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a b s t r a c t

Chloroquine (CQ), a quinolone derivative widely used to treat and prevent malaria, has been shown to
exert a potent adjuvant effect when combined with conventional glioblastoma therapy. Despite inducing
lysosome destabilization and activating p53 in human glioma cells, the mechanisms underlying cell
death induced by this drug are poorly understood. Here, we analyzed in a time- and dose-dependent
manner, the effects of CQ upon mitochondria integrity, autophagy regulation and redox processes in four
human glioma cell lines that differ in their resistance to this drug. NAC-containing media protected cells
against CQ-induced loss of mitochondrial membrane potential (MMP), autophagic vacuoles (LC3II) ac-
cumulation and loss of cell viability induced by CQ. However, we noticed that part of this protection was
due to media acidification in NAC preparations, alerting for problems in experimental procedures using
NAC. The results indicate that although CQ induces accumulation of LC3II, mitochondria, and oxidative
stress, neither of these events is clearly correlated to cell death induced by this drug. The only event
elicited in all cell lines at equitoxic doses of CQ was the loss of MMP, indicating that mitochondrial
stability is important for cells resistance to this drug. Finally, the data indicate that higher steady-state
MMP values can predict cell resistance to CQ treatment.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

In the United States, there are 20.59 cases of primary brain and
central nervous system (CNS) tumors per 100,000 individuals per
year [1], and gliomas account for 80% of these malignant tumors
[2]. Gliomas are classified according to their cell type of origin
(astrocytoma, oligodendroma or ependymoma) and their brain
infiltration capacity [2,3]. According to the WHO, glioblastoma
multiforme (GBM), the most malignant and common astrocytoma,
is classified as a grade IV astrocytoma (very aggressive and with
greater fatality compared with other lower grade, less aggressive
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gliomas) [4]. Characteristics of GBM include tissue necrosis, highly
proliferative and invasive cells, and pronounced angiogenesis [3,4].
GBM can originate through de novo pathway (no evidence of prior
symptoms and usually affecting patients 45 years old or older), or
through a progressive pathway (patients usually younger than 45)
in which GBM originates from the progressive transformation of
lower grade gliomas [3,5].

GBM treatment includes surgical resection, chemotherapy with
alkylating and chloroethylating agents (such as temozolomide and
carmustine), and radiotherapy [6]. The “gold standard” protocol
includes surgical resection followed by combined radiation and
temozolomide treatment [7]. However, despite an aggressive
multimodal therapy, the median patient survival time is only 12–
15 months. Therefore, an understanding of GBM tumor and cell
biology is urgently needed to identify new potential therapeutic
approaches.

Chloroquine (CQ), a lysosomotropic drug widely used in ma-
laria treatment, has been shown to improve the median survival
time of patients undergoing conventional glioblastoma therapy.
Patients who received CQ in addition to therapy had a mean
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survival time of 27 months, compared with 11 months for patients
in the control group [8,9].

At the cellular level, CQ was shown to cause lysosome mem-
brane permeabilization, and is therefore widely used to block
autophagy, a lysosome-dependent degradation pathway that has
been implicated in the resistance of cancer cells to chemo and
radiotherapy possibly through the recycling of damaged and/or
superfluous proteins and organelles, such as dysfunctional mi-
tochondria, whose accumulation can be toxic to cells [10–14].
Recent investigation in vitro on glioma cells revealed that CQ
causes the accumulation of unprocessed autophagic vacuoles
(AVs), with the subsequent release of cathepsins into the cytosol,
followed by the activation of p53 and caspase-3 [15,16]. In this
sense, p53-mutated cells were show to be resistant to CQ-medi-
ated cell death [16]. CQ was also shown to cause oxidative stress.
Accordingly, co-treatment of NAC, a widely used antioxidant that
acts as precursor of glutathione, was shown to prevent CQ-medi-
ated glutathione depletion and redox imbalance [17]. Given the
clinical potential already demonstrated by CQ in GBM therapy
[8,9], a better understanding of the mechanisms underlying CQ
toxicity and resistance in human glioma cells may help to design
new and more effective treatments.

In this sense, we investigated the molecular mechanisms and
kinetics of glioma cells’ responses to CQ by performing a time-
dependent and comparative analysis of mitochondrial accumula-
tion, the alteration of mitochondrial membrane potential (MMP),
blockage of autophagy, generation of reactive oxygen species (ROS)
and DNA damage and fragmentation between four glioma cell
lines that differ in their sensitivity to CQ. We show that MMP loss,
but not ROS induction, correlated to cell's susceptibility to equi-
toxic doses of CQ, and that increased steady-state MMP levels
could predict cells resistance to CQ. Interestingly, we also show
that culture media acidification is an important component driv-
ing NAC-mediated protection against CQ, and that raising pH va-
lues of NAC-containing media compromised, but not completely
abolished, this effect. Altogether, the results point to an important
ROS scavenging-independent mechanism regulating NAC-medi-
ated protection against CQ, and also that the ability of glioma cells
to hold MMP values, but not necessarily to control ROS generation,
determines cells fate upon CQ treatment.
2. Material and methods

2.1. Cell culture

U87MG, U343MG, U138MG and U251MG glioma cell lines were
grown in DMEM (LGC Biotecnologia, Cotia, SP, Brazil) with 10% FBS
(Cultilab, Campinas, SP, Brazil) and 1% penicillin/streptomycin (Life
Technologies, Carlsbad, CA, USA) at 37 °C in a humidified 5% CO2

atmosphere. All cell lines were described previously [18,19].

2.2. Drug treatment

Approximately 3.75�105, 1.25�105 or 2�104 cells were pla-
ted in 60-mm, 35-mm or 24-well plates, respectively (TPP, Techno
Plastic Products, Trasadingen, Zollstrasse, Switzerland). After 24 h,
a stock solution of chloroquine diphosphate (CQ) (Sigma-Aldrich,
St. Louis, Missouri, USA) (10 mM) was prepared in MilliQ water,
filter-sterilized and diluted to the desired concentrations in regular
media. For N-acetyl L-cysteine (NAC) (Sigma-Aldrich) treatment, a
40 mM stock solution was prepared by dissolving NAC in DMEM,
filter-sterilized, diluted to the desired concentration in regular
culture media. CQ was added after NAC working solution was fully
prepared. The pH of the stock solution was clearly acid and pH was
measured immediately after dissolving this drug in DMEM
(pH¼4.2). To evaluate the effects of pH on cell treatment, the pH
was adjusted (with NaOH 1 M) to DMEM regular values (pH¼7.6).
Culture media with low pH (in the absence of NAC) was prepared
by reducing the pH (with HCl 6 M). Both solutions were processed
similarly in order to prepare working solutions (10% FBS and 1%
antibiotics) and the pH values, immediately before adding to cells,
were 6.6 for 25 mM NAC, 6.6 for “low pH media”, 7.6 for “normal
pH NAC”, and 7.6 for regular culture media.

2.3. Cell viability test (XTT), Sub-G1 and γ-H2AX analysis by flow
cytometry

Cells were washed with PBS and incubated with XTT labeling
mixture for approximately 50 min, according to the manufac-
turer's instructions (Cell Proliferation Kit II XTT, Roche, Basel,
Switzerland). Sub-G1 DNA and γ-H2AX content were analyzed as
previously described [20]. Briefly, both adherent and detached
cells were fixed with 1% formaldehyde for 15 min on ice, washed
with PBS, fixed with 70% ethanol (Labsynth, Diadema, SP, Brazil),
and stored at �20 °C. Prior to analysis, cells were blocked and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) in PBS and
1% BSA, then incubated with anti-γ-H2AX (Anti-phospho-Histone
H2AX [ser139], clone JBW301, Upstate, Millipore, Billerica, MA,
USA) and anti-mouse FITC (Sigma-Aldrich) antibodies. DNA was
stained using 20 mg/ml propidium iodide (PI) (Calbiochem, Merck,
Whitehouse Station, NJ, USA), 0.02 mg/ml RNase A (Life Technol-
ogies) and 0.1% Triton X-100 solution. PI (red) and γ-H2AX (green)
fluorescence were measured by flow cytometry (Guava Easycyte,
Millipore).

2.4. Western blot analysis

Cells were lysed in 50 mM Tris pH 7.5, 20 mM NaCl, 1 mM
MgCl2, 0.1% SDS (Sigma-Aldrich), 1 mM Na3VO4, protease inhibitor
cocktail (Cocktail Set III, Calbiochem) and 0.25 units/ml benzonase
(Novagen, Merck). After quantification (Bradford method, Bio-Rad
Laboratories, Hercules, CA, USA), the proteins were separated on
an SDS–polyacrylamide gel and blotted onto a nitrocellulose
transfer membrane (GE Healthcare, Waukesha, WI, USA). Protein
expression was detected using anti-LC3 (Sigma-Aldrich), anti-tu-
bulin, anti-GAPDH or anti-TOM20 (Santa Cruz, Santa Cruz, CA,
USA), anti-p62 (Cell Signaling) or anti-cleaved PARP (Abcam,
Cambridge, MA, USA) antibodies. A chemiluminescent HRP sub-
strate (Millipore) was used to develop the membranes, and the
luminescence intensity was determined using an ImageQuant 300
(GE Healthcare).

2.5. MitoTracker analysis

Mitochondrial content was determined using the MitoTrackers

Red FM Probe (Life Technologies) according to the manufacturer's
instructions, with modifications. Briefly, cells were incubated with
50 nMMitoTracker Red in regular media for 40 min, detached with
trypsin (Adolfo Lutz Institute, São Paulo, SP, Brazil), resuspended in
1% FBS DMEM without phenol red, and the mean red fluorescence
intensity was measured by flow cytometry.

2.6. Mitochondrial membrane potential (MMP) analysis

MMP variation was determined as previously described [21],
with modifications. Cells were detached with trypsin and in-
cubated for 15 min with 50 nM tetramethylrhodamine, methyl
ester perchlorate (TMRM) (Life Technologies) in PBS containing
0.1% FBS. After washing, the cells were resuspended in PBS (0.1%
FBS), and the mean yellow fluorescence intensity was measured by
flow cytometry.
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2.7. Analysis of reactive oxygen species (ROS) generation

ROS levels were analyzed as previously described [22]. Briefly,
cells were detached with trypsin and incubated for 30 min with
10 mM of DCFCDA (2′,7′-dichlorofluorescein diacetate, Sigma-Al-
drich, 35845), or for 15 min with 5 mM of Mitosox (Life Technolo-
gies, M36008) in DMEM containing 0.2% FBS and without phenol
red. The mean green or red fluorescence intensity was measured
by flow cytometry. Hydrogen peroxide (1 mM) and actinomycin D
(10 mM) were used as positive controls for DCFDA and Mitosox
analysis, respectively.

2.8. DNA isolation and quantitative long PCR for DNA damage
analysis

Cells were lysed using 1% SDS and 100 μg/ml proteinase K
(Sigma-Aldrich), and DNA was isolated after phenol:chloroform:
isoamyl alcohol extraction (1 volume) followed by 100% ethanol
precipitation (2.5 volumes). DNA was quantitated with a Quant-iT
dsDNA Picogreen kit (Invitrogen, Life Technologies) using a Glo-
Max Microplate Multimode Fluorometer (Promega, Fitchburg, MA,
USA) with a Blue Optical Kit filter (Ex: 490 nm, Em: 510–570 nM)
(Promega). As previously described [23], 15 ng DNA was used for
qPCR using TaKaRa LA PCR (TaKaRa Bio Group, Japan). The para-
meters were 85 °C hot start addition of DNA polymerase; cycles:
94 °C for 3 min; 29–31 cycles of 94 °C for 30 s; 69 °C for 9 min; 4 °C
infinity. The PCR products were run on a 0.7% agarose gel and
quantitated using a Quant-iT dsDNA Picogreen kit. The analysis
was performed by calculating the ratio of the corrected values of
fluorescence in the irradiated samples divided by that of the non-
irradiated sample. The negative natural logarithm (� ln) of this
ratio was calculated to determine the frequency of lesions per
fragment based on a Poisson distribution and assuming that DNA
damage is randomly distributed across the genome. Supplemen-
tary Table S1 provides detailed information about primers, gene
length and amplified locus size.

2.9. Alkaline comet assay

The alkaline comet assay was performed as previously de-
scribed [20] with modifications for the detection of oxidized pur-
ines with the Escherichia coli Formamido Pyrimidine–DNA Glyco-
sylase (FPG) [24]. Briefly, after overnight lysis, the comet slides
were washed in FPG glycosylase buffer (40 mM Hepes pH 7, 10 mM
MgCl2, 1 mM DTT), and incubated for 30 min at 37 °C with FPG
(New England Biolabs, Ipswich, MA, USA) at 8 U/ml in 1� NEB-
uffer 1, supplemented with 100 μg/ml BSA (both supplied by the
manufacturer). One half of each slide was incubated with the en-
zyme, while the other half was incubated with the same solution,
but without the glycosylase (negative control). Experiments were
performed in duplicate and twice independently. Comets were
stained with ethidium bromide, imaged with a fluorescence mi-
croscope (Olympus BX51, Olympus, Center Valley, PA, USA), and at
least 50 comets were scored for each condition per slide with
Kinetic Imaging Komet 6.0 (Andor™ Technology, Belfast, UK).

2.10. Mitochondrial (mt) DNA copy number analysis

20 ng of DNA was isolated using DNeasy Blood & Tissue Kit
(QIAGEN), and submitted to a quantitative PCR reaction using the
SYBR green probe, in a 7500 Real Time equipment (Life Technol-
ogies). The ratio of mtDNA (as evidence by ND1 gene amplifica-
tion) to nuclear DNA (HPRT gene amplification) was used to esti-
mate mtDNA amount per cell. Primers used were HPRT sense:
TGACATGTGCCGCCTGCGAG; HPRT reverse: GTGGTCGCTTTCC
GTGCCGA; ND1 sense: ACTACGCAAAGGCCCCAACG; ND1 reverse:
GAGCTAAGGTCGGGGCGGTG.

2.11. Statistical analysis

Statistical significance was assessed using unpaired test, one-
way ANOVA or two-way ANOVA followed by the Bonferroni test
(Prism 5, GraphPad Software Inc.).
3. Results

3.1. Time course analysis of CQ-induced alterations in U87MG cells

We first investigated the time-dependent mitochondrial al-
terations, oxidative stress (ROS levels) and the accumulation of
AVs (LC3II, as a readout for autophagy impairment) in U87MG
glioma cells exposed to 50 mM CQ. This dose reduces cell viability
to approximately 10–20% after 48 h of continuous treatment
(Fig. 1A), as measured by the Cell Proliferation Kit II (XTT). Cell
viability of the glioma cell lines U343MG, U138MG and U251MG is
also shown in Fig. 1A. Since this assay measures conversion of XTT
to formazan by mitochondria, cell viability is used as a direct
measure of mitochondrial metabolic activity. By staining mi-
tochondria with MitoTracker (a probe capable of staining mi-
tochondria regardless the polarization status of this organelle
[25]), we noticed, by flow cytometry, a continuous increase in the
content of these organelles over time (Fig. 1B). Conversely, by
staining cells with TMRM, a cell-permeable cationic dye whose
accumulation in the mitochondria is driven by their membrane
potential, we observed, also by flow cytometry, an early and pro-
gressive loss of MMP in the presence of CQ (Fig. 1C). The genera-
tion of ROS was measured by incubating cells with DCFDA or
MitoSox probes. The use of MitoSox revealed that the formation of
mitochondrial superoxide occurs at early time points (Fig. 1D). In
contrast, DCFDA revealed ROS induction only at later time points
(48 h) of CQ treatment (Fig. 1E). Representative histograms of flow
cytometry analyses (MitoTracker, TMRM, DCFDA and Mitosox) are
shown in Supplementary Fig. S1. Finally, the accumulation of LC3II
is evident as early as 1 h post-CQ treatment (Fig. 1F). This was
accompanied by an accumulation of TOM20 (a mitochondrial
translocase receptor located in the outer membrane of the mi-
tochondria) confirming the increase in organelle levels over con-
tinuous CQ treatment, starting as early as 1 h post CQ treatment
(Fig. 1F). However, we could not detect any increase in mi-
tochondrial DNA (mtDNA) copy number in CQ-treated cells
(Fig. 1G). Therefore, results suggest that CQ results in the accu-
mulation of swollen (increased TOM20 and mitotracker staining)
and dysfunctional (reduced MMP and increased mitosox staining)
mitochondria, but not organelle biogenesis (Fig. 1G). In summary,
we observed that CQ induced LC3II and mitochondrial accumula-
tion, loss of MMP and mitochondrial superoxide generation are
detectable at the very first hours of treatment with CQ, and these
effects increased in a time-dependent manner. Interestingly, ROS
detection by DCFDA probe was only observable at a later time
point.

3.2. NAC and culture media acidification protects glioma cells from
CQ toxicity

We then investigated the effects of NAC, a widely used anti-
oxidant, on U87MG cells co-treated with CQ. Results show that
NAC drastically reduced CQ-induced loss of cell viability and MMP,
DNA fragmentation, PARP cleavage, and AVS accumulation (as
measured by LC3II and p62 accumulation) (Fig. 2). We also allowed
cells to recover for an additional 72 h in complete media after CQ
and/or NAC treatment, and analyzed them under a light



Fig. 1. Time-dependent analysis of CQ toxicity in U87MG cells. (A) Cell viability (XTT Cell Viability Assay II) after 48 h of treatment with different doses of CQ in U87MG,
U343MG, U138MG and U251MG glioma cell lines (line evidences 15% of survival). (B) Time-dependent accumulation of mitochondria (measured by MitoTracker staining)
induced by 50 mM CQ. (C) Time-dependent alterations in mitochondrial membrane potential (MMP) induced by 50 mM CQ (TMRM staining). (D) Time-dependent mi-
tochondrial superoxide (O2∙�) formation induced by 50 mM CQ (Mitosox staining). (E) Time-dependent generation of ROS induced by 50 mM CQ (measured by DCFCDA).
(F) Time-dependent accumulation of LC3II and of Tom20 induced by 50 mM CQ. (G) mitochondrial DNA (mtDNA) copy number quantification (expressed as ND1 relative to
HPRT gene copies) of cells treated for 24 h with 50 μM of CQ. * po0.05, ** po0.01 and *** po0.001.
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microscope (Fig. 2B). Representative pictures show that NAC pro-
tected cells from CQ toxicity, in strong contrast to cells treated only
with CQ, in which only sparse cells remained attached to the plate.
Therefore, results show that NAC prevents not only CQ-induced
cell death, but also the onset of early events induced by CQ. The
protective effect of NAC was also observed in the U343MG,
U138MG and U251MG cells (Supplementary Fig. S2).

Since NAC causes acidification of the culture media (see Section
2 for details), and that CQ loses its ability to diffuse across cell
membrane once it is protonated [26], we asked whether the
protective effects of NAC could be attributed to alterations in the
pH during treatment. Therefore, we compared cell viability, MMP
loss and LC3II accumulation upon CQ treatment in the presence of
culture media supplemented with 25 mM of NAC (“NAC”,
pH¼6.6); culture media with lower pH (“low pH media”,
pH¼6.6); or culture media supplemented with 25 mM of NAC
with pH equivalent to regular media solution value (“normal pH
NAC”, pH¼7.7). Interestingly, solely acidification of the culture
media exerted a potent and significant protection against CQ
toxicity, reduction on LC3II and MMP loss, similar to the same



Fig. 2. NAC protects U87MG from CQ-induced cytotoxicity. (A) Cell viability analysis (XTT) of U87MG cells after a 48 h co-treatment with NAC (25 mM) and CQ (different
doses). (B) Glioma cells analyzed under a light microscope after 48 h of treatment with CQ (50 mM) and/or NAC, followed by an additional 72 h of culture on regular media
with no drugs. (C) Analysis of Sub-G1 formation (by flow cytometry) induced by 48 h of treatment with 50 mM of CQ and/or 25 mM of NAC. (D) LC3II, p62 and cleaved PARP
expression analyzed by western blotting in glioma cells treated with 25 mM of CQ and/or 25 mM of NAC for 24 h. (D–F) Mitochondrial membrane potential (Δψm) alterations
induced by 24 h of treatment with 50 mM of CQ and/or 25 mM of NAC (fold change of CQ-treated/untreated). ** po0.01, *** po0.001.
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medium containing NAC (Fig. 3). However, the protective effects of
NAC were still observed in CQ-treated cells when pH value is ad-
justed. The results show that, in fact, lowering pH in cultured
media is enough to exert a potent protective effect against CQ
toxicity, and careful analyses must be taken when testing NAC in
these types of experiment.

3.3. Glioma cells' sensitivity to CQ correlates with MMP loss, but not
ROS generation

To better understand the mechanisms that drive resistance of
glioma cells to CQ, the cytotoxic effects of CQ were investigated in
three other human glioma cell lines, comparing the accumulation
of AVs and of mitochondria, ROS generation and MMP alterations.
Because these cells differ in the resistance to CQ, these experi-
ments were performed both at 50 mM of CQ (common dose to all
cell lines), or at equitoxic doses (i.e., capable of reducing cell via-
bility to 10–20% after a 48 h-treatment) based on data obtained by
the XTT assay (Fig. 1A). The equitoxic doses varied between cell
lines (50 mM for U87MG, 100 mM for U343MG, and 150 mM for both
U138MG and U251MG). Results show that accumulation of mi-
tochondria (Fig. 4A, Supplementary Fig. S1A) and of LC3II (Fig. 4E)
occurred in all four cell lines after treatment with both 50 mM and
the equitoxic dose of CQ (more pronounced in this case). Inter-
estingly, loss of MMP in the resistant cell lines, on the other hand,
was achieved only after treatment with the higher, equitoxic doses
(Fig. 4B, Supplementary Fig. S1B). ROS detection by the Mitosox
and DCFDA probes also revealed alterations (except for DCFDA
detection for U343 cells), but the changes were unrelated to the
CQ toxic effects. Interestingly, the cell line U343MG failed to sig-
nificantly increase ROS levels regardless the dose of CQ used
(Fig. 4D and Supplementary Fig. S1D). These results indicate that
loss of MMP, but not LC3II/mitochondria accumulation nor ROS
generation, is achieved only upon exposure of cells to the equitoxic
dose of CQ, presenting a strong correlation with cells sensitivity to
CQ.



Fig. 3. NAC-induced extracellular acidification prevents CQ toxicity. (A) Cell viabi-
lity (XTT) analysis of U87MG cells treated for 48 h with different doses of CQ di-
luted in culture mediumwith normal pH in the absence of NAC (pH 7.6), normal pH
in the presence of NAC (NAC pH 7.6), low pH in the absence of NAC (pH 6.6) or low
pH in the presence of NAC (NAC pH 6.6). (NAC¼25 mM; normal pH¼7.6; low
pH¼6.6). (B) Accumulation of LC3II in cells treated with 25 mM of CQ and/or NAC
(25 mM) upon the effect of normal or low pH. (C) Mitochondrial membrane po-
tential (Δψm) alterations (relative of CQ-treated to untreated) of cells treated with
50 mM of CQ and/or NAC upon the effect of normal or low pH for 24 h.
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3.4. Increased steady-state MMP and reduced mitochondrial content
in CQ-resistant glioma cells

We next compared the basal levels of mitochondria content, as
well as MMP and ROS generation, between all four glioma cell
lines. Results show that U87MG cells have significantly more mi-
tochondria content (Fig. 5A), as well as lower MMP (Fig. 5B) than
the other resistant cell lines. Interestingly, basal levels of ROS
generation, when measured with the DCFDA probe, were higher in
the U343MG cells than in the other glioma cell lines (Fig. 5D). On
the other hand, mitochondrial superoxide generation, as measured
by Mitosox, was not statistically different among the cell lines
analyzed, although the U138MG seems to display lower steady-
state levels between all cells tested (Fig. 5C). Therefore, we show
that cell lines with increased resistance to CQ toxicity have higher
steady-state levels of MMP, as well as reduced mitochondrial
content, while no clear correlation between basal ROS levels and
CQ sensitivity could be drawn based on analyses with neither
DCFDA nor Mitosox probes.
3.5. CQ induces purine oxidation, but not DNA strand breaks

Loss of MMP can be elicited in response to DNA damage, acti-
vating apoptosis through the intrinsic (mitochondrial) pathway
[27]. To investigate the induction of DNA damage in cells treated
with CQ, we analyzed the phosphorylation of the histone H2A
variant H2AX (γ-H2AX), a commonly used marker for DNA da-
mage, in U87MG cells exposed to 50 mM CQ at different time
points (Fig. 6A). We detected a mild increase in γ-H2AX at 48 h
post-treatment. This induction of γ-H2AX coincides with an in-
crease in Sub-G1 cell population, possibly representing DNA
fragmentation in apoptotic cells (Figs. 2C and 6B). It is important to
notice that an increase in Sub-G1 in the cell lines U343MG,
U138MG and U251MG could only be observed at the equitoxic
doses of CQ (Fig. 6B). To rule out the presence of DNA damage at
earlier time points after CQ treatment, we performed an extra long
PCR on DNA extracted from U87MG cells that had been treated
with 50 mM of CQ for 6 or 24 h. The presence of toxic helix-dis-
torting lesions or DNA strand breaks, which stall polymerases
[28,29], would prevent the long PCR reaction from proceeding. We
did not observe a significant number of DNA lesions (less than one
lesion per 100 kbp) in the cells treated with 50 mM CQ (Fig. 6C,
irradiation of cells with 30 J/m2 of UVC light was used as a positive
control for the presence of DNA damage). These data are con-
sistent with the absence of γ-H2AX formation until 48 h after CQ
treatment. We also employed the comet assay under alkaline
conditions to detect the presence of strand breaks in the DNA of
glioma cells treated with 50 mM of chloroquine during 6 or 24 h
(Fig. 6D). This assay was also performed after incubation of the
DNAwith the FPG glycosylase, which nicks DNAwhen damaged by
several different lesions induced by oxidative stress [24]. We did
not observe any significant increase in tail moment in samples not
treated with FPG, confirming the absence of strand breaks in the
DNA of CQ-treated samples, in agreement with the long PCR re-
sults. However, we detected a significant increase in the tail mo-
ment of the CQ-treated samples after FPG treatment (treatment of
cells with 50 mM of H2O2 for 15 min was used as a positive control
for FPG activity). Results confirm that chloroquine induces oxida-
tion of purines, but not formation of DNA strand breaks or re-
plication-stalling lesions on the DNA of glioma cells treated with
CQ, at time points when MMP is already compromised.
4. Discussion

In this work, mechanisms related to glioma cells resistance to
CQ were investigated. We performed a time-dependent analysis of
the accumulation of AVs (LC3II) and of mitochondria, reduction of
MMP, and the participation of redox processes during CQ treat-
ment of glioma cell lines. Basically, we exposed the cells to doses
of CQ that reduce cell viability to approximately 10–20% after 48 h
of continuous treatment. Since the cell viability assay used (XTT)
reflects mitochondrial enzymatic activity, we also investigated CQ-
induced cell death by apoptosis (Sub-G1 induction and PARP
cleavage, Fig. 2), and the results confirm that loss of cell viability
reflects cell death induction. Second, the data indicate that accu-
mulation of AVs and of mitochondria with reduced MMP occurs
during the very first hours of treatment. It is important to em-
phasize that the probe used to evaluate mitochondria content
(Mitotracker Deep Red) remains bound to this organelle regardless
its membrane potential. Conversely, the probe used to evaluate
mitochondrial membrane potential (TMRM) display weak binding
to mitochondria, and its retention on this organelle is strictly de-
pendent on the membrane potential of it [25]. The mechanism
behind MMP loss was not evaluated herein, although previous
publications shed light on this issue. Lysosome membrane



Fig. 4. CQ-resistant human glioma cell lines show increased resistance to lose MMP. Mitochondrial content (A), mitochondrial membrane potential (Δψm) (B), mitochondrial
superoxide (O2∙�) (C), DCFDA (D) and LC3II levels in human glioma cell lines in response to treatment with 50 mM or with equitoxic (EQTX) doses of CQ (100 mM for
U343MG; 150 mM for U138MG and U251MG), determined based on the data obtained by the XTT assay. Analyses were performed after 24 h (A, B, C and E) or 48 h (D) of
continuous treatment with CQ. Data was normalized for the untreated (control) for each cell line * po0.05, ** po0.01 and *** po0.001.
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permeabilization (LMP) elicited by CQ causes cathepsins B and D
release to the cytosol. Both enzymes were shown to cleave Bid,
inducing BAX translocation to the mitochondria, followed by cy-
tochrome C release and loss of MMP, thereby connecting LMP to
MMP [15,30,31]. ROS generation was detected at these very early
time points when the Mitosox probe (which detects mitochondrial
superoxide formation) was employed. Accordingly, we detected
DNA bases oxidation upon CQ treatment, although no DNA breaks
or replication blocking lesions were detected, even when MMP
integrity was already compromised. On the other hand, use of
DCFDA probe revealed generation of ROS only at later time points.
It is important to emphasize that the DCFDA probe is oxidized to a
fluorescent form and becomes trapped inside of cells. This oxida-
tion, however, is not due to exposure to ROS in general (such as
superoxide), but probably to hydroxyl radicals [32]. Thus, it is
plausible that the increased DCF fluorescence we detected at later
time points of CQ treatment reflect a late accumulation of hydroxyl
radicals, based on conversion of early-formed mitochondrial su-
peroxide to hydrogen peroxide (through superoxide dismutase),
which is further converted to hydroxyl radicals by Fenton-type
reactions. Although there is an increase in ROS generation upon
CQ treatment, this event was not a good indicator of cell toxicity.
For example, in the cell line U343MG, mitochondrial superoxide
production showed undistinguishable levels upon treatment with
50 mM (which is barely toxic) or with 100 mM of CQ (which reduces
cell viability to approximately 10–20%) (Fig. 4C and Supplementary
Fig. S1). For the U138MG cells, although no significant MMP loss
was detected upon treatment with 50 mM of CQ (which is also
barely toxic for these cells), there was an important induction of
mitochondrial superoxide formation to levels comparable to that
observed in the U87MG cell line (Fig. 4C). Moreover, use of DCFDA
probe provided no evidence of hydroxyl radicals formation in the
U343MG cell line, regardless of the CQ doses used (Fig. 4D). From
all parameters analyzed, only MMP loss showed a clear correlation
to cell viability, where very similar levels of MMP loss were
achieved for all cell lines tested upon treatment with an equitoxic
dose of CQ (Fig. 4B). In this sense, it is worth pointing out that once
MMP loss is achieved, occurs the release of activators of catabolic



Fig. 5. Steady-state levels of mitochondria content, mitochondria membrane potential (Δψm) and ROS in human glioma cells. Mitochondria content was measured by
mitotracker staining (A), Δψm was measured by TMRM staining (B), and ROS levels were measured by Mitosox (C) and DCFDA (D) probes. A total of 10,000 events were
analyzed for all cell lines tested, and data are expressed as relative to U87MG cell line values. * po0.05, ** po0.01.
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hydrolases (such as caspases), which promotes cell death [33].
We also noticed that U87MG cell line (the most sensitive cell

line tested to CQ) exhibit more mitochondrial content and lower
MMP at steady-state conditions than the other (and more re-
sistant) cell lines. These results point to a scenario in which cells
with more mitochondria and/or with lower MMP are more sus-
ceptible to CQ toxicity. In this sense, it is worth pointing out that
although U343MG has less mitochondria content and increased
MMP than U138MG, it is more sensitive to CQ than the latter (the
most resistant among the four cell lines). Since U343MG has a wild
type version of the p53 protein, in contrast to U138MG and
U251MG cell lines, it is possible that this characteristic renders it
more susceptible to the toxic effects of CQ, as previously shown
[16]. On the other hand, the mitochondrial features, described
herein, of the U343MG cells may render them more resistant to CQ
than U87MG cells, also carrying functional p53 protein. Therefore,
mitochondria content and MMP, together with p53, should all
interplay to determine cells' susceptibility to CQ.

Addition of NAC, a widely used ROS scavenger and glutathione
precursor, not only prevented CQ-induced cell death (loss of cell
viability, PARP cleavage and Sub-G1 formation), but also abolished
loss of MMP and LC3II accumulation (Fig. 2). However, we also
noticed that NAC causes acidification of cell media when dissolved
on it, and this acidification, by itself, also offered cells protection to
CQ treatment. Although the acid effect was observed, NAC pre-
parations where the pH was corrected still offered some cell
protection, most likely due to the ability of NAC to increase glu-
tathione levels, therefore preventing an increase in nitric oxide
and oxidative stress [17]. Although speculative, it is possible that
glutathione may conjugate to CQ, and mediate its efflux out of the
cell through multidrug resistant-associated protein located on the
plasma membrane, in a similar manner as suggested by Raj and
collaborators in their work with CQ-resistant Plasmodium falci-
parium strains [34]. On the other hand, the effects of media
acidification are not only something to take care for experimental
procedures when working with NAC, but may also have biological
relevance. Recently, melanoma, colon carcinoma and osteosarco-
ma cells cultivated under acidic conditions were shown to have
inhibited the CQ ability to block autophagy flux, although the ef-
fects on MMP were not evaluated by the authors [35]. It is known
that CQ is able to diffuse across cell membrane, and becomes
trapped inside acidic compartments (such as lysosomes) once it is
protonated, rendering this drug lysosomotropic [26]. Thus, the
protective effect elicited by NAC due to culture media acidification
is probably a result of protonation of CQ outside of the cells, im-
pairing its translocation and intracellular accumulation. Therefore,
these results do not exclude that the protective effect of NAC can
be elicited, at least in part, due to an increase in antioxidant de-
fenses, but suggest caution in the interpretation of results during
co-treatment of NAC with CQ. It also argues that tumor cells in
poor oxygenated areas (displaying a shift to glycolysis with con-
sequent release and accumulation of metabolic acids, promoting
acidification of that microenvironment) will not respond to CQ
during therapy, as recently discussed by Pellegrini et al. [35].
Therefore, it is possible that CQ may elicit a beneficial effect on
glioma treatment by contributing to the loss of MMP induced by
radiotherapy [36] and chemotherapy [37] restricted to cancer cells
located in non-hypoxic areas of the tumors, where acidification
probably does not occur.

Finally, DNA damage as measured by γ-H2AX was only de-
tected at a later time point (48 h) that coincides with Sub-G1 ac-
cumulation, and thus is probably related to apoptosis. The long
PCR and comet assay techniques confirmed the absence of breaks
and replication blocking DNA lesions in glioma cells shortly after
CQ treatment, when the loss of MMP and the accumulation of AVs
and mitochondria were already detectable. Therefore, these results
reinforce the idea that DNA fragmentation does not precede CQ-
induced cell death/loss of MMP.



Fig. 6. CQ-induced DNA damage is a late event. (A) DNA damage induction (as measured by γ-H2AX formation through flow cytometry) after a continuous 48 h of treatment
with 50 mM of CQ in U87MG cells. (B) Sub-G1 formation after a 48 h treatment with 50 mM or with equitoxic (EQTX) doses of CQ (100 mM for U343MG; 150 mM for U138MG
and U251MG), determined based on the data obtained by the XTT assay. (C) Detection of helix-distorting lesions or strand breaks in the DNA of U87MG cells treated with
50 mM CQ for 6 or 24 h, through the quantitative long PCR method (30 J/m2 of UVC was used as a positive control). (D) Detection of strand breaks by the alkaline comet assay
in U87MG cells treated with 50 mM CQ for 6 or 24 h, with or without FPG treatment. *** po0.001.
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Together, the data indicate that p53 status is not the sole re-
sponsible for glioma cell resistance to CQ treatment, pointing to an
important role for glutathione, autophagy blockage and MMP in
the regulation of CQ cytotoxicity in glioma cells. Moreover, since
the resistance of different glioma cell lines to CQ is strictly asso-
ciated to cells’ ability to maintain MMP upon stress, but not ne-
cessarily to their capacity to control oxidative stress upon CQ
treatment, results suggest that glutathione may also interfere in
the process of CQ-induced cytotoxicity in a redox control-in-
dependent mechanism. Finally, our results suggest that assessing
MMP and mitochondria content of surgery-derived tumor cells
may help to predict efficacy of adding CQ to conventional GBM
therapy.
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