly prevented by �-to-
copherol (Fig. 6D), suggesting the involvement of ROS. Treat-
ment with the cysteine cathepsin inhibitor E64 restored the
viability of NDI � 2DG-exposed U251 cells to a certain extent
(Fig. 6E), indicating that lysosomal cysteine proteases contrib-
uted to cell death. The LMP-inducing lysosomotropic agent
chloroquine (9, 10, 34 –36) readily mimicked the synergistic
contribution of NDI in causing cytotoxicity to 2DG-exposed
U251 cells (Fig. 6F). On the other hand, a proton pump inhibi-
tor bafilomycin A1 at the concentration (100 nm) that increases
lysosomal pH without apparently causing LMP (35–38), did not
synergize with 2DG in killing U251 cells (Fig. 6F). Therefore, it
appears that the synergistic cytotoxicity of NDI and 2DG is at
least partly mediated by LMP induction.

Synergistic Cytotoxicity of NDI and 2DG Is Associated with
ATP Depletion—Because ATP-generating oxidative phosphor-
ylation takes place in mitochondria, which were damaged by
NDI, and 2DG is a well known inhibitor of ATP-producing
glycolysis, we next investigated the role of energetic stress in the
synergistic cytotoxicity of combined treatment. Glucose depri-

FIGURE 3. Programmed cell death is not involved in NDI/2DG cytotoxic-
ity. A–G, U251 cells were incubated with NDI (40 �M) and 2DG (10 mM) alone
or in combination. Caspase inhibitor QVD-OPH (A), iron chelators deferoxam-
ine (DFX; 100 �M) and BPDS (10 �M) (B), or necroptosis inhibitor necrostatin-1
(NEC-1) (E) were added 30 min before NDI and/or 2DG. D and G, before treat-
ment, U251 cells were transfected with control, RIP1, and MLKL siRNA (D) or
control, ATG5, and ATG7 siRNA (G); the insets show the immunoblot verifica-
tion of the knockdown efficiency. Cytotoxicity was determined by LDH
release assay after 24 h (A, B, D, E, and G), whereas the levels of phosphorylat-
ed and total RIP and MLKL (C) or LC3-I and LC3-II (F) were analyzed by immu-
noblot after 2 h and quantified by densitometry. The data are presented as
the mean � S.D. values of triplicates from a representative of three experi-
ments (A, B, D, E, and G) or mean � S.D. values from three independent exper-
iments (C and F) (#, p � 0.05 versus no treatment; *, p � 0.05 versus no treat-
ment and treatment with NDI or 2DG alone).
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vation as well as glycolytic blockers iodoacetate and sodium
fluoride (NaF) (39, 40) mimicked 2DG-mediated synergistic
potentiation of NDI cytotoxicity (Fig. 7, A–C), thus supporting
the involvement of glycolysis inhibition in this effect. Although
both NDI and 2DG alone in a time-dependent manner rapidly
reduced the ATP levels in U251 cells, the energy depletion was
significantly more pronounced in the cells exposed to both
drugs simultaneously (Fig. 7D). Expectedly, the observed
decrease in ATP levels was associated with the activation of
AMP-activated protein kinase (AMPK) (Fig. 7E), an intracellu-
lar energy sensor activated by the increase in AMP/ATP ratio
(41). Although each drug alone was able to stimulate the phos-
phorylation of AMPK and its direct target Raptor, the greatest
increase in AMPK/Raptor activity was observed upon com-
bined treatment (Fig. 7E). Thus, our results suggest that NDI-
triggered LMP and 2DG-mediated glycolysis inhibition syner-
gistically kill U251 glioma cells through energy depletion.

NDI and 2DG Synergize in Inducing ATP Depletion, Mito-
chondrial Depolarization, LMP, Oxidative Stress, and Necrotic
Death in B16 Melanoma Cells—We next explored if the syner-
gistic cytotoxicity of NDI and 2DG is restricted to U251 glioma
cells. In contrast to U251 cells, primary rat astrocytes were
almost insensitive to NDI, 2DG, or combined treatment, as

demonstrated by crystal violet staining (Fig. 8A) and LDH
release test (Fig. 8B). On the other hand, NDI and 2DG readily
synergized in reducing cell numbers (Fig. 8C) and inducing cell
membrane damage (Fig. 8D) in B16 mouse melanoma cells. In
accordance with the data obtained in U251 cells, NDI and 2DG
synergized in the induction of ATP depletion (Fig. 8E), mito-
chondrial depolarization (Fig. 8F), lysosomal permeabilization
(Fig. 8G), and oxidative stress (Fig. 8H). Similar results were also
observed in C6 rat astroglioma and L929 mouse fibrosarcoma
cells (not shown). These findings indicate that similar mecha-
nisms involving energy depletion, mitochondrial depolariza-
tion, LMP, and oxidative stress are involved in the synergistic
toxicity of NDI and 2DG to different types of cancer cells,
whereas non-transformed cells are resistant.

NDI and 2DG Suppress Melanoma Growth in Vivo—Finally,
we investigated the possible therapeutic potential of NDI/
2DG combination in a mouse melanoma model. Although
each drug alone apparently decreased melanoma growth to a
certain extent, the differences in the mean tumor weight did
not reach statistical significance (Fig. 9A). On the other
hand, the mice treated with both NDI and 2DG, compared
with control tumor-bearing animals, displayed a significant
reduction in tumor volume mass (Fig. 9A). Hematoxylin-

FIGURE 4. Combination of NDI and 2DG induces mitochondrial depolarization and oxidative stress in U251 cells. A–F, U251 cells were incubated with NDI
(40 �M) and 2DG (10 mM) alone or in combination for the indicated time periods (A, C–F) or 1 h (B), and mitochondrial membrane potential and ROS production
were determined by flow cytometry. Mitochondrial depolarization was assessed by measuring MitoTracker Red (FL2) fluorescence (A) or JC-1 green/red
(FL1/FL2) fluorescence ratio (C), superoxide production was analyzed by measuring MitoSOX Red (FL2) fluorescence (D), and total ROS production was
determined by measuring DHR (FL1) fluorescence (E). Fluorescent microscopy of MitoTracker-stained cells was used to visualize mitochondrial depolarization
(B), whereas lipid peroxidation was determined by MDA assay (F). Representative micrographs are shown in B, whereas the data are presented as the mean �
S.D. values from three independent experiments (A and C–E) or mean � S.D. values of triplicates from a representative of three experiments (F) (#, p � 0.05
versus no treatment (dashed line); *, p � 0.05 versus no treatment and treatment with NDI or 2DG alone). G–I, U251 cells were incubated with NDI (40 �M) and/or
2DG (10 mM) in the presence or absence of antioxidant �-tocopherol (10 �M). Mitochondrial depolarization (G) and ROS production (H) were determined by
flow cytometry after 1 h, whereas the cytotoxicity was assessed by LDH release assay after 24 h (I). The data are presented as the mean � S.D. values from three
independent experiments (G and H) or mean � S.D. values of triplicates from a representative of three experiments (*, p � 0.05 versus NDI � 2DG treatment).
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eosin (HE) staining demonstrated the presence of massive
necrosis in melanoma tissue, but not in the kidneys, livers, or
spleens of mice exposed to combined treatment (Fig. 9B).
Therefore, the lysosomal detergent NDI and glycolytic
inhibitor 2DG synergistically suppress melanoma growth in
vivo by inducing necrotic death of cancer cells without caus-
ing overt toxicity to healthy tissues.

Discussion

In the present study we demonstrate a synergistic coopera-
tion between the lysosomal detergent NDI and glycolytic inhib-
itor 2DG in killing cancer cells. NDI-triggered LMP and 2DG-
mediated glycolysis block caused rapid ATP depletion,
mitochondrial damage, and oxidative stress, eventually leading
to necrotic death of cancer cells in vitro and tumor regression in

FIGURE 5. Combination of NDI and 2DG induces mitochondrial damage.
A–C, U251 cells were incubated with NDI (40 �M) and 2DG (10 mM) alone or in
combination for 4 h. A, ultrastructural electron microscopy analysis demon-
strated the presence of electron-dense mitochondria with dilated cristae
(plain arrows) and large vesicles with or without cytoplasmic content (full
arrowheads) in NDI- and NDI � 2DG-treated cells as well as swollen mitochon-
dria with hypodense matrix and discontinued cristae (empty arrowheads) in
NDI � 2DG-treated cells. B and C, quantification of damaged mitochondria (B)
and intracellular vesicles (C) in cells exposed to NDI and 2DG alone or in com-
bination (#, p � 0.05 versus no treatment; *, p � 0.05 versus no treatment and
treatment with NDI or 2DG alone; n � 60 cells per treatment).

FIGURE 6. Synergistic cytotoxicity of NDI and 2DG depends on LMP induc-
tion. A–C, U251 cells were incubated with NDI (40 �M) and 2DG (10 mM) alone
or in combination for the indicated time periods (A and B) or 1 h (C). Cells were
stained with lysosomal dyes acridine orange (A and C) or LysoTracker Green
(B), and their fluorescence was analyzed by flow cytometry (A and B) or fluo-
rescent microscopy (C). The data are presented as the mean � S.D. values
from three independent experiments (#, p � 0.05 versus no treatment (dashed
line); *, p � 0.05 versus no treatment and treatment with NDI or 2DG alone). D,
U251 cells were incubated for 1 h with NDI (40 �M) and 2DG (10 mM) alone or
in combination in the presence or absence of the antioxidant �-tocopherol
(10 �M). The fluorescence (FL1) of LysoTracker-stained cells was assessed by
flow cytometry, and the results are presented as the mean � S.D. values of
triplicates from a representative of three experiments (*, p � 0.05 versus cor-
responding treatment without �-tocopherol). E and F, U251 cells were incu-
bated with NDI (40 �M) and 2DG (10 mM) alone or in combination in the
presence or absence of cathepsin inhibitor E64 (50 �M) (E) or with 2DG (10
mM) in the presence or absence of lysosomal inhibitors chloroquine (CQ; 20
�M) or bafilomycin A1 (BAF; 100 nM) (F). The cytotoxicity was determined after
24 h by LDH release assay. The data are presented as the mean � S.D. values
of triplicates from a representative of three experiments (*, p � 0.05 versus
corresponding treatment without E64 (E) or versus no treatment and treat-
ment with NDI or 2DG alone (F)).
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vivo. Using pharmacological and genetic approaches, we have
shown that caspase-dependent apoptosis, iron-dependent
ferroptosis, RIP/MLKL-dependent necroptosis, and ATG5/
ATG7-dependent autophagy, as distinctive forms of pro-
grammed cell death (26, 27), were probably not involved in
NDI/2DG cytotoxicity. Our findings are consistent with the
proposed role of mitochondrial depolarization, ATP depletion,
oxidative stress, and lysosomal disruption in the induction of
necrotic cell death (29) as well as with the general concept that
the cells with mitochondrial and lysosomal damage are more

likely to die by necrosis than apoptosis if their energy resources
are low (42, 43). Importantly, another LMP-inducing agent,
chloroquine, also displayed a synergistic anticancer effect with
2DG, whereas glycolytic inhibitors iodoacetate and NaF syner-
gistically cooperated with NDI, thus strongly arguing that the
observed anticancer effects of NDI and 2DG in combination
were indeed due to LMP and glycolysis block, respectively. The

FIGURE 7. Synergistic cytotoxicity of NDI and 2DG depends on ATP deple-
tion. A and B, U251 cells were incubated for 24 h with NDI (10 – 40 �M) in
medium with or without glucose. The cell viability was measured by MTT test,
and � index for synergism/antagonism was calculated (A), whereas the cyto-
toxicity was determined by LDH release assay (B). The data are presented as
the mean � S.D. of triplicates from a representative of three experiments (A,
upper panel, and B; *, p � 0.05 versus treatment with NDI in medium with
glucose) or the mean � S.D. from three independent experiments (A, lower
panel; *, p � 0.05 for � index values of �1). C, U251 cells were incubated for
24 h with NDI (40 �M) in the presence or absence of glycolysis inhibitors
iodoacetate (IA; 1.5 mM) or NaF (3 mM), and LDH release assay for cytotoxicity
was performed. The data are presented as the mean � S.D. of triplicates from
a representative of three experiments (*, p � 0.05 versus all other treatments).
D and E, U251 cells were incubated with NDI (40 �M) and 2DG (10 mM) alone or
in combination for the indicated time periods (D) or 2 h (E). The intracellular
ATP concentration was determined by bioluminescence assay (D), whereas
the levels of phosphorylated and total AMPK and Raptor were analyzed by
immunoblots and quantified by densitometry (E) (#, p � 0.05 versus no treat-
ment; *, p � 0.05 versus no treatment and treatment with NDI or 2DG alone).

FIGURE 8. NDI and 2DG synergize in inducing ATP depletion, mitochon-
drial depolarization, LMP, oxidative stress, and necrotic death in B16
melanoma cells. A–D, U251 cells and primary rat astrocytes were incubated
with NDI (40 �M) and 2DG (10 mM) alone or in combination (A and B), whereas
B16 mouse melanoma cells were treated with NDI and 2DG at the indicated
concentrations (C and D). Cell viability was determined after 24 h by crystal
violet (CV) staining (A and C) or LDH release assay (B and D). E–H, B16 cells were
incubated with NDI (40 �M) and 2DG (10 mM) alone or in combination for the
indicated time periods (E) or 1 h (F–H). Intracellular ATP concentration was
determined by bioluminescence assay (E), whereas the fluorescence intensity
of MitoTracker Red (F), acridine orange (G), and DHR (H) was analyzed by flow
cytometry. The data are presented as the mean � S.D. values of triplicates
from a representative of three experiments (A–E) or mean � S.D. values from
three independent experiments (F–H) (#, p � 0.05 versus no treatment; *, p �
0.05 versus no treatment and treatment with NDI or 2DG alone).
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involvement of LMP in the cytotoxic action of NDI was further
supported by the protective effect of cathepsin inhibitor E64 as
well as by the inability of bafilomycin A1, a lysosome-alkalizing
agent that does not cause LMP (35–38), to mimic the NDI
effect. Although it has recently been shown that chloroquine
and 2DG synergize in killing rhabdomyosarcoma and prostate
cancer cells (16), our data provide further mechanistic insight
into the anticancer interaction of LMP and glycolysis block as
well as confirm the in vivo efficiency of this approach.

Both NDI and 2DG alone and their combination in particular
were able to trigger rapid ATP decrease in cancer cells and
cause energetic stress, as reflected in the activation of the intra-
cellular energy sensor AMPK and its direct target Raptor.
Although ATP reduction was a logical consequence of the gly-
colysis inhibition by 2DG, the connection between NDI-in-
duced LMP and ATP decrease seems less obvious. Our experi-
ments suggest that NDI caused ATP depletion through
mitochondrial depolarization and subsequent decrease in oxi-
dative phosphorylation. TEM analysis also revealed the ability
of NDI to cause condensation of mitochondrial matrix, which is
a known consequence of mitochondrial membrane potential
decline (44). These results agree with the findings that other
LMP inducers can cause mitochondrial membrane depolariza-
tion by cathepsin-dependent and cathepsin-independent
mechanisms, the latter possibly involving lysosomal lipases
and/or Bcl-2 family members Bax and Bak (36, 37, 45, 46). An

incomplete cytoprotective effect of E64 is consistent with the
involvement of cysteine cathepsin-independent mechanisms in
NDI/2DG-induced mitochondrial and cell damage. It should be
noted that NDI has also been found to accumulate in mitochon-
dria (5), so we could not exclude the possibility that mitochon-
drial dysfunction in our study was partly caused in an LMP-
independent manner. 2DG, on the other hand, did not trigger
overt mitochondrial damage alone but markedly increased that
induced by NDI, as reflected in further loss of mitochondrial
membrane potential and TEM-confirmed increase in mito-
chondrial swelling and degeneration. This could be explained
by the fact that mitochondrially stressed cells strive to maintain
their mitochondrial potential by hydrolyzing glycolytically gen-
erated ATP by F1-ATPase and using the energy to drive the
transport of protons across the mitochondrial membrane (47).
However, if glycolysis is blocked, this mechanism becomes
nonfunctional, and cells succumb to death, as seen when cancer
cells were simultaneously exposed to mitochondria-targeting
drugs and 2DG (20, 48). We, therefore, propose that NDI-trig-
gered LMP causes initial mitochondrial depolarization that is
further increased by 2DG due to the lack of glycolytic ATP
required to maintain mitochondrial health, eventually leading
to a vicious positive feedback cycle of mitochondrial dysfunc-
tion and ATP loss.

The synergistic increase in the levels of MitoSOX, total ROS
(DHR), and lipid peroxidation (MDA) as well as the cytoprotec-
tion afforded by the antioxidant treatment indicate the impor-
tant role of oxidative stress in NDI/2DG cytotoxicity. The
association of mitochondrial depolarization and superoxide
production in NDI/2DG-treated cells is consistent with the fact
that the collapse of the mitochondrial membrane potential trig-
gers an increase in superoxide generation by the electron trans-
fer chain (49). This can lead to formation of other ROS, such as
H2O2 and hydroxyl radical, and further perpetuation of mito-
chondrial dysfunction through oxidation of mitochondrial
DNA, aconitases, and membrane lipid moieties and facilitation
of mitochondrial permeability transition (49). It is also known
that oxidative stress-derived H2O2 can enter lysosomes in the
vicinity of uncoupled mitochondria and undergo Fenton-type
reactions catalyzed by redox-active iron released from iron-
containing proteins digested during autophagy (8 –10). The
hydroxyl radicals generated in this way are extremely reactive
and induce lipid peroxidation that can result in destabilization
of the lysosomal membrane (8). Whether this occurs in and/or
contributes to NDI/2DG-triggered cell death is debatable, as
iron chelators failed to exert protection. Even so, lysosomes are
extremely vulnerable to hydrogen peroxide because they do not
contain H2O2-degrading enzymes, such as catalase or glutathi-
one peroxidases (8). Accordingly, it is possible that the late syn-
ergistic enhancement of lysosomal damage during NDI/2DG
treatment was caused by mitochondria-derived ROS, as indeed
indicated by the ability of �-tocopherol to prevent synergistic
induction of LMP. This implies that during the late stages of
NDI/2DG-triggered cell damage detrimental positive feedback
loops become even more complex, including oxidative stress-
mediated lysosomal destabilization that might further potenti-
ate initial mitochondrial depolarization and ATP loss. The
released lysosomal enzymes, oxidative stress, and ATP deple-

FIGURE 9. NDI and 2DG suppress melanoma growth in vivo. A and B, 5 days
after subcutaneously injection of B16 melanoma cells (3 � 105 cells/mouse),
C57Bl/6 mice (n � 8 per group) received oraly 2DG (450 mg/kg) and NDI (100
mg/kg) alone or in combination for the next 16 (A) or 9 days (B). The control
group received saline. A, the tumor weight was measured at autopsy, and
representative tumors were photographed (scale bar � 1 cm). The results
from one of two experiments with similar results are shown, and the data are
presented as the mean � S.D. values (*, p � 0.05 versus control). B, represen-
tative micrographs of HE-stained samples of tumor (scale bar � 50 �m), kid-
ney, liver, and spleen (scale bar � 100 �m) tissues from control or NDI �
2DG-treated mice are shown.
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tion lead to digestion of cytosolic substrates, damage of mem-
brane lipids, and loss of function of homeostatic ion pumps/
channels, respectively, eventually culminating in necrotic cell
demise.

Energy stress, mitochondrial damage, and oxidative stress
are major triggers of autophagy, a macromolecule recycling pro-
cess in which cytoplasmic content is sequestered in autophago-
somal vesicles and degraded upon their fusion with lysosomes
(50). Although possibly functioning as a distinct form of pro-
grammed cell death in certain situations, autophagy mainly
promotes cell survival during energy stress and other adverse
conditions (51). For example, ROS-producing depolarized
mitochondria are targeted for autophagic removal in a process
called mitophagy (52), which reduces oxidative stress and
allows residual, undamaged mitochondria to repopulate and
rescue the cell (53, 54). 2DG has been found to induce
autophagy through activation of the intracellular energy sensor
AMPK (55). We have observed that ATP loss induced by NDI/
2DG treatment was associated with activation of AMPK and its
target Raptor as well as with the increase of LC3-II levels and
numbers of autophagic vesicles. However, based on results with
other lysosomal inhibitors (28), NDI-triggered increase in
LC3-II accumulation and autophagolysosome numbers is more
likely to stem from lysosomal inhibition-mediated block in
autophagic proteolysis than from autophagy activation. Con-
versely, the further induction of autophagic markers seen upon
2DG addition probably reflects a genuine increase in autopha-
gosome synthesis, which is more readily revealed when their
degradation is blocked by lysosomal inhibition (28). Therefore,
one could hypothesize that NDI-mediated lysosomal inhibition
killed 2DG-exposed cells at least partly by blocking the protec-
tive autophagic response triggered by energy depletion. This,
however, would seem unlikely, as bafilomycin A1, a vacuolar
(H�)-ATPase inhibitor that alkalizes lysosomes and prevents
autophagic proteolysis (28) without causing LMP (35–38), as
well as knockdown of autophagy-essential genes ATG5 and
ATG7 (56, 57), failed to mimic the synergistic cooperation of
NDI and 2DG. This might seem to contradict the findings
showing the increase in 2DG cytotoxicity upon pharmacologi-
cal or genetic inhibition of autophagy, but it should be noted
that the effect in these studies was observed after prolonged
(48 –72 h) incubation of autophagy-deficient cells with 2DG
(16, 24, 58, 59). Although this issue requires further explora-
tion, our results nevertheless indicate that autophagy does not
play a significant role in modulating rapid NDI/2DG-triggered
necrotic death.

Finally, we demonstrated that oral administration of NDI/
2DG treatment efficiently reduced tumor progression in a
mouse model of melanoma, thus confirming the feasibility of
such a therapeutic approach. Although the anticancer effect of
NDI to the best of our knowledge has not been investigated in
vivo, a few studies reported tumor growth reduction (60) and
antimetastatic activity of 2DG in animal models (61). However,
in most of the studies 2DG was ineffective when applied alone
but stimulated the anticancer activity of various other chemo-
therapeutics (19, 62– 65). Similarly, in our experiments neither
2DG nor NDI were efficient alone (albeit a tendency toward
tumor size reduction was noticeable), whereas simultaneous

administration of both agents caused significant melanoma
regression associated with the massive induction of necrotic
tumor cell death in vivo. Importantly, the treatment did not
show any gross or microscopic toxicity to major organs, such as
liver, kidney, and spleen. Furthermore, the in vitro experiments
confirmed that primary rat astrocytes were markedly less sen-
sitive to NDI/2DG combination than glioma and melanoma cell
lines. The apparent resistance of normal cells to NDI/2DG
treatment might stem from the fact that tumor cells rely more
on glycolysis than their normal counterparts (66), which is
reflected in higher sensitivity to glucose deprivation of U251
glioma cells compared with primary astrocytes (67). Besides,
cancer cells are found to be more susceptible to LMP than
normal cells, due to relatively large lysosomes (68, 69), and
increased expression and/or activity of certain cysteine cathe-
psins (70). Accordingly, differentiated HL-60 promyelocytes
were less sensitive to NDI than undifferentiated HL-60 cells (7).
It is, therefore, conceivable that selective targeting of cancer
cells could be efficiently achieved by combination of LMP and
glycolysis inhibition.

In conclusion, the synergistic induction of necrotic death in
cancer cells exposed to LMP inducer NDI and glycolysis inhib-
itor 2DG proceeds via complex network of positive feedback
loops involving lysosomal damage, mitochondrial depolariza-
tion, ATP loss, and oxidative stress, causing tumor regression in
vivo without apparent toxicity. Additional studies are required
to examine the exact temporal and causal relationships
between the observed phenomena as well as the mechanisms
and extent of their involvement in NDI � 2DG-triggered
necrosis of cancer cells. Nevertheless, our results support fur-
ther exploration of an anticancer strategy based on a combined
treatment with lysosomal detergents and glycolysis inhibitors.

Experimental Procedures

Cell Culture—The human glioma cell line U251 MG and
mouse melanoma cell line B16-F0 were obtained from the
European Collection of Animal Cell Cultures (Salisbury, UK).
Primary astrocytes were isolated from the brains of newborn
Albino Oxford rats as previously described (71). The cells were
maintained at 37 °C in a humidified atmosphere with 5% CO2 in
a HEPES (20 mM)-buffered RPMI 1640 cell culture medium
with L-glutamine supplemented with 5% fetal bovine serum, 1
mM sodium pyruvate, and 1% of antibiotic/antimycotic mixture
(all from PAA, Pasching, Austria). The cells were harvested
using a conventional trypsinization procedure with trypsin/
EDTA and seeded in 96-well flat-bottom plates (1 � 104 cells/
well) for the cell viability assessment, 24-well plates (1 � 105

cells/well) for the flow cytometric analysis, or 100-mm Petri
dishes (2 � 106 cells) for the electron microscopy and immu-
noblotting. Cells were rested for 24 h and then treated with NDI
and/or 2DG in the presence or absence of antioxidant �-to-
copherol, cysteine cathepsin inhibitor E64, glycolysis inhibitors
sodium iodoacetate and NaF, lysosomal inhibitors bafilomycin
A1 and chloroquine, caspase inhibitor QVD-OPH, necroptosis
inhibitor necrostatin-1, or iron chelators deferoxamine and
BPDS, as described under “Results” and in the figure legends
(Fig. 1– 8). NDI was obtained from Princeton Global Synthesis
(Bristol, PA), necrostatin-1 was from Santa Cruz Biotechnology
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(Santa Cruz, Dallas, TX), and other reagents were from Sigma.
Each compound was added to cells 30 min before NDI
and/or 2DG. The control cells were incubated with the
appropriate amount (�0.1%) of vehicle (dimethyl sulfoxide
for NDI, bafilomycin, QVD-OPH, and necrostatin-1, or eth-
anol for �-tocopherol).

Cell Viability and Cytotoxicity Assays—Crystal violet stain-
ing of adherent, viable cells and measurement of mitochondria-
dependent reduction of MTT (Sigma) to formazan as an indi-
cator of the mitochondrial dehydrogenase activity were used to
determine cell viability. The release of the intracellular enzyme
LDH as a marker of cell membrane damage was used to assess
the number of dead cells. The assays were performed exactly as
previously described (72). The results were presented as % of
the crystal violet/MTT absorbance, corresponding to the num-
ber of viable cells. The percentage of dead cells was determined
by LDH assay using the formula ((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 absor-
bance corresponding to the maximal (100%) LDH release of
Triton X-100-lysed cells.

Synergism Assessment—The type of interaction (additive,
synergistic, or antagonistic) between the two treatments was
evaluated using the equation � � SF2DG � SFNDI/SF2DG�NDI,
where SF2DG and SFNDI represent surviving fractions after 2DG
and NDI treatments, respectively, and SF2DG�NDI is the surviv-
ing fraction after combined treatment. In this analysis � � 1
indicates an additive effect, � � 1 indicates a synergistic effect,
and � � 1 indicates an antagonistic effect (73).

Analysis of Apoptosis and Necrosis—Apoptotic and necrotic
cell death was analyzed by double staining with annexin
V-FITC and PI (both from BD Biosciences) in which annexin V
binds to cells with exposed phosphatidylserine, whereas PI
labels the cells with membrane damage. Staining was per-
formed according to the manufacturer’s instructions, and the
green (FL1) and red (FL2) fluorescence of annexin�PI� (via-
ble), annexin�PI� (apoptotic), and annexin�PI� (necrotic)
cells was analyzed with FACSCalibur flow cytometer (BD Bio-
sciences) equipped with CellQuest software.

Caspase Activation—Activation of caspases, the enzymes
involved in the execution of apoptotic cell death, was measured
by flow cytometry after labeling the cells with a cell-permeable,
FITC-conjugated pan-caspase inhibitor (ApoStat; R&D Sys-
tems, Minneapolis, MN) according to the manufacturer’s
instructions. The increase in green fluorescence (FL1) as a
measure of caspase activity was determined using FACSCali-
bur flow cytometer, and the results are expressed as the % of
cells with active caspases.

Measurement of Mitochondrial Membrane Potential—Mito-
chondrial membrane potential was assessed using JC-1
(Sigma), a lipophilic cation that has the property of aggregating
upon membrane polarization, forming an orange-red fluores-
cent compound. If the mitochondrial membrane potential is
disturbed, the dye cannot access the transmembrane space and
remains or reverts to its green monomeric form. Cells were
stained with JC-1 as described by the manufacturer, and the
green monomers and red aggregates were detected by flow
cytometry. The results are presented as a green/red fluores-

cence ratio (mean FL1/FL2, arbitrarily set to 1 in control sam-
ples), the increase of which reflects mitochondrial depolariza-
tion. Mitochondrial membrane potential was also assessed
using MitoTracker Red CMXRos (Life Technologies). The cells
were stained with MitoTracker Red as described by the manu-
facturer and analyzed under Leica DMIL inverted fluorescent
microscope equipped with Leica Microsystems DFC320 cam-
era and Leica Application Suite software (Leica Microsystems,
Wetzlar, Germany). Alternatively, MitoTracker Red-stained
cells were trypsinized and washed, and the mean intensity of
red fluorescence (FL2), corresponding to mitochondrial poten-
tial, was determined by flow cytometry using a FACSCalibur
flow cytometer and CellQuest software. The results are pre-
sented relative to the FL2 value of the untreated cells, which was
arbitrarily set to 1.

ROS Production and Lipid Peroxidation—Intracellular pro-
duction of ROS and mitochondrial superoxide generation were
determined using redox-sensitive fluorescent probes DHR and
MitoSOX Red (both from Thermo Fisher Scientific, Waltham,
MA), respectively. DHR (2 �M) was added to cell cultures at the
beginning of treatment, whereas MitoSOX Red (5 �M) was
added during the last 10 min of treatment. Cells were detached
by trypsinization and washed in PBS, and the mean intensity of
green (FL1) or red (FL2) fluorescence, corresponding to total
ROS production or mitochondrial superoxide generation,
respectively, was determined using a FACSCalibur flow cytom-
eter and CellQuest software. The results are presented relative
to the FL1 (DHR) or FL3 (MitoSOX Red) value of the untreated
cells, which was arbitrarily set to 1. MDA, an indicator of lipid
peroxidation, was measured using a colorimetric thiobarbituric
acid assay as previously described (74). The results are
expressed as -fold change of absorbance intensity (535 nm)
compared with control, untreated cells.

Lysosomal Staining—Lysosomes were stained with acridine
orange or LysoTracker Green (Thermo Fisher Scientific). At
the end of incubation, cells were washed with PBS, stained with
acridine orange (1 �M) for 15 min at 37 °C, washed again, and
analyzed under the Leica DMIL inverted fluorescent micro-
scope. Lysosomes appeared as orange/red fluorescent cytoplas-
mic vesicles, whereas nuclei were stained green. Alternatively,
acridine orange-stained cells were trypsinized and analyzed
by flow cytometry using a FACSCalibur flow cytometer. The
acidic lysosomal content was quantified as red/green fluores-
cence ratio (mean FL3/FL1), and the results are presented rel-
ative to the value obtained in untreated cells, which was arbi-
trarily set to 1. For the staining with LysoTracker Green, cells
were washed with PBS and incubated with LysoTracker Green
(100 nM) for 5 min at 37 °C. Cells were then trypsinized and
washed, and the mean intensity of green fluorescence (FL1), as
a measure of lysosomal acidic content, was determined using a
FACSCalibur flow cytometer and CellQuest software. The
results are presented relative to the FL1 value obtained in
untreated cells, which was arbitrarily set to 1.

Intracellular ATP Measurement—The intracellular concen-
tration of ATP was determined using ATP Bioluminescence
Assay Kit HS II (Roche Applied Science) according to the man-
ufacturer’s instructions. Luminescence was measured by Cha-
meleon microplate reader (Hidex, Turku, Finland).
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TEM Analysis—Trypsinized tumor cells were fixed in 3%
glutaraldehyde in cacodylate buffer, post-fixed in 1% osmium
tetroxide, dehydrated in graded alcohols, and then embedded
in Epoxy medium (Sigma). The ultrathin sections were stained
in uranyl acetate and lead citrate and examined using a Mor-
gagni 268D electron microscope (FEI, Hillsboro, OR). The
images were acquired using a MegaView III CCD camera
equipped with iTEM software (Olympus Soft Imaging Solu-
tions, Münster, Germany). The sections and micrographs for
the analysis were selected by using Systematic Uniform Ran-
dom Sampling (75), and the numbers of intact/damaged mito-
chondria and cytoplasmic vesicles were determined in at least
60 cells for each treatment.

Immunoblotting—After washing away the dead cells, the
remaining adherent cells were lysed in lysis buffer (30 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, and protease/
phosphatase inhibitor mixture; all from Sigma) on ice for 30
min and 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 SDS-PAGE and transferred to nitro-
cellulose membranes (Bio-Rad). Rabbit anti-human antibodies
against RIP (SC-7881), MLKL (SC-165024) (Santa Cruz Bio-
technology) and AMPK� (#2603), phospho-AMPK� (Thr-172;
#2535), Raptor (#2280), phospho-Raptor (Ser-792; #2083),
LC3B (#2775), ATG5 (#12994), ATG7 (#8558), phospho-
MLKL (Ser-358; #91689), phospho-RIP (Ser-166; #65746), and
actin (#4967) (Cell Signaling Technology, Beverly, MA) were
used as primary antibodies, whereas peroxidase-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA) was used as a secondary antibody. Specific
protein bands were visualized by enhanced chemiluminescence
using ChemiDoc MP Imaging System (Bio-Rad). The protein
levels were quantified by densitometry using ImageJ software
(National Institutes of Health, Bethesda, MA) and expressed
relative to total protein signals (for phosphorylated proteins) or
actin (for LC3-II). The results are presented relative to the sig-
nal intensity of the untreated control, which was arbitrarily set
to 1.

RNA Interference—The transfection of U251 cells with small
interfering RNA (siRNA) against human autophagy-related
ATG5, ATG7 (Qiagen, Hilden, Germany), RIP, and MLKL
(Santa Cruz Biotechnology) or appropriate negative control
siRNA was performed using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
After transfection, cells were allowed to grow 24 h before being
used for experiments.

In Vivo Induction and Treatment of Melanoma—Primary
tumors were induced by subcutaneous injection of 3 � 105 B16
melanoma cells in the dorsal lumbosacral region of syngeneic
5– 6 week-old female C57Bl/6 mice (Institute of Biomedical
Research, Galenika a.d., Belgrade, Serbia). The mice (n � 32)
were kept under a 12:12 h light-dark cycle at 22 � 2 °C, and
their health status was monitored according to Federation of
European Laboratory Animal Science Associations (FELASA)
guidelines (76). They received standard balanced diet for labo-
ratory mice (D. D. Veterinarski zavod Subotica, Subotica, Ser-
bia) and water ad libitum. Five days after tumor implantation,
the animals were randomly divided into four groups (n � 8 per

group) using the GraphPad QuickCalcs online calculator
(GraphPad Software, La Jolla, CA). The following treatments
were administrated daily by oral gavage: 1, control (300 �l of
saline solution); 2, NDI (100 mg/kg in 300 �l of saline solution);
3, 2DG (450 mg/kg in 300 �l of saline solution); 4, NDI � 2DG
(100 mg/kg of NDI � 450 mg/kg of 2DG in 300 �l of saline
solution). At day 14 or 21 after tumor implantation the mice
were sacrificed by cervical dislocation following sodium pento-
barbitone anesthesia (200 mg/kg i.p.). The tumors were excised,
and their weights were measured. Parts of tumors, spleens, kid-
neys, and livers were fixed in 4% formalin solution and embed-
ded in paraffin. Serial tissue sections (4 �m thick) were depar-
affinized in xylol and serial alcohol and were later used for HE
staining. Digital images of HE-stained sections were made on
an Olympus BX41TF light microscope (Olympus, Tokyo,
Japan) equipped with a digital camera. All animal experiments
were approved by the Local Animal Care Committee (School of
Medicine, University of Belgrade) and conducted in compli-
ance with the Guidelines for the Welfare and Use of Animals in
Cancer Research (77).

Statistical Analysis—The statistical significance of the differ-
ences was analyzed by t test or analysis of variance followed by
Student-Newman-Keuls test for multiple comparisons. A p
value of less than 0.05 was considered statistically significant.

Author Contributions—V. T., L. H.-T., and R. A. F. designed the
study and wrote the paper. M. K. and K. A.-C. performed cell culture,
viability/cytotoxicity assays, fluorescent microscopy, and ATP mea-
surements. V. P. and B. R. performed flow cytometry. M. B. and
M. M. performed immunoblotting. A. M. and V. B. performed elec-
tron microscopy and histochemistry analysis. M. K., S. P., and N. Z.
performed in vivo treatments and tissue isolation.
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