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Miconazole induces autophagic death in glioblastoma cells via
reactive oxygen species-mediated endoplasmic reticulum stress
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Abstract. Miconazole is an antifungal agent that is used
for the treatment of superficial mycosis. However, recent
studies have indicated that miconazole also exhibits potent
anticancer effects in various types of cancer via the activa-
tion of apoptosis. The main aim of the present study was to
observe the effect of miconazole on autophagic cell death
of cancer cells. Cytotoxicity was measured by viable cell
counting after miconazole treatment in glioblastoma cell lines
(U343MG, U87MG and U251MG). Induction of autophagy
was analyzed by examining microtubule-associated protein
light chain 3 (LC3)-II expression levels using western blotting
and by detecting GFP-LC3 translocation using a fluorescence
microscope. Intracellular ROS production was measured using
a fluorescent probe, 2',7'-dichlorodihydrofluorescein diacetate.
It was found that miconazole induced autophagic cell death in
the U251MG glioblastoma cell line via the generation of reac-
tive oxygen species (ROS) and endoplasmic reticulum (ER)
stress response. An association between miconazole-induced
ROS production and autophagy was also identified; in partic-
ular, pretreatment of the cells with a ROS scavenger resulted
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in a reduction in the levels of LC3-II. Miconazole-induced
ER stress was associated with increases in binding immuno-
globulin protein (BiP), inositol-requiring enzyme la (IREla)
and CHOP expression, and phospho-elF2a levels. The inhibi-
tion of ER stress via treatment with 4-phenylbutyric acid or
BiP knockdown reduced miconazole-induced autophagy and
cell death. These findings suggest that miconazole induces
autophagic cell death by inducing an ROS-dependent ER
stress response in U251MG glioma cancer cells and provide
new insights into the potential antiproliferative effects of
miconazole.

Introduction

Macroautophagy, hereafter referred to as autophagy, is a
cellular process of self-digestion, by which cellular proteins and
organelles are removed and recycled. This process is important
in cell growth and development and for the maintenance of
cellular homeostasis (1,2). Autophagy begins with the forma-
tion of double-membrane vesicles, known as autophagosomes,
which fuse with lysosomes to form autophagolysosomes; the
lysosomal hydrolases then degrade the vesicle contents for
reuse (3). Autophagy is induced by intracellular and extracel-
lular stresses, including hypoxia, starvation, oxidative stress,
ischemia and chemotherapy (4-6). Autophagy promotes cell
survival and cell death in cancer, according to the tumor
microenvironment, stage, type and other factors (7,8).
Numerous antifungal agents have shown cytotoxic effects
against human cancer cells (9,10), although the associated
mechanisms are not clearly understood. Azoles are a main
class of antifungal agents and are classified into two groups,
namely triazoles and imidazoles. Miconazole is an imidazole
derivative that is used as an antifungal agent to treat superfi-
cial fungal infections, including athlete's foot, ringworm and
candidiasis. In addition, miconazole has been shown to inhibit
the growth of various solid tumors, including glioma, breast
cancer and osteosarcoma in humans (11-13). The in vivo thera-
peutic efficacy of miconazole has also been reported in human
colon carcinoma xenografts in nude mice (14). Most previous
studies have shown that the antiproliferative effects of micon-
azole are mediated by the induction of apoptosis (15,16). In
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addition, miconazole has been reported to increase the produc-
tion of reactive oxygen species (ROS) and raise intracellular
Ca* levels, thereby killing rat embryonic cardiomyoblasts
and human osteosarcoma cells via oxidative stress (17,18).
Moreover, miconazole has been shown to inhibit the growth
of many types of cancer cells. For example, previous studies
demonstrated that a combination of miconazole and artemis-
inin effectively inhibited the growth of bladder and breast
cancer cell lines (11), and miconazole alone inhibited the prolif-
eration of bladder cancer cells via the induction of G,/G, cell
cycle arrest and apoptosis (15). Another study showed that
miconazole was non-cytotoxic to astrocytes and microglial
BV2 cells, but ameliorated the neuroinflammation-mediated
progression of Alzheimer's disease by blocking the expression
of inducible nitric oxide synthase (19) which is also known
to be related in cancer growth (20,21). However, the precise
mechanism of the anticancer effects of miconazole remain to
be elucidated. Notably, another antifungal agent, itraconazole,
has been shown to inhibit the proliferation of cancer cells by
inducing autophagy (22).

Considering the abilities of miconazole and itraconazole to
induce ROS production and autophagy, the aim of the present
study was to examine whether miconazole induces autophagic
death in cancer cells. The findings of this study may lead to the
identification of a novel mechanism for the anticancer activity
of miconazole.

Materials and methods

Cell lines and reagents. Human glioblastoma U343MG,
U87MG (ATCC® HTB-14™; glioblastoma of unknown origin)
and U251MG cells and human breast cancer MDA-MB-231
cells (cat. no. HTB-26™; ATCC) and human lung cancer
A549 cells (cat. no. CCL-185™; ATCC) were obtained from
the American Type Culture Collection. All the cells were
cultured in Dulbecco's Modified Eagle's Medium (DMEM),
supplemented with 10% fetal bovine serum (HyClone; Cytiva)
and 1% penicillin/streptomycin at 37°C in a humidified atmo-
sphere of 5% CO,. Miconazole, 3-methyladenine (3-MA),
chloroquine (CQ), 4-phenylbutyric acid (4-PBA) and
N-acetylcysteine (NAC) were purchased from Sigma-Aldrich
(Merck KGaA). Bafilomycin Al (Baf Al) was purchased
from LC Laboratories. The pan-caspase inhibitor z-VAD-fmk
and human recombinant tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) were purchased from
R&D Systems, Inc.

Cell treatments. To examine the effect of z-VAD-fmk, a
pan-caspase inhibitor, on the cytotoxicity of miconazole,
U251MG cells were pre-treated with z-VAD-fmk for 30 min
at 37°C, followed by miconazole treatment for 24 h at 37°C.
Autophagy inhibitors [3-MA (1 mM), Baf Al (20 nM) and
CQ (50 puM)] were treated simultaneously with miconazole for
24 h at 37°C in U251MG cells. In U251MG cells an endo-
plasmic reticulum (ER) stress inhibitor 4-PBA was pretreated
for 30 min at 37°C followed by treatment with 20 M micon-
azole for 24 h at 37°C. U251MG cells were pretreated with a
ROS scavenger NAC (5 mM) for 2 h at 37°C and then treated
with miconazole 10 and 20 uM for 24 h at 37°C. U251 MG
cells were treated with TRAIL (50 ng/ml) for 24 h at 37°C.

Western blotting. Anti-78-kDa glucose-regulated protein [also
known as binding immunoglobulin protein (BiP); sc-13968),
anti-eukaryotic translation initiation factor 2a (eIF2a; sc-133132),
anti-CHOP antibodies (sc-7351) and anti-pro caspase-3
(sc-7148) were purchased from Santa Cruz Biotechnology,
Inc. Anti-inositol-requiring enzyme la (IREla; cat. no. 3294),
anti-phospho-elF2a (p-elF2a; cat. no. 9721), anti-cleaved
caspase-3 (cat. no. 9661) and anti-autophagy protein 5 (ATGS;
cat. no. 2630) antibodies were purchased from Cell Signaling
Technology, Inc. An anti-microtubule-associated protein light
chain 3 (LC3) antibody (PD014) was purchased from Medical
and Biological Laboratories Co., Ltd. These antibodies were
used at a dilution of 1:1,000. Anti-B-actin antibody (A5441) was
acquired from Sigma-Aldrich (Merck KGaA) and used at a dilu-
tion of 1:5,000. Secondary antibodies [anti-rabbit IgG (1:2,000;
sc-2004) and anti-mouse IgG (1:2,000; sc-2005)] were purchased
from Santa Cruz Biotechnology, Inc. Harvested cells were
washed twice with phosphate-buffered saline (PBS) and then
lysed in a cell lysis buffer [20 mM Tris-HCI, pH 8.0, 137 mM
NaCl, 10% glycerol, 1% Triton X-100, 1 mM Na;VO,, | mM
NaF, 2 mM ethylenediaminetetraacetic acid (EDTA), 200 nM
aprotinin, 20 M leupeptin, 50 mM phenanthroline and 280 mM
benzamidine-HCI]. The protein concentration was determined
using a bicinchoninic acid protein assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Western blotting was performed as
described previously (23). Equal amounts of protein (50 pg/lane)
were resolved by 13% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; then, the proteins were transferred to nitro-
cellulose membranes.The membranes were incubated overnight
with the primary antibodies at 4°C and then incubated with
secondary antibodies conjugated to horseradish peroxidase
at room temperature for 1 h. f-actin was used as a loading
control. Immunoblots were visualized on an X-ray film using
enhanced chemiluminescence reagent (cat. no. WBKLS0100;
MilliporeSigma). The blots were quantified by densitometric
analysis using ImageJ v4.0 software (National Institutes of
Health), and the relative expression level of each target protein
was normalized using the internal standard (-actin.

Cell counting assay. Cells were seeded in 6-well culture plates
(5x10%well) and treated with vehicle control (DMSO; 0.06%)
or miconazole (10, 20 or 30 M) for 24 h at 37°C. Afterward,
the cells were detached using 0.25% trypsin/EDTA and
resuspended in DMEM. Trypan blue was added to the cell
suspension at 37°C for 5 min and viable cells were counted
using a hemocytometer.

Flow cytometric analysis. Cell cycle analysis was performed
by flow cytometry. For DNA content analysis, ~1x10° cells
were fixed in 80% ethanol at 4°C for 24 h. The ethanol-fixed
cells were stained with PI staining solution (50 pg/ml PI,
0.1 mg/ml RNase A, 0.1% NP-40, 0.1% trisodium citrate) for
30 min at 4°C, and then analyzed using a FACSCanto™ II flow
cytometer (BD Biosciences).

Detection of LC3 translocation. To investigate the localization
of green fluorescent protein-fused LC3 (GFP-LC3), US7TMG
cells were grown on two-well chamber slides and transfected
with 1pg of GFP-LC3 plasmid, using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). The GFP-LC3
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plasmid was provided by Professor Tamotsu Yoshimori
(Department of Cellular Regulation Research, Institute for
Microbial Diseases, Osaka University, Japan) (24). After 24 h,
the medium was changed to complete growth medium, and
positive stable clones were selected by incubating the cells in
the presence of G418 (1 mg/ml) for 2 weeks. Stable transfected
cells were grown on two-well chamber slides and treated with
20 M miconazole for 24 h at 37°C. After this, the cells were
washed with PBS three times and then fixed with 4% para-
formaldehyde at room temperature for 10 min. The fixed
cells were washed with PBS three times and mounted with a
fluorescent mounting medium (Dako; Agilent Technologies,
Inc.). Images were obtained using a fluorescence microscope
(Leica DM 3000; Leica Microsystems, GmbH). The GFP fluo-
rescence intensity was analyzed using LSM 5 Image Browser
software (Zeiss GmbH).

Measurement of ROS production. Intracellular ROS
production was measured using a fluorescent probe, 2',7'-dichlo-
rodihydrofluorescein diacetate (H,DCFDA; Sigma-Aldrich;
Merck KGaA). U251MG cells were pretreated with miconazole
at a concentration of 10 and 20 M for 10 min at 37°C, followed
by the addition of 10 uM H,DCFDA and incubation for 30 min
at room temperature. Subsequently, the cells were trypsinized,
resuspended in PBS and transferred to Falcon® FACS tubes.
The fluorescence emission from H,DCFDA was analyzed
using a FACSCanto™ II flow cytometer (BD Biosciences) at
an excitation wavelength of 488 nm and emission wavelength
of 520 nm. The data were analyzed using FACSDiva software
version 6.0 (BD Biosciences).

Small interfering RNA (siRNA) transfection. siRNAs against
ATGS (cat. no. sc-41445) and BiP (cat. no. sc-29338), and a
scrambled siRNA (cat. no. sc-37007) were obtained from
Santa Cruz Biotechnology, Inc. The sequence information of
these siRNAs was not provided by Santa Cruz Biotechnology,
Inc. U251MG cells were seeded in 6-well plates at a density of
2x10° cells per well and transfected with the 50 nM siRNAs
using Lipofectamine 2000. After 5 h of transfection, the
medium was changed to complete growth medium, and then
transfected cells were cultured for 20 h at 37°C, followed by
incubation with miconazole (20 uM) for 24 h at 37°C. The
cells were then harvested for viability measurements and
western blot analysis.

Statistical analysis. Data represent the mean + standard devia-
tion of three independent experiments. Differences among
groups were evaluated by one-way ANOVA followed by the
post hoc Dunnett's test using SPSS 11.5 (SPSS, Inc.) software.
P<0.05 was considered to indicate a statistically ssignificant
difference.

Results

Miconazole increases cell death. The cytotoxicity of miconazole
against the human glioblastoma cell lines U343MG, US7TMG
and U251MG was examined. The cell death-inducing effect of
miconazole was measured by the direct counting of viable cells
following treatment with a range of miconazole concentrations
(0-30 uM) for 24 h. As shown in Fig. 1A, miconazole reduced

the viability of all three cell lines in a concentration-dependent
manner. At a miconazole concentration of 20 M, the viability
of the U343MG, U87MG and U251MG cells was 44, 46 and
56% lower, respectively, than that of the cells treated with the
vehicle. These results suggest that miconazole exerted cytotoxic
effects against the human glioblastoma cells. The U251MG
cell line, which exhibited the lowest viability in response to
miconazole treatment, was selected for subsequent analyses.
To determine whether the reduced cell viability was due to the
induction of apoptosis, U251MG cells were pretreated with the
pan-caspase inhibitor, z-VAD-fmk, for 30 min, followed by
miconazole treatment for 24 h. Subsequently, cell viability and
cell cycle analyses were performed (Fig. 1B and C). Treatment
with z-VAD-fmk did not have any significant effect on the
miconazole-mediated reduction of cell viability. Similarly, treat-
ment with z-VAD-fmk did not affect the miconazole-mediated
accumulation of the sub-Gl fraction, suggesting that the cyto-
toxicity of miconazole was not associated with the induction of
apoptosis. Cleaved caspase-3 was not detected in U251MG cells
treated with miconazole (Fig. 1D). These data suggest that the
cytotoxicity of miconazole was not due to caspase-dependent
apoptotic cell death.

Miconazole induces autophagy in human glioblastoma
cells. As autophagy is a major mode of cell death that occurs
in response to adverse cellular stress, whether miconazole
induces autophagy was investigated using the autophagic
marker LC3-II. Treatment with miconazole significantly
increased the level of LC3-II in U251MG cells in a time- and
concentration-dependent manner (Fig. 2A and B, respec-
tively), suggesting that miconazole induces autophagy. The
examination of cell lines not of glioblastoma origin, namely
MDA-MD-231 breast cancer and A549 lung cancer cell lines,
revealed that they also exhibited reduced viability and a
marked increase in the level of LC3-II following miconazole
treatment (Fig. S1). The immunofluorescent expression pattern
of LC3 in stable GFP-LC3-transfected U87MG cells was
also examined. The number of GFP-LC3 puncta was signifi-
cantly increased in the miconazole-treated cells (Fig. S2).
To confirm the involvement of autophagy in the cytotoxic
effect of miconazole, the autophagy inhibitor 3-MA and an
ATGS-specific siRNA were used to suppress autophagy. 3-MA
inhibited the LC3-I-to-LC3-II conversion and cell death in
miconazole-treated cells (Fig. 2C). In addition, transfection of
the cells with ATGS5 siRNA resulted in the significant inhi-
bition of miconazole-induced LC3-II accumulation and cell
growth (Fig. 2D).

The miconazole-induced autophagic flux was further
investigated in the presence or absence of the autophago-
some-lysosome fusion inhibitors, Baf Al and CQ. Pretreatment
with Baf A1l or CQ alone increased the level of LC3-II,
and the addition of miconazole caused a further increase in
LC3-I1, suggesting that miconazole induced autophagic flux.
Pretreatment with Baf A1 and CQ also diminished the micon-
azole-induced cell death (Fig. 2C). These data demonstrate
that autophagy plays a crucial role in miconazole-induced cell
death.

Endoplasmic reticulum (ER) stress is involved in micon-
azole-induced autophagy. To determine whether miconazole
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Figure 1. Effects of miconazole on the viability of human glioblastoma cell lines. (A) Viability of the U343MG, U87MG and U251MG human glioblastoma cell
lines following treatment with various concentrations of miconazole for 24 h. (B) Viability of U251MG cells, pretreated with 50 uM z-VAD-fmk for 30 min
before combined treatment wth 20 M miconazole for 24 h. (C) U251MG cells, pretreated with z-VAD-fmk for 30 min and then treated with 20 M miconazole
for 24 h, and the sub-G1 population was determined by flow cytometric analysis following PI staining. The percentage of the sub-G1 population in each cell
line is indicated (n=3). (D) Western blotting of procaspase-3 and cleaved caspase-3 in U251MG cells following treatment with miconazole. $-actin was used as
a loading control, and cells treated with TRAIL were used as an apoptosis-positive control. Densitometric analysis of the of western blots is shown in the bar
graph. All graphical data are the mean + standard deviation of three independent experiments. “P<0.01 and ““P<0.001 vs. 0 M miconazole. TRAIL, tumor

necrosis factor-related apoptosis-inducing ligand; PC, positive control.

induces autophagy via the activation of ER stress in human
glioblastoma cells, the levels of ER stress response markers,
namely BiP, IREla, p-elF2a and CHOP, were examined.
Miconazole increased the levels of these ER stress response
proteins in a concentration-dependent manner (Fig. 3A).
To further investigate whether ER stress is involved in
miconazole-induced autophagy, 4-PBA, a chemical inhibitor
of ER stress, was used. U251MG cells were pretreated with
0.5 or 1 mM 4-PBA for 30 min, followed by 20 M miconazole
treatment for 24 h. The increase in the LC3-II level that was
observed after miconazole treatment was significantly inhib-
ited by pretreatment with 4-PBA in a concentration-dependent
manner. Pretreatment with 4-PBA also attenuated micon-
azole-induced cell death (Fig. 3B). Transfection with BiP
siRNA attenuated the miconazole-induced increase in LC3-II
levels in U251MG cells. The inhibition of ER stress was asso-
ciated with a simultaneous reduction in miconazole-induced
cell death (Fig. 3C). These data suggest that ER stress plays a
key role in miconazole-induced autophagic cell death.

Miconazole induces ROS production in human glioblastoma
cells. Whether miconazole induces ROS production in human
glioblastoma cells was tested using flow cytometry. As shown
in Fig. 4A, the treatment of U251MG cells with miconazole
for 10 min caused a marked increase in the emission of
fluorescence by H,DCFDA, suggesting that miconazole

induces ROS production. To further confirm the role of ROS
in miconazole-induced autophagic cell death, cells were
pretreated with 5 mM NAC, a ROS scavenger, for 2 h, followed
by treatment with 10 or 20 M miconazole for 24 h at 37°C.
As shown in Fig. 4B, miconazole treatment increased cell
death in a concentration-dependent manner, while cotreat-
ment with NAC attenuated the miconazole-induced cell death.
Furthermore, cotreatment with miconazole and NAC led to
significant reductions in LC3-II levels. These results indicate
that ROS are involved in the miconazole-induced autophagic
cell death of U251MG cells.

To further examine whether miconazole-induced ROS
production induces ER stress, cells were treated with micon-
azole alone or with NAC for 24 h. The cotreatment with NAC
significantly blocked ER stress, as indicated by lower levels
of the ER stress markers BiP and IREla (Fig. 4C). These
findings are consistent with the increase in viability of micon-
azole-treated U251MG cells observed when the cells were
cotreated with NAC. These results indicate that ROS produc-
tion and ER stress are involved in the miconazole-induced
autophagic death of U251MG cells.

Discussion

Miconazole has been shown to inhibit the proliferation of
human cancer cells via cell cycle arrest, the induction of
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ROS production and the release of intracellular Ca** (13).  of our knowledge, the present study is the first to report
To date, apoptosis has been implicated as the main mecha-  miconazole-induced autophagy in human glioblastoma cells.
nism of miconazole-induced cell death (14,25). To the best = Mechanistically, the results indicate that miconazole induced
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autophagy via the ROS-mediated activation of ER stress. of cytoplasmic organelles and proteins into autophagosomes,
Autophagy is a dynamic process comprising the sequestration ~ which fuse with lysosomes, enabling the degradation of
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Figure 4. ROS- and ER stress-inducing effects of miconazole in relation to autophagic cell death. (A) ROS production in cells treated with miconazole for
10 min, as measured by flow cytometry. Fluorescence intensity is directly proportional to the quantity of ROS species in the cells. (B) Levels of LC3-I and
LC3-II proteins in U251MG cells treated with miconazole in the presence or absence of 5 mM NAC, as determined by western blotting and densitometry
using B-actin as a loading control. (C) Levels of BiP, IREla and CHOP proteins in cells pretreated with 5 mM NAC for 2 h and then treated with miconazole
at the indicated concentrations for 24 h, as determined by western blotting using [3-actin as a loading control. Densitometric analysis of the western blots
is shown in the bar graph. Densitometric and cell viability data are the mean + standard deviation of three independent experiments. "P<0.05, “P<0.01 and
“"P<0.001. ROS, reactive oxygen species; ER, endoplasmic reticulum; LC3, microtubule-associated protein light chain 3; NAC, N-acetylcysteine; BiP, binding

immunoglobulin protein; IREla, inositol-requiring enzyme lo

target proteins by lysosomal hydrolases. However, increased
autophagy can directly induce cell death (3,7). It has been
reported that excessive autophagic activity, which causes
the overconsumption of critical cellular components, is
responsible for type II nonapoptotic programmed cell death,
also known as autophagic cell death (26). The present study
demonstrated that miconazole triggered autophagy-mediated

cell death in U251MG cells, as well as in MDA-MB-231
and A549 cells, as indicated by an increase in LC3-II levels.
Cleaved caspase-3, a marker of apoptosis, was not detected in
U251MG cells following miconazole treatment, and no change
in the cytotoxicity of miconazole was observed when the cells
were cotreated with z-VAD-fmk, a pan-caspase inhibitor.
However, although miconazole induced LC3-II expression,



8 JUNG et al: MICONAZOLE ACTS AS AN AUTOPHAGIC INDUCER IN GLIOBLASTOMA

ATGS5 expression was unaffected. Other studies have also
observed no change in the protein expression level of ATGS
in experimentally induced autophagy (27,28). In addition,
the activity of ATGS is reportedly regulated by phosphoryla-
tion (29). By contrast, the inhibition of miconazole-mediated
autophagy via the knockdown of ATGS5 or using autophagy
inhibitors resulted in the decreased conversion of LC3-I
to LC3-II and the restoration of cell viability. These results
suggest that autophagy may be an essential mechanism in
miconazole-induced cell death but do not eliminate the poten-
tial existence of other mechanisms. For example, miconazole
has been reported to inhibit fumarate hydratase activity and
enhance cisplatin-induced cell death in gastric cancer (30).
In addition, miconazole has been demonstrated to induce cell
death via the accumulation of Ca?* in human breast cancer (31).
Caspase-independent mechanisms of cell death also exist and
may play roles in alternative anticancer therapeutic strategies,
such as alteration of the mitochondrial permeability transi-
tion (32) or cytotoxic T-lymphocyte granule exocytosis via
the Fas/Fas ligand pathway (33). Although the occurrence
of caspase-independent apoptosis was not investigated in the
present study, cell death did not increase when miconazole was
supplemented with z-VAD-fmk.

Previous studies have shown that the ER plays an essen-
tial role in the process of autophagy and that autophagy is
critical for the maintenance of ER homeostasis (34,35). In
mammalian cells, ER stress promotes autophagy, enabling
the removal of misfolded proteins (36-39). The mechanism
of miconazole-induced ER stress is unknown. In the present
study, ER stress signaling was shown to participate in the
miconazole-induced autophagic cell death. To confirm the
role of ER stress in miconazole-induced cell death, 4-PBA and
a BiP siRNA were used, and the inhibition of ER stress was
demonstrated to prevent the miconazole-mediated induction of
autophagic cell death.

The results of the present study also demonstrated that
ROS, known as regulators of autophagy (40), are involved in
miconazole-induced autophagy. The excessive production of
ROS, including superoxide radicals, hydrogen peroxide and
hydroxyl radicals, causes oxidative stress and, ultimately,
cell death (41). ROS also act as second-messenger signaling
molecules, regulating multiple cell functions, including
autophagy and apoptosis (42-44). The induction of intracel-
lular oxidative stress by miconazole has been demonstrated
in rat neonatal cardiomyocytes and bladder cancer cells, as
well as in Candida albicans and other fungi (18,25,45-48).
The present study revealed that the NAC-mediated scavenging
of miconazole-induced ROS decreased the levels of LC3-I1
and molecular markers of ER stress. These data suggest
that the increased production of intracellular ROS in micon-
azole-treated cells causes ER stress, which in turn induces
autophagic cell death.

In summary, the present study indicate that miconazole
induced autophagy-mediated cell death in glioblastoma cell
lines and that the induction of intracellular ROS production
and ER stress might be the underlying mechanism by which
autophagy was activated. The results support the chemothera-
peutic potential of miconazole and provide the first evidence
of the involvement of autophagy in miconazole-induced cell
death.
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