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Imidazole inhibits autophagy flux by blocking
autophagic degradation and triggers apoptosis
via increasing FoxO3a-Bim expression
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Abstract. Imidazole, an organic alkaloid, is an important
pharmacophore in drug discovery. Anti-neoplastic potential of
imidazole derivatives has been documented in several studies;
however, mechanisms by which tumor cells respond to these
stimuli remain to be elucidated. Autophagy and apoptosis
have key roles in tumorigenesis and tumor treatment. In this
study, we systematically examined autophagic events induced
by imidazole in HEC-1B cells. Accumulation of autophagic
vacuoles in imidazole-treated cells was verified by conversion
of LC3 protein, as well as confocal and transmission electron
microscopy. Furthermore, imidazole blocked autophagic
degradation by impairing maturation of autophagosomes into
autolysosomes. Concurrently, imidazole treatment induced
apoptosis in HEC-1B cells, accompanied by activation of
caspase 9 and 3. The proapoptotic effect was mediated by
increased Bim expression. Moreover, imidazole upregulated
the protein level of Foxo3a and induced its increased nuclear
localisation. In addition, siRNA-mediated silencing of FoxO3a
effectively attenuated imidazole-induced Bim upregulation
and cell death, indicating direct involvement of this pathway
in the imidazole-induced apoptosis. Taken together, our data
provided a molecular link between imidazoles and anticancer
therapies; understanding of these properties of imidazole
is essential for development of effective cancer therapeutics
using imidazoles.

Introduction

Imidazole, an organic compound with the formula C;H,N,, is
classified as an alkaloid. It is incorporated into many impor-
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tant biological molecules; the most widespread is the amino
acid histidine, which has an imidazole side-chain. Imidazole is
an important pharmacophore in drug discovery. Its derivatives
have diverse pharmaceutical effects, including histamine-H3
antagonist (1), anti-inflammatory (2), gastroprotective (3),
and antioxidant (4). Importantly, several imidazole deriva-
tives had anticancer activity against a variety of malignant
cells. Misonidazole can sensitize hypoxic tumor cells to
radiation therapy and directly kill hypoxic cancer cells (5,6).
Furthermore, N-fused imidazoles inhibited catalytic activity
of topoisomerase Ila and induced apoptosis at the G1/S phase
in kidney and breast cancer cell lines (7). Temozolomide is
an alkylating drug that induces apoptosis and senescence in
glioma cells (8). Due to their therapeutic significance, the
mechanism responsible for the chemotherapeutic effects of
imidazoles has received considerable interest for future devel-
opment of novel anticancer drugs.

Autophagy is an evolutionarily conserved process through
which protein aggregates, damaged organelles and intracellular
pathogens are sequestered by autophagosomes and degraded by
lysosomes, resulting in nutrient recycling and energy genera-
tion (9), enabling cells to sustain metabolism under conditions
of starvation or growth factor withdrawal. Autophagy has been
linked to a variety of pathological processes such as neuronal
degeneration, pathogen infection, aging and tumorigenesis
(10). It is noteworthy that autophagy may facilitate survival
of tumor cells under stress conditions, e.g., nutrient limitation,
hypoxia and antineoplastic treatment. Furthermore, inhibi-
tion of autophagy promotes cancer cell death (11-13) and
potentiates various anticancer therapies (14-17). The critical
role of autophagy in regulating cell survival and cell death
makes it be a potential therapeutic target for tumor treatment.
Autophagosome clearance depends on its fusion with a lyso-
some (18). As a weak base, imidazole can enter lysosomes and
induce cytoplasmic vacuolization (19). However, the effects of
imidazole on autophagy are still poorly documented.

Many anticancer treatments, including chemotherapeutic
drugs and radiation therapy, actually induce apoptosis and
thereby utilize apoptotic machinery to kill cancer cells (20,21).
The Bcl-2-homology domain 3 only (BH3-only) proteins are
essential for initiation of various physiological apoptotic situ-
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ations, including developmentally programmed cell death and
stress-induced apoptosis (22,23). Pro-apoptotic protein Bim
(Bcl-2-interacting modulator of cell death) is one of these
BH3-only proteins. Alternative splicing generates three Bim
isoforms, including Bimg, Bim; and Bimg, , with different
variations in pro-apoptotic activities (24). In a variety of cell
types, its upregulation can induce apoptosis via promoting
release of cytochrome ¢, which consequentially induces forma-
tion of the apoptosome and the activation of caspases (24,25).
Moreover, Bim plays a key role in the anoikis of many tumor
cells, such as lung cancer, breast cancer, osteosarcoma, and
melanoma (26-28). Thus, it has attracted increasing attention
as a plausible target for cancer treatment. It has been reported
that imidazole can induce cell apoptosis (29). However, the
mechanisms by which imidazole induces apoptosis remain
largely unknown.

In the present study, we carefully evaluated the autophagic
and apoptotic events induced by imidazole in human endome-
trial adenocarcinoma cell line (HEC-1B). By systematically
studying imidazole induced alterations in autophagy, we were
able to characterize one potential autophagy modulator and
explore the roles of autophagy related drugs in cancer therapy.
Simultaneously, we also focused this study on the FoxO3a
regulation of Bim expression after imidazole treatment, in an
attempt to gain further mechanistic insights on the molecular
pathways leading to imidazole-induced apoptosis.

Materials and methods

Chemicals and antibodies. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indi-
cated. The LC3 antibody was obtained from Sigma-Aldrich.
Antibodies against Bim, FoxO3a, cleaved-caspase 9, cleaved-
caspase 3 and p62 were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against GFP and
[-actin were obtained from Abmart (Shanghai, China). The
LAMP-1 antibody was obtained from Abcam (Cambridge,
UK). The HRP-conjugated goat anti-rabbit or anti-mouse
secondary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Cell culture. The HEC-1B cells were purchased from the
Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences (Beijing, China), MDA-MB-435S and
293T cells were obtained from Peking University Laboratory
Animal Center (Beijing, China). Cells were cultured in
Dulbecco's modified Eagle's medium: nutrient mixture F-12
(DMEM/F12) supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA) and 100 U/ml penicillin
and 100 pg/ml streptomycin. For imidazole treatment experi-
ments, imidazole dissolved in the phosphate-buffered saline
(PBS; Invitrogen) was added into culture medium (various
doses and intervals). The HEC-1B cells were treated with
50 nM rapamycin for 12 h or incubated in Earle's balanced
salt solution (EBSS; Invitrogen) for 1 h to induce autophagy.
Bafilomycin Al (Baf Al), a proton-ATPase inhibitor, was used
to inhibit the autophagic flux.

Live-cell imaging. The HEC-1B cells were treated with
or without 5 mM imidazole for 6 h, and then examined for
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vacuolization under an inverted light microscope (x400
magnification; Olympus, Tokyo, Japan). For acridine orange
(AO) staining, cells grown on coverslips were treated with
vehicle or 5 mM imidazole for 6 h, and then stained with the
pH-sensitive fluorescent dye AO (5 pg/ml in PBS) at 37°C
for 10 min. After washing twice with PBS, samples were
viewed under a confocal fluorescence imaging microscope
(Nikon D-Eclipse C1; Nikon, Tokyo, Japan) equipped with
an 60x oil immersion objective, and confocal images were
acquired using EZ-C1 software (version 3.90; Nikon).

Immunofluorescence. The HEC-1B cells were seeded on glass
coverslips and then treated with vehicle or 5 mM imidazole
for 6 h, then fixed in 4% paraformaldehyde and permeabilized
with 0.3% Triton X-100 in PBS. For blockage of non-specific
binding sites, cells were incubated with 5% normal goat serum
in PBS for 1 h at room temperature. The anti-LAMP-1 anti-
body (1:100 dilution in the PBS containing 5% bovine serum
albumin) was incubated with treated cells at 4°C overnight.
After washing three times, cells were incubated for 1 h with
goat anti-rabbit secondary antibody conjugated to TRITC
(Santa Cruz Biotechnology). Counterstaining of nuclei was
done with Hoechst 33342 (Sigma-Aldrich). Cells were imaged
under the confocal microscope and image analysis was
performed using EZ-C1 FreeViewer software (Nikon).

Examination of AVs by transmission electronic microscopy.
The HEC-1B cells, with or without imidazole treatment,
were fixed in 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer at 4°C overnight and postfixed with 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer for 1 h at room
temperature. After fixation, cells were dehydrated in a gradient
of 30-100% acetone and embedded in SPI-Pon 812 resin.
Ultrathin sections were obtained using a microtome (Leica
UC6i; Leica Microsystems, Wetzlar, Germany). After staining
with lead citrate/uranyl acetate, sections were examined under
a transmission electron microscope (JEM-1230; JEOL, Japan)
at 80 kV.

Plasmids construction and transfection. The full length of
human microtubule-associated protein 1 light chain 3 (LC3;
GenBank accession no. NM_022818.4) was amplified by
PCR using forward (5-TTCTCGAGCTATGCCGTCGGAGA
AGA-3") and reverse (5-AAGGATCCTTAC ACTGACAATTT
CATCC-3") primers, and the HEC-1B cDNA library as
template. The PCR fragment of LC3 digested with Xhol and
BamHI (New England Biolabs, Ipswich, MA, USA) was cloned
into pEGFP-C1 plasmid (Clontech, Palo Alto, CA, USA)
for generation of enhanced green fluorescent protein-LC3
(EGFP-LC3) transfection vector. A plasmid that encoded
human FoxO3a (GenBank accession no. NM_001455.3)
tagged with EGFP (FoxO3a-EGFP) was constructed into
pEGFP-N1 plasmid (Clontech) at Xhol and BamHI sites
using the same cDNA library and specific forward (5'-AACT
CGAGATGGCAGAGGCACCGGCT-3") and reverse (5-TTG
GATCCTTGCCTGGCACCCAGCTCTG-3") primers in
PCR. All constructs were verified by sequencing. The mRFP-
GFP-LC3 expression plasmid was a generous gift from Dr Hou
(Key Laboratory of Zoonosis, College of Veterinary Medicine,
China Agricultural University, Beijing, China). For transient
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transfection, all vectors described above were transfected to
the cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer's protocols. Twenty-four hours after transfec-
tion, cells were treated with vehicle or imidazole for indicated
intervals and viewed with confocal fluorescence microscopy.

Cell viability assay. The HEC-1B cells were seeded in 96-well
plates at a density of 1x10* cells per well. After imidazole
treatment, cell viability was assessed using 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye
(Sigma-Aldrich) absorbance and expressed as the percentage
of non-treated cells. The MTT assay was done as described
(30). Briefly, after exposure of cells to imidazole, culture
media were changed by serum-free culture media. Then,
MTT dissolved in PBS was added to each well for 4 h at 37°C.
After this interval, the culture media containing MTT were
discarded and DMSO was added to each well, dissolving the
precipitate. The optical density was measured at 570 nm spec-
tral wavelength using a microplate reader (Bio-Rad, Hercules,
CA, USA).

Reverse transcriptase-polymerase chain reaction (RT-PCR).
After imidazole treatment, total RNA was obtained with a
TRIzol reagent (Invitrogen) and quantified by spectrophoto-
metry (Nanodrop 1000; Thermo Scientific, Waltham, MA,
USA). RevertAid First Strand cDNA Synthesis kit (K1622;
Thermo Scientific) was used to reverse-transcribe RNA into
cDNA. PCR was performed using the Veriti 96-well thermal
cycler (Applied Biosystems, Carlsbad, CA, USA) for 30 cycles.
Primer sequences were as follows: Bim, 5'-ATGGCAAA
GCAACCTTCTGA-3' (forward) and 5'-CGCATATCTGCA
GGTTCAGCC-3' (reverse); GAPDH, 5'-CAAGGTCATCC
ATGACAACTTTG-3' (forward) and 5'-GTCCACCACCCT
GTTGCTGTAG-3' (reverse).

Gene silencing with siRNA. The HEC-1B cells were grown
to 50-60% confluence in 6-well cell culture plates and then
transfected with FoxO3a small interfering RNA (siRNA)
(GenePharma, Shanghai, China) using Lipofectamine 2000,
according to the manufacturer's protocols. The plates were
incubated at 37°C in a CO, incubator for 6 h, and mixtures
were replaced with fresh complete medium and were incu-
bated for an additional 24 h before silencing efficiency was
measured (western blotting). A non-targeting siRNA was used
as a negative control.

Western blot analysis. Cells lysates were prepared by extracting
proteins with RIPA buffer (Sigma-Aldrich) containing
protease cocktail inhibitor (Roche, Basel, Switzerland). Equal
amounts of protein samples (20 ug) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane (Millipore, Billerica, MA,
USA). After blocking with 5% non-fat milk in Tris-buffered
saline containing 0.1% Tween-20 (TBST), the membrane was
incubated with primary antibodies diluted in blocking solu-
tion (1:1,000) at 4°C overnight. After washing with TBST,
the membrane was incubated for an additional 1 h with the
appropriate secondary antibodies conjugated to horseradish
peroxidase at a dilution of 1:5,000. The protein bands were
visualized using an enhanced chemiluminescence detection
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system (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Images of western blotting were processed using ImageJ
software (Wayne Rasband, NIH, Bethesda, MD, USA).

Statistical analyses. Data were presented as mean + stan-
dard deviation of at least three independent experiments.
Statistical significance was analyzed using the Student's t-test
for comparison between the means or one-way analysis of
variance with post hoc Dunnett's test (SAS version 9.1; SAS
Institute Inc., Cary, NC, USA). Differences were considered
statistically significant when P<0.05.

Results

Imidazole induced cytoplasmic vacuolization and accumu-
lation of AVs in HEC-1B cells. The HEC-1B cells had large
vacuoles in their cytoplasm after addition of 5 mM imidazole
(Fig. 1A, top row). Staining the imidazole-treated cells with
AO was consistent with an increase of the acidic organelle
(Fig. 1A, middle row). Further, lysosomes were stained
using lysosome associated membrane protein (LAMP)-1
directed antibody, which revealed an increase in number
and in size of lysosomes following imidazole treatment
(Fig. 1A). Furthermore, imidazole treatment resulted in a
significant increase in the abundance of LC3-II in a dose- and
time-dependent manner (Fig. 1B). Two additional cell lines,
MDA-MB-435S and 293T, displayed a similar increase in
the abundance of LC3-II following treatment with imidazole
(Fig. 1C). These results suggested that the number of autopha-
gosome increased in response to imidazole. This observation
was further supported by TEM analyses showing that the
number of autophagic vacuoles (AVs) was markedly increased
in cytoplasm following treatment with imidazole (Fig. 1D).
Taken together, these data indicated that the accumulation of
AVs was induced in imidazole-treated cells.

Imidazole blocked autophagic degradation. Autophagy flux
was monitored using EGFP-LC3 in HEC-1B cells treated with
imidazole. The addition of imidazole significantly increased
the number of EGFP-LC3 puncta (Fig. 2A) and in the abun-
dance of EGFP-LC3-II protein (Fig. 2B). These results further
indicated the accumulation of AVs in response to imidazole.
Based on immunoblot analysis of the free EGFP fragment,
there was a time-dependent reduction in imidazole-treated
cells (Fig. 2B). In contrast, induction of autophagy in response
to EBSS increased free EGFP fragment. Furthermore, the
p62 levels were markedly increased in response to imidazole
treatment (Fig. 2C). In addition, dual treatment with imidazole
and Baf Al did not result in any significant change in the
abundance of LC3-II, compared to Baf Al treatment alone
(Fig. 2D), suggesting that imidazole functions were similar to
Baf Al by blocking autophagic flux. Therefore, we attributed
the imidazole-induced accumulation of AVs to the blockage
of autophagic degradation rather than increased induction of
autophagy.

Imidazole impaired the maturation of autophagosome into
autolysosome. To address whether imidazole treatment affects
maturation of autophagosome, autolysosome formation was
measured by an mRFP-GFP-LC3 tandem construct. The low
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Figure 1. Imidazole treatment induces cellular vacuolization and accumulation of AVs. (A) Vacuoles formation in imidazole-treated cells. The HEC-1B cells
with or without 5 mM imidazole treatment for 6 h were observed (phase-contrast microscopy, x400 magnification). The distribution of acidic organelles
was examined by AO staining and visualized with various channels using confocal microscopy (x400 magnification). Cells were fixed, permeabilized and
analyzed using polyclonal antibody against LAMP-1 to recognize lysosomes. Hoechst staining was used to identify nuclei. AO, acridine orange. Bars, 20 ym.
(B) Imidazole increased accumulation of LC3-II in a dose- and time-dependent manner. Cells that were treated with increasing amounts of imidazole or in a
certain concentration of imidazole for indicated intervals were examined by western blotting with anti-LC3 antibody, and $-actin was used as loading control.
(C) MDA-MB-435S and 293T cell lines were treated with or without imidazole for 12 h, and the conversion of LC3-I to LC3-II was monitored by western blot-
ting. (D) Ultrastructures of HEC-1B cells with or without imidazole treatment. Representative TEM images are presented at x12,000 or x25,000 magnification.
N, nucleus; M, mitochondrion; arrows indicate AVs. Bars, 1 ym. Comparable results were obtained in at least three separate experiments.

pH inside the lysosome quenched the fluorescent signal of GFP;  respectively (31). In the present study, imidazole considerably
however, RFP has more stable fluorescence in acidic compart-  increased the yellow puncta numbers without a concomitant
ments. Thus, autophagosomes and autolysosomes are labeled increase in red puncta (Fig. 3). In contrast, both yellow and
with yellow (mRFP and GFP) and red (mRFP only) signals, red puncta were increased in cells treated with rapamycin, a
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Figure 2. Autophagic flux is inhibited by imidazole treatment. (A) Subcellular distributions of EGFP-LC3. The HEC-1B cells were transfected with the
EGFP-LC3 vectors and cultured in complete medium (with or without 5 mM imidazole) for 12 h. The fluorescent signals of EGFP-LC3 were sequentially
acquired by confocal microscopy (x600 magnification). Bars, 20 gm. (B) Conversion of EGFP-LC3 in imidazole-treated cells. Cells transfected with EGFP-LC3
were cultured in EBSS nutrient starvation medium or complete medium, with or without 5 mM imidazole, for indicated intervals. Corresponding changes in
EGFP-LC3 and free EGFP were monitored by western blotting with an anti-GFP antibody, and 3-actin was used as loading control. (C) Cells were treated with
imidazole for indicated intervals, and western blotting was used to analyze the abundance of p62 protein. (D) Conversion of LC3-I to LC3-II was assayed in the
imidazole-treated cells with or without Baf A1. The HEC-1B cells that were treated with or without imidazole for 4 h were cultured in complete medium (with or
without Baf A1) for 2 h. Western blotting was used to monitor LC3-II protein levels. Baf Al, bafilomycin Al. All data for comparison of the intensities of western
blotting were analyzed and are presented as means = SD of three independent experiments. N.S., not significant; “P<0.05, “P<0.01.

known autophagy inductor. We inferred that autophagosome
maturation into autolysosome was blocked in the presence of
imidazole.

Effect of imidazole treatment on cell viability. Imidazole
reduced HEC-1B cell viability in a dose- and time-dependent
manner (Fig. 4A). Based on western blot analysis, both
cleaved-caspase 9 and cleaved-caspase 3 levels increased after
imidazole treatment (Fig. 4B). Therefore, imidazole treatment
induced intrinsic apoptotic cell death in HEC-1B cells.

Imidazole treatment increased Bim expression. Bimg and
Bim, protein levels were dramatically increased afterimidazole
treatment (Fig. 5A). Western blotting results were consistent

with RT-PCR data (Fig. 5A), demonstrating that imidazole
treatment increased Bim expression, both at transcriptional
and translational levels. Furthermore, two additional cell lines,
MDA-MB-435S and 293T, displayed a similar increase in
the abundance of Bimg, following treatment with imidazole
(Fig. 5B). In addition, LC3-II levels were markedly increased
in response to CQ or Baf Al; however, the Bimg, levels were
not obviously affected by CQ or Baf Al treatment (Fig. 5C).
Taken together, we concluded that imidazole-induced Bim
upregulation was independent of the blockage of autophagic
degradation.

FoxO3a was involved in regulation of Bim expression in
respone to imidazole. Imidazole treatment increased FoxO3a
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Figure 3. Autophagosome maturation is blocked by imidazole treatment. The HEC-1B cells were transiently transfected with the mRFP-GFP-LC3 vectors
and cultured in complete medium, with or without 5 mM imidazole, for 12 h. Cells treated with rapamycin (50 nM, 12 h) were used as a positive control.
Cells expressing mRFP-GFP-LC3 were fixed and scanned with various channels using confocal microscopy (x600 magnification). Yellow and red punctae
represented autophagosomes and autolysosomes, respectively. Representative confocal images are shown. Bars, 20 ym. Comparable results were obtained in
three independent experiments.
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Figure 4. Induction of cell apoptosis by imidazole. (A) Effect of imidazole on cell viability. The HEC-1B cells that were treated with increasing amounts of
imidazole (12 h) or in a certain concentration of imidazole (50 mM) over time were analyzed (MTT assay) for cell viability. The viability of the untreated cells
was regarded as 100%. The results from three biological replicates are presented as the means + SD ('P<0.05, “P<0.01). (B) Activation of caspase 9 and 3 in
imidazole-treated cells. Cells treated with or without 50 mM imidazole for indicated intervals were subjected to western blot analysis using antibodies against
the cleaved-caspase 3 and cleaved-caspase 9. $-actin was used as a loading control.
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Figure 5. Effects of imidazole on Bim expression. (A) Imidazole upregulated Bim mRNA and protein levels. The HEC-1B cells that were treated with or
without imidazole for indicated intervals were analyzed for the Bim mRNA levels by RT-PCR, and GAPDH was used as loading control. Bimg, and Bim
protein expression were examined by western blotting using anti-Bim antibody, and 3-actin was used as loading control. The intensities of western blotting are
presented as means + SD of three independent experiments. “P<0.05, “P<0.01. (B) MDA-MB-435S and 293T cell lines were treated with or without imidazole
for 12 h, and the abundance of Bimg was monitored by western blotting. (C) The effects of CQ and Baf Al on expression of Bim protein. Lysates extracted
from cells treated with or without CQ and Baf A1 for indicated intervals were analyzed for the abundance of Bim protein by western blotting.

protein levels in HEC-1B cells (Fig. 6A). Using fluorescence
microscopy, the dynamic translocation of FoxO3a-EGFP to
the nucleus after imidazole treatment was visualised, whereas
FoxO3a-EGFP was located in the cytosol in control cells
(Fig. 6B). Further, imidazole treatment for 24 h increased
Bimg, protein levels in negative control cells, whereas FoxO3a
knockdown abrogated the imidazole-induced expression of
Bim protein (Fig. 6C). Thus, FoxO3a was involved in regu-
lating the transcription of Bim in imidazole-treated cells. In
addition, imidazole-induced cell death was obviously attenu-
ated by siRNA-mediated inhibition of FoxO3a (Fig. 6D). Taken
together, we inferred that the transcription factor FoxO3a

contributed to the imidazole-induced Bim upregulation and
apoptosis in HEC-1B cells.

Discussion

In this study, we demonstrated that imidazole potently
inhibited autophagy by blocking autophagic degradation in
HEC-1B cells. Simultaneously, imidazole treatment induced
apoptosis in HEC-1B cells by activation of caspase 9 and 3.
The proapoptotic effect was mediated by increased expres-
sion of the BH3-only protein Bim. Furthermore, imidazole
upregulated the protein level of transcription factor Foxo3a
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tion). Hoechst staining was used to identify nuclei. Bars, 20 ym. A total of 100 cells from each group were randomly selected, and cells with nuclear localized
FoxO3a-EGFP were counted by ImageJ software. The percentage of cells with nuclear localized FoxO3a-EGFP in the population of 100 cells is shown in the
right panel (n=3, “P<0.01). (C) The effect of FoxO3a knockdown on expression of Bim. Cells that were transfected with negative control siRNA or FoxO3a
siRNA for 24 h were stimulated with or without imidazole for 24 h. The corresponding changes in FoxO3a and Bim protein levels were monitored by western
blotting. All results for comparison of the intensities of western blotting were analyzed and were expressed as means + SD of three independent experiments.
“P<0.05. (D) Effect of FoxO3a silencing on cell viability after imidazole treatment. Cells transfected with negative control siRNA or FoxO3a siRNA were
treated with or without 50 mM imidazole for indicated time periods. Cell viability was analyzed by MTT assay. The results from three biological replicates
are presented as the means = SD ("P<0.05).

and induced its increased nuclear localisation. Silencing Autophagy is a cell-survival pathway involving degrada-
experiments with FoxO3a siRNA prevented Bim upregulation  tion and recycling of long-lived proteins, protein aggregates,
and cell death. damaged cytoplasmic organelles, and intracellular patho-
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Figure 7. Effects of imidazole on several protein kinases and core molecular
proteins. The HEC-1B cells were treated with or without 5 mM imidazole
for indicated intervals. Cell lysates were subjected to western blot analysis
using corresponding antibodies as shown in the figure. f-actin was used as
a loading control.

gens (9). Normally, it is a tumor suppressor pathway, which
may facilitate degradation of oncogenic molecules, thereby
preventing development of cancers. However, autophagy
appears to have a dual role in cancer, as it also promotes
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survival of tumor cells under stress conditions, e.g., hypoxic or
low-nutrition environments (32). Genetic or pharmacological
inhibition of autophagy can increase cancer cellular sensi-
tivity to various anticancer therapies, such as DNA-damaging
agents, antihormones and radiation (33). Therefore, inhibi-
tion of autophagy is therapeutically beneficial for anticancer
treatments. In our experiments, we systematically studied the
effects of imidazole on autophagic events in HEC-1B cells;
in these studies, the number of AVs was markedly increased
in imidazole-treated HEC-1B cells. Based on examination
of several endpoints related to the autophagy flux (31), we
demonstrated that accumulation of AVs was due to inhibition
of autophagic degradation rather than induction of autophagic
flux. In addition, several protein kinases and core molecular
proteins, required for induction of autophagy such as Akt,
AMPK, mitogen-activated protein kinase (ERK, p38 and JNK)
(34), Beclin 1 and Bcl-2 (35), were not obviously changed after
imidazole treatment (Fig. 7). Although the levels of phospho-
ERK were increased in response to imidazole treatment, ERK
pathway is involved in the control of autophagy process at
the maturation step rather than the initiation step (36). These
results further supported the concept that imidazole functions
as an inhibitor of autophagy by blocking autophagic degrada-
tion. Thus, as a potent autophagy inhibitor, imidazole may be
expected to have therapeutic effects on cancers with high basal
autophagy.

It has been reported that lysosomotropic agents induce
accumulation of AVs by blocking autophagic degradation,
such as chloroquine (CQ) (37) and matrine (38). They can
enter into lysosomes and block trafficking and proteolytic
activation of lysosomal proteases. As a weak base, imidazole
may enter into acid organelles and alter the intralysosomal
pH (19,39). Thus, we propose that entrapment of imidazole
in the lysosomes elevated their pH, which caused lysosome
dysfunction and inhibition of autophagic degradation. This
conclusion was supported by the important observation that
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Figure 8. Effects of imidazole on survivin and Runx3 expression. The HEC-1B cells were treated with or without 50 mM imidazole for indicated intervals.
Survivin and Runx3 protein levels were examined by western blotting using anti-survivin and anti-Runx3 antibodies, and 3-actin was used as loading control.
Data for comparison of the intensities of western blotting are represented as means + SD of three independent experiments. "P<0.05.
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the autolysosome maturation, depending on the acidification
and degradation capacity of the lysosome, was inhibited after
imidazole treatment.

Conversely, it has been reported that imidazole can induce
cell apoptosis (29), and its derivatives have anticancer activity
in a variety of malignant cells (40). However, the molecular
mechanisms underlying imidazole-induced cell apoptosis are
not fully elucidated. It is known that BH3-only protein Bim
can trigger cytochrome c release and activation of caspase 9,
which consequentially causes cellular apoptosis (24). In
our experiments, imidazole treatment caused HEC-1B cell
apoptosis accompanied by the activation of caspase 9 and 3.
Importantly, the pro-apoptotic molecule Bim was obviously
increased both at mRNA and protein levels after imidazole
treatment. It is well established that Bim has an important role
in the anoikis of a variety of cancer cells, such as lung cancer,
breast cancer, osteosarcoma and melanoma (26-28). The
absence of Bim leads to the occurrence of tumor metastasis
and acquisition of chemotherapy resistance (24). Therefore,
Bim has attracted increasing attention as a plausible target
for tumor therapy. Various chemotherapeutic agents use
Bim as a mediating executioner of cell death (e.g., imatinib,
gefitinib and bortezomib) (24). Based on the effects of Bim
in tumorigenesis and tumor treatment, our findings provided
evidence that imidazole may be used as a Bim-targeting agent
for tumor therapies in the future, especially tumor metastasis
and chemoresistance.

Inhibiting maturation of autolysosome by LAMP-2 knock-
down caused accumulation of AVs and subsequent apoptosis
in HeLa cells (41). Similarly, hydroxychloroquine, a derivate of
CQ, induced AVs accumulation and triggered mitochondria-
mediated apoptosis in HeLa cells (42). As described above,
imidazole treatment also induced accumulation of AVs by
blocking autophagic degradation in HEC-B cells. The blockage
of autophagic degradation might have triggered the apoptotic
procedure by upregulation of Bim. In this study, two kinds of
autophagy inhibitors CQ and Baf Al, both known to inhibit
autophagic degradation (37,43), were used to investigate the
role of blockage of autophagic degradation in the regulation
of Bim expression. We observed that there were no significant
changes in the Bim protein levels after CQ or Baf Al treatment
in HEC-1B cells. Therefore, we inferred that imidazole-
induced Bim expression was independent of the blockage of
autophagic degradation. Furthermore, the reciprocal influence
of AVs accumulation and apoptotic cell death still require
further investigation.

The pro-apoptotic activity of Bim is tightly controlled
by transcriptional and post-transcriptional systems (24). The
forkhead-like transcription factor FoxO3a (forkhead box O3a)
is a key transcriptional regulator of Bim (44). Cytokine
withdrawal or apoptotic stimuli cause upregulation of Bim
through activation of FoxO3a in various cell types, including
osteoblasts, hepatocytes and neurons (45-47). It has been
demonstrated that the FoxO3a-Bim pathway participates in
apoptotic processes in response to many chemotherapeutic
agents. For example, paclitaxel can induce Bimg, expression
and subsequently cell apoptosis via increasing FoxO3a expres-
sion in MCF-7 breast cancer cells (48). Similarly, melatonin
can induce apoptosis in HepG2 hepatocarcinoma cells through
the upregulation of Bim mediated by nuclear translocation and
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activation of the transcription factor FoxO3a (49). In the present
study, imidazole upregulated the protein level of Foxo3a and
induced its increased nuclear localisation, suggesting a possible
association between FoxO3a as a transcription factor of Bim
in HEC-1B cells. Furthermore, FoxO3a accumulation and
Bim protein expression were greatly reduced upon silencing
of FoxO3a by siRNA, validating that FoxO3a functions as a
transcriptional regulator of Bim expression after imidazole
treatment. Moreover, depletion of FoxO3a by siRNA signifi-
cantly reduced imidazole-mediated cell death. Therefore, our
findings provide evidence that FoxO3a-Bim pathway has a
critical role in imidazole-induced apoptosis in HEC-1B cells.
However, the knockdown of FoxO3a did not completely abolish
imidazole-induced cell death. Perhaps imidazole might induce
other mechanisms to promote apoptosis in HEC-1B cells.
Indeed, we also observed that imidazole treatment caused
an obvious change in several apoptosis-related molecules,
e.g., tumor suppressor Runx3 and anti-apoptotic protein
survivin (Fig. 8). These changes of apoptosis-related molecules
probably contributed to imidazole-induced cell death.

In conclusion, this is the first report that imidazole is a
potent inhibitor of autophagy flux by blocking autophagic
degradation; simultaneously, imidazole induced apoptosis by
FoxO3a-Bim pathway in HEC-1B cells. Our data provided
a molecular link between imidazole drugs and anticancer
therapies. These findings could be an important advance for
understanding the oncostatic effects of imidazoles in vitro;
however, additional studies are required to further elucidate
the therapeutic value and clinical applications of imidazole
compounds.
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