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Abstract

Bladder cancer (BC) is a common malignancy of the urinary tract that has a higher fre-

quency in men than in women. Cytostatic resistance and metastasis formation are signifi-

cant risk factors in BC therapy; therefore, there is great interest in overcoming drug

resistance and in initiating research for novel chemotherapeutic approaches. Here, we sug-

gest that desethylamiodarone (DEA)–a metabolite of amiodarone—may have cytostatic

potential. DEA activates the collapse of mitochondrial membrane potential (detected by JC-

1 fluorescence), and induces cell death in T24 human transitional-cell bladder carcinoma

cell line at physiologically achievable concentrations. DEA induces cell cycle arrest in the

G0/G1 phase, which may contribute to the inhibition of cell proliferation, and shifts the Bax/

Bcl-2 ratio to initiate apoptosis, induce AIF nuclear translocation, and activate PARP-1

cleavage and caspase-3 activation. The major cytoprotective kinases—ERK and Akt—are

inhibited by DEA, which may contribute to its cell death-inducing effects. DEA also inhibits

the expression of B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1)

and reduces colony formation of T24 bladder carcinoma cells, indicating its possible

inhibitory effect on metastatic potential. These data show that DEA is a novel anti-cancer

candidate of multiple cell death-inducing effects and metastatic potential. Our findings rec-

ommend further evaluation of its effects in clinical studies.

Introduction

Bladder cancer is the most significant malignancy of the urinary tract worldwide and accounts

for about 3% of all cancer-related deaths. It is considerably more frequent in men than in

women [1,2]. Urothelial cell carcinoma, the most common pathologic subtype of bladder
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cancer, is observed in over 90% of tumors [3,4]. Fortunately, about 80% of patients with non-

muscle invasive cancer can be successfully treated using surgery. Approximately 20–30% of

bladder cancer patients present with an aggressive tumor that invades the muscle, and more

than half of these patients develop distant metastases [5]. Patients with invasive bladder cancer

require a radical cystectomy. After surgery chemo-, radio- and immunotherapy can be used to

improve survival, but the prognosis of invasive bladder cancer still remains unsatisfactory.

Despite a number of randomized controlled trials, to date there are no data to confirm what

the best combination of treatments to treat invasive bladder cancer is [6]. The modest results

with current drugs suggest an urgent need to identify new agents [7] that will improve the

prognosis of invasive bladder cancer.

Desethylamiodarone (DEA) (Fig 1), the major metabolite of the widely used antiarrhythmic

drug amiodarone, is produced in an N-demethylation reaction catalyzed by cytochrome P450

3A4 [8,9]. DEA is also a pharmacologically active compound. It also has antiarrhythmic activ-

ity, significantly increasing the action potential duration (class III antiarrhythmic effect) and

decreasing the maximum rate of depolarization (class I antiarrhythmic effect) at clinically rele-

vant concentrations [10,11]. After amiodarone treatment, amiodarone and DEA rapidly and

extensively accumulate in extracardiac tissues (notably in the liver, lung and adipose tissue),

even achieving μmol/g concentrations [12–14] and has a very long elimination half-life

[13,15,16]. Tissue concentrations of amiodarone and DEA are 100 times higher than the corre-

sponding plasma concentrations [15,16]. Extensive tissue accumulation of DEA and its long

elimination time can give a possible role to DEA in progressive, muscle-invasive bladder can-

cer treatment.

Disturbed cell cycle control and apoptosis can result in uncontrolled cell proliferation dur-

ing cancer development [17]. Consequently, the inhibition of apoptosis and the arrest of the

cell cycle can be an effective treatment for eliminating cancer. Previous studies in our labora-

tory indicated that DEA has negative effects on the stability of the mitochondrial membrane

system [18]; therefore, we raise the possibility that DEA may have a cytostatic effect on tumor

cells at physiologically relevant concentrations.

Materials and methods

Cell culture

T24 human bladder carcinoma cells were purchased from the American Type Culture Collec-

tion (Wesel, Germany). Cells were maintained in McCoy’s 5A with high glucose, L-glutamine,

Bacto Peptone, HEPES and phenol red indicator (Life Technologies, Darmstadt, Germany).

Cell medium was supplemented with 10% fetal bovine serum and an antibiotic solution (1%

penicillin and streptomycin mixture) (Life Technologies, Darmstadt, Germany). Cells were

maintained in a humidified environment at 37˚C with 5% CO2. They were subcultured twice

weekly for up to a maximum of 10 weeks.

Cell viability assays

For determination of cell viability T24 cells (3 × 105/ml) were plated in 24-well plates, cultured

overnight and treated with the indicated concentration of DEA for 24 or 48 hours. The DEA

was a kind gift from Professor Dr. András Varró (Department of Pharmacology and Pharma-

cotherapy, University of Szeged, Szeged, Hungary). Cell viability after DEA treatment was

quantified using the Muse™ Cell Count & Viability Assay, and the flow cytometry-based

Muse™ Cell Analyzer (EMD Millipore Bioscience, Darmstadt, Germany) according to the

instructions provided by the manufacturer. Cell viability was expressed as the relative
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percentage of living cells of the untreated control samples. The experiments were performed in

quadruplicate and repeated three times.

Colony formation assay

Cells were trypsinized and plated in triplicate in 6-well plates at a density of 500 cells/well,

before being treated with different concentrations of DEA. After 7 days of incubation, the cells

were washed and stained with crystal violet, and the colonies containing more than 50 cells

were counted. The number of colonies was determined and normalized to the number of colo-

nies in the controls.

Detection of apoptosis

For the quantitative analysis of apoptosis, we used the Muse™ Annexin V & Dead Cell Assay

on a Muse™ Cell Analyzer. The assay utilizes Annexin V to detect phosphatidylserine on the

external membrane of apoptotic cells. Here, 1 × 106 cells were seeded onto regular plates and

treated for 6 hours without or with the indicated concentrations of DEA; cells were collected

and sample preparations were made. Then, 100 μL of cells in suspension were added to each

tube for incubation with 100 μL of the Muse™ Annexin V & Dead Cell reagent. After 20 min-

utes of incubation at room temperature in the dark, the samples were analyzed according to

the manufacturer’s protocol.

Sub-cellular fractionation

Twenty-four hours after thawing, T24 cells, grown and harvested from regular plates, were

washed twice with phosphate-buffered saline (PBS) and resuspended in 1 ml fractionation

buffer (250 mM sucrose, 20 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1

mM EGTA, 1 mM dithiothreitol (DTT) and proteinase inhibitor cocktail (Sigma, #P2714)).

The cell lysate was passed through a Potter homogenizer and incubated on ice for 20 minutes,

followed by a 7-minute 720 x g centrifugation at 4˚C. The nuclear pellet was rewashed with

700 μl fractionation buffer and homogenized with a Potter homogenizer. After a second

10-minute centrifugation at 500 x g, the pellet was resuspended with 700 μl fractionation buffer,

and again homogenized. The solution was centrifuged (600 x g, 4˚C, 10 minutes) and the pellet

was resuspended in lysis buffer (10% glycerol, 25 mM NaCl, 50 mM NaF, 10 mM Na-pyrophos-

phate, 2 nM EGTA, 2 nM DTT, 20 nM p-nitrophenyl-phosphate, 25 mM Tris-HCl, pH 7.4, 50

nM beta-glycerolphosphate and 0.1% Triton X-100) to collect the nuclear fraction.

Fig 1. Structure of desethylamiodarone.

https://doi.org/10.1371/journal.pone.0189470.g001
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Detection of DNA fragmentation

Cell apoptosis was assessed using Hoechst 33342 staining (Molecular Probes, Carlsbad, CA,

USA). Briefly, replicate cultures of T24 cells were plated in 6-well plates. The cells were treated

with or without DEA for 24 hours. After a change of fresh medium, the cells were incubated

with Hoechst 33342 solution at 37˚C for 10 minutes, followed by examination under a fluores-

cence microscope. Strong fluorescence and condensed or fragmented nuclei were observed in

apoptotic cells, while weak fluorescence was observed in live cells. The quantification of apo-

ptotic cells was performed by taking images in random fields and counting at least 200 cells in

four random fields per well. The nuclear DNA in the treated cells contained in 6-well plates

was visualized by staining with the DNA-specific dye Hoechst 33342 at a final concentration of

5 μg/ml. The cells were observed immediately with filters for blue fluorescence.

Detection of mitochondrial membrane potential (Δψ)

The changes in Δψ were assayed using JC-1 dye, which is taken up by the mitochondria. T24

cells were seeded at 1 × 106 cells/well in a 6-well plate containing coverslips and cultured at

least overnight before the experiment. After subjecting the cells to different concentrations of

DEA, the coverslips were rinsed twice in PBS and then placed upside down on top of a small

chamber formed by a microscope slide filled with PBS supplemented with 0.5% fetal calf

serum and containing 5 μg/ml JC-1 dye (Molecular Probes). The cells were imaged with a

Nikon Eclipse Ti-U fluorescent microscope (Auro-Science Consulting Ltd., Budapest, Hun-

gary), which was equipped with a Spot RT3 camera, using a 60x objective lens with epifluores-

cent illumination. For JC-1 fluorescence, the cells were loaded with the dye for 15 minutes,

and then the same microscopic field was imaged first with 546 nm bandpass excitation and

590 nm emission (red), then with green filters. Under these conditions, we did not observe

considerable bleed-through between the red and green images.

Cell cycle assay

After treatment with DEA (10 μM) for 24 hours, cells were collected by centrifugation at 211 x

g for 5 minutes, washed with ice-cold PBS, fixed with 70% ethanol, stained with a premixed

reagent, which included the nuclear DNA intercalating stain propidium iodide (PI) and

RNAse A in a proprietary formulation, and analyzed according to the manufacturer’s protocol.

PI discriminates cells at different stages of the cell cycle, based on differential DNA content in

the presence of RNAse to increase the specificity of DNA staining. The Muse Cell Cycle Soft-

ware Module performs calculations automatically.

Immunoblot analysis

Here, 1 × 106 cells were seeded onto regular plates and treated for the cell viability assay. Cells

were harvested at intervals in a chilled lysis buffer containing 0.5 mM sodium-metavanadate, 1

mM EDTA and protease inhibitor cocktail (1:200), all purchased from Sigma—Aldrich Co.

(Budapest, Hungary). Cell lysates were boiled and subjected to 10% sodium dodecyl sulfate

polyacrylamide gel electrophoresis before being transferred to nitrocellulose membranes. The

membranes were blocked in 5% low-fat milk for 1.5 hours at room temperature before being

exposed to primary antibodies at 4˚C overnight in a blocking solution. The following antibod-

ies were used: polyclonal caspase-3 (clone H-277), polyclonal poly(ADP-ribose) polymerase 1

(PARP-1), polyclonal B-cell-specific Moloney murine leukemia virus integration site 1

(BMI1), polyclonal phospho-extracellular signal-regulated kinase (ERK1/2) (Thr202/Tyr204),

polyclonal phospho-GSK-3β (Ser9), polyclonal phospho-Akt (Ser473), polyclonal Bcl-2,
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polyclonal Bax (each 1:500 dilution), monoclonal histone H1 (HH1; 1:200), monoclonal

apoptosis-inducing factor (AIF) (1:200) and monoclonal glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) (1:2000, clone 6C5). Antibodies were purchased from Cell Signaling

Technology (Beverly, MA, USA) except caspase 3, PARP-1, BMI1, HH1 and AIF, which were

bought from Santa Cruz Biotechnology (Wembley, UK), while GAPDH antibody was obtained

from EMD Millipore Bioscience. Appropriate horseradish peroxidase-conjugated secondary

antibodies were used at a dilution of 1:5000 (anti-mouse and anti-rabbit IgGs; Sigma—Aldrich

Co.) and visualized by enhanced chemiluminescence (Amersham Biosciences, Piscataway,

New Jersey, USA). The films were scanned, and the pixel volumes of the bands were deter-

mined using NIH Image J software (Bethesda, Maryland, USA). For membrane stripping and

reprobing, the membranes were washed in a stripping buffer (0.1 M glycine, 5 M MgCl2, pH

2.8) for an hour at room temperature. After washing and blocking, the membranes were incu-

bated with primary antibodies for nonphosphorylated or loading control proteins. All experi-

ments were repeated three times.

Data analysis

All data are expressed as mean ± standard deviation (SD). The concentration-dependent

effects of DEA in each experiment were tested with ANOVA using the post hoc Dunnett test.

In the case of cell cycle analysis, we used the Mann-Whitney U test to compare the treated

example to the untreated control. Differences were considered significant at values of p< 0.05

or lower. Statistical analyses were performed using IBM SPSS Statistics v20.0 (IBM Corpora-

tion, New York, USA).

Results

Effect of DEA on mitochondrial depolarization

Our previous data showed that DEA at high concentrations destabilized the mitochondrial

membrane system in isolated rat liver mitochondria [18]. This observation indicates that DEA

may have similar effects on the mitochondria of cancer cells. T24 were treated with 10 μM

DEA for 3, 6 and 12 hours to induce mitochondrial membrane depolarization. We analyzed

the effect of DEA on mitochondrial depolarization by using JC-1 membrane potential-sensi-

tive dye with fluorescent microscopy. High Δψ is characterized by red (590 nm) fluorescence,

while low Δψ is characterized by green (530 nm) fluorescence. DEA treatment (10 μM) induces

a time-dependent depolarization of mitochondria in T24 cells while no significant changes in

Δψ are observed in the control cells (Fig 2A and 2B). These data show that DEA induces a sig-

nificant loss of Δψ, which may facilitate the induction of cell death in T24 cells.

Effects of DEA on cell viability

T24 cells were treated with increasing concentrations of DEA for 24 and 48 hours. DEA has a

statistically significant cell death-inducing effect on T24 cells determined by using the Muse™
Cell Count & Viability Assay. The cell death-inducing effect of DEA was more pronounced in

the 48-hour study (Fig 3A). These data indicate that DEA induces cell death; therefore, the

possible pathways contributing to DEA-induced cell death are analyzed below.

Effect of DEA on colony formation

The effect of DEA on the colony formation of T24 cells was studied as described above. In our

experiment DEA significantly inhibited colony formation in T24 cells even at the lowest con-

centration (1 μM) we used (Fig 3B and 3C). These data show that DEA can induce cell death,
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and can inhibit colony formation at low micromolar concentrations, as previously detected in
vivo in amiodarone-treated animals [10,11,14].

Effect of DEA on activation of apoptosis in T24 cells

Flow cytometry with the Muse™ Annexin V & Dead Cell Assay was used to investigate the

mode of cell death. The assay includes cell surface Annexin V binding, which measured the

appearance of phosphatidylserine on the external plasma membrane, a marker of apoptosis.

Our results show that DEA increases the total apoptosis rate in a dose-dependent manner (Fig

4A). Increasing DEA concentration shifted the cells from the early to the late apoptosis phase,

Fig 2. Effect of DEA on mitochondrial depolarization in T24 cells. T24 cells were treated with 10 μM DEA for 3, 6 and 12 hours to

induce mitochondrial membrane depolarization. After treatment, the medium was replaced with fresh medium without any agents and

containing 1 μM JC-1 membrane potential-sensitive fluorescent dye. After 15 minutes of loading, green and red fluorescence images of

the same field were acquired using a fluorescent microscope equipped with a digital camera. (A) The images were merged to

demonstrate depolarization of Δψ in vivo, indicated by a loss of the red component of the merged image. (B) Representative merged

images of three independent experiments and fluorescent intensity in bar diagrams are presented. Data are presented as the

mean ± SD. ***p < 0.001 compared to control.

https://doi.org/10.1371/journal.pone.0189470.g002
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Fig 3. Effect of DEA on cell viability and on colony formation of T24 cells. (A) T24 cells were exposed to increasing

concentrations of DEA for 24 (dark grey bars) and 48 hours (light gray bars). Untreated cells served as controls. Data

represent means ± SD of three independent experiments performed in at least quadruplicate: *p < 0.05, **p < 0.01 and

***p < 0.001 compared to the corresponding control group. (B) For the colony formation assay T24 cells were exposed to

increasing concentrations of DEA for 7 days. The results are presented as representative images of the colony formation

assay. The colony-forming abilities are also presented in bar diagrams (C). Untreated cells served as controls. The

Desethylamiodarone induces apoptosis on T24 human bladder cancer cells
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and only a very low percentage of cells die by necrosis (Fig 4A) T24 cells were treated with

increasing concentrations of DEA to study the fragmentation of nuclei stained by Hoechst

33342 (Fig 4B and 4C). These data show that DEA increases the nuclear fragmentation in the 5

to 15 μM concentration range, giving additional support for DEA-induced apoptosis in T24

tumor cells.

Effect of DEA on Bcl-2-related protein expressions and caspase-3

activation

In order to understand the potential mechanism of DEA-induced cell death, we studied the

effect of DEA on the expression of pro- and anti-apoptotic proteins. DEA treatment decreased

the expression of Bcl-2 in a concentration-dependent way, and activated the expression of Bax

(Fig 5A and 5B). These data indicate that DEA suppresses the expression of the anti-apoptotic

Bcl-2 and increases the expression of the pro-apoptotic Bax; therefore, DEA shifts T24 cells in

the direction of apoptosis.

We also analyzed caspase-3 activation, which is best known for its role in the execution of

apoptosis, and we found that DEA activates caspase-3 in a concentration-dependent way;

moreover, a slight activation in the expression of pro-caspase-3 was also detected (Fig 5A and

5B).

Effect of DEA on PARP-1 expression and cleavage

Furthermore, DEA was found to enhance dose-dependently the expression of PARP-1 (Fig 5A

and 5B), another enzyme that plays a major role in the execution of apoptosis. The increase in

expression was also accompanied by cleavage of PARP-1, thereby suggesting the role of active

caspase-3 in monitoring the activity of PARP-1 (Fig 5A and 5B). These data indicate that DEA

predominantly activates apoptotic cell death through several pathways, which can be an advan-

tage in cancer therapy, where it is possible that one or two pathways can be mutated during

the development of cytostatic resistance.

Effect of DEA on BMI1 protein expression

Novel studies are suggesting that BMI1 is involved in the proliferation, senescence and migra-

tion of cancer and self-renewal of cancer stem cells (CSCs). BMI1 was highly expressed in the

T24 bladder cancer cell line and it has been shown to be associated with a very poor prognosis

in bladder cancer patients. We analyzed the effect of DEA on the expression of BMI1 and

found a concentration-dependent decrease (Fig 6A).

Effect of DEA on cell cycle arrest

The effect of DEA on the cell cycle in T24 cells was studied at 10 μM DEA for 24 hours. Fig 6B

shows that the DEA treatment increases the percentage of cells in the G0/G1 phase from

46.27 ± 2.22% to 65.37 ± 3.58%. At the same time, the percentage of cells in the S phase

decreased from 17.66 ± 1.33% to 13.15 ± 2.11%; in addition, the percentage of cells in the G2/

M phase was also decreased in the control from 34.59 ± 1.89% to 20.27 ± 1.44% for DEA treat-

ment (Fig 6B). Our data indicate that DEA induces cell cycle arrest in the G0/G1 phase, which

can contribute to its cell death-inducing effect.

results are mean ± SD of three independent experiments performed in at least quadruplicate: *p < 0.05, **p < 0.01 and

***p < 0.001 compared to the control group.

https://doi.org/10.1371/journal.pone.0189470.g003
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Fig 4. Effect of DEA on activation of apoptosis in T24 cells. T24 cells were treated with increasing concentrations of

DEA for 24 hours to induce apoptosis, then stained with the Muse™ Annexin V & Dead Cell Reagent, and acquired on the

Muse™Cell Analyzer. (A) Graphs demonstrate the percentage of living (dark gray bars), early apoptotic (striped bars), late

apoptotic (white bars) and total apoptotic cells (light gray bars). Untreated cells served as controls. The results are

mean ± SD of three independent experiments performed in at least quadruplicate: *p < 0.05, **p < 0.01 and ***p < 0.001

compared to the corresponding control group. In order to investigate the fragmentation of nuclei in T24 cells we treated
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them with increasing concentrations of DEA for 24 hours. Apoptosis was assessed by Hoechst 33342 staining. (B)

Quantification of apoptotic cells was performed by taking the images in random fields and counting cells with strong

fluorescence, and condensed or fragmented nuclei. (C) The rate of nuclear fragmentation is also presented in bar

diagrams. Each column represents the average obtained from three independent experiments. Data are presented as the

mean ± SD, **p < 0.01, ***p < 0.001 compared to control.

https://doi.org/10.1371/journal.pone.0189470.g004

Fig 5. The effect of DEA on the expression of major apoptosis regulatory proteins in T24 cells. T24 cells were exposed to increasing

concentrations of DEA for 24-hour intervals. Equal amounts of lysate protein were subjected to gel electrophoresis. Expression levels of Bax, Bcl-2,

caspase-3 and PARP were monitored by immunoblot assay. GAPDH was used as loading control. The results are presented as representative

immunoblots (A) and densitometric analysis of immunoblots in bar diagrams (B). The results are mean ± SD of three independent experiments:

*p < 0.05, **p < 0.01 and ***p < 0.001 compared to the corresponding control group.

https://doi.org/10.1371/journal.pone.0189470.g005
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Effect of DEA on the AIF translocation to the nucleus

DEA was demonstrated to increase cytosolic free Ca2+ concentration [19,20], which, in turn,

can trigger apoptosis, by upregulating among other mechanisms AIF translocation to the

nucleus [21]. Accordingly, we treated T24 cells with increasing concentrations of DEA for 24

hours, isolated the nuclei and assessed AIF nuclear translocation by immunoblotting from the

nuclear fraction (Fig 7). Our results show that DEA increases AIF nuclear translocation in a

dose-dependent manner.

Fig 6. The effect of DEA on the expression of BMI1 and on the cell cycle in T24 cells. (A) T24 cells were exposed to increasing concentrations of

DEA for 24-hour intervals. Equal amounts of lysate protein were subjected to gel electrophoresis. Expression levels of BMI1 were monitored by

immunoblot assay. GAPDH was used as loading control. The results are presented as representative immunoblots and their densitometric analysis in

bar diagram. Data represent mean ± SD of three independent experiments: **p < 0.01 and ***p < 0.001 compared to the corresponding control group.

(B) T24 cells were treated with 10 μM of DEA for 24 hours. Cells were harvested, fixed with ethanol and stained with propidium iodide. DNA content

was determined using the Muse™Cell Analyzer. Graphs demonstrate the percentage of G0/G1phase (dark gray bars), S phase (striped bars) and G2/

M phase (white bars). Untreated cells served as controls. Each column represents the average obtained from three independent experiments. Data are

presented as the mean ± SD, ***p < 0.001 compared to control.

https://doi.org/10.1371/journal.pone.0189470.g006
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Effect of DEA on key signaling pathways

To contribute to a better understanding of the pro-apoptotic property of DEA, we analyzed

cytoprotective kinase pathways. Phosphorylation of Akt (protein kinase B) showed that DEA

decreases Akt phosphorylation and activation, which is shown by decreased phosphorylation

of its downstream target GSK-3β (Fig 8A and 8B). ERK1/2 is predominantly a cytoprotective

kinase and its phosphorylation is also reduced as a consequence of DEA treatment (Fig 8A and

8B). Thus, DEA inactivates Akt and ERK kinases in a concentration-dependent way, without

affecting their total protein levels; moreover, this effect of DEA can contribute to the activation

of DEA-induced cell death pathways in T24 cells.

Discussion

In spite of regular chemotherapy followed by radical cystectomy, the tumor cells frequently

recur and metastasis may develop [5,7,22]. Consequently, a novel therapeutic strategy is

urgently needed to improve the prognosis of patients with bladder cancer. In the current

study, we report the ability of DEA (Fig 1), the main metabolite of the antiarrhythmic drug

amiodarone, to inhibit growth and induce apoptosis in T24 cells. We found that DEA has sig-

nificant anti-proliferative and pro-apoptotic effects on T24 cells in vitro, which indicates its

potential as an antitumor agent for the treatment of bladder cancer (Figs 3 and 4).

Overexpression of the oncogene BMI1 in bladder cancer [23,24], and CSCs [25–27], as well

as in various other human cancers has been associated with aggressive tumor behavior and

poor outcome. According to the results of previous studies, expression levels of BMI1 in inva-

sive bladder cancer were significantly higher than those detected in superficial bladder cancer,

thereby showing a strong correlation with the clinicopathological features of this cancer type.

Modulation of the PI3K/Akt pathway has been shown to play a role in cancer cell progression

induced by BMI1 [28]. Cell cycle dysregulation due to mutations in one or more tumor-sup-

pressor genes like p53, p14, p16 and retinoblastoma promotes tumorigenesis [29–32]. G1

phase transition during the cell cycle, governed by D-type cyclins, cyclin E, CDK4/6, CDK

inhibitors including p16 and p14, and retinoblastoma protein [33–35], is the most effective tar-

get of antitumor agents. BMI1 is involved in the chemoresistance of tumor cells through its

Fig 7. Effect of DEA on the AIF translocation to the nucleus. In order to investigate the Ca2+-dependent nuclear translocation of AIF, we treated

T24 cells with increasing concentrations of DEA for 24 hours, then we isolated the nuclei. Equal amounts of nuclear fraction protein lysates were

subjected to gel electrophoresis. The expression level of AIF was monitored by immunoblot assay. HH1 was used as loading control. The results are

presented as representative immunoblots (A) and densitometric analysis of immunoblots in bar diagrams (B). The results are mean ± SD of three

independent experiments: **p < 0.01 and ***p < 0.001 compared to the corresponding control group.

https://doi.org/10.1371/journal.pone.0189470.g007
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downstream target ink-14-arf that encodes the tumor suppressor proteins p16 and p14

[28,36].

DEA induced a decrease of BMI1 expression followed by a G0/G1 phase accumulation (Fig

6) accompanied by cell death and increased AnnexinV/PI incorporation, suggesting that G0/

G1 phase arrest is related to cell death. Because the p53 gene is mutated in T24 cells [37,38], it

is likely that the induction of G1 phase arrest is mediated through p21, in a p53-independent

fashion [37]. According to our results, treatment with DEA was able to promote the inhibition

of cell proliferation by G1/G0 cell cycle arrest (Fig 6). There is a lot of evidence indicating that

G1/G0 arrest occurs in the early steps of apoptosis in different cancer cells following different

treatments [39,40].

The balance between apoptosis and cell proliferation determines the rate of tumor progres-

sion [17]. Chemotherapy may induce cell cycle arrest and cellular apoptosis in tumor cells,

thereby reducing the tumor.

Fig 8. Effect of DEA on Akt, GSK-3β and ERK pathways in T24 cells. T24 cells were treated with increasing concentrations of DEA for 6 hours as

indicated. Total cell extracts were analyzed by immunoblotting utilizing anti-total ERK1/2 (ERK), anti-p-ERK1/2 (pERK), anti-Akt (t-Akt), anti-phospho-

Akt (p-Akt), anti-GSK (GSK) and anti-phospho-GSK (p-GSK) primary antibodies. The results are presented as representative immunoblots (A) and

densitometric analysis of immunoblots in bar diagrams (B). The results are mean ± SD of three independent experiments: *p < 0.05, **p < 0.01 and

***p < 0.001 compared to the corresponding control group.

https://doi.org/10.1371/journal.pone.0189470.g008
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Ras genes have several mutations that can be detected in the process of tumor formation

[41,42]. A transitional cell carcinoma of the human urinary bladder predominantly contains

H-ras mutations [41]. Signaling pathways leading to ERK are frequently hyperactivated in sev-

eral tumor cells, which are frequently the consequence of Ras mutation [43]. The ras oncogenic

protein overexpressed in T24 cell lines is a common upstream activator of the Raf/MEK/ERK

and PI3K/Akt signaling pathways [44–47].

DEA was demonstrated to increase intracellular Ca2+ both in the absence and presence of

extracellular Ca2+, indicating that the [Ca2+]i had originated from extracellular, endoplasmic

reticular and mitochondrial pools [20]. Additionally, increased [Ca2+]i was reported to activate

various pro-apoptotic signaling pathways [21]. In complete agreement with these results, we

found that DEA induced nuclear translocation of AIF in a concentration-dependent manner

(Fig 7). However because of the complex mechanism of DEA’s effect on [Ca2+]i, we could not

determine whether increased [Ca2+]i caused or merely accompanied DEA-induced AIF

nuclear translocation. For the same reason, it was hard to see whether or not DEA’s effect on

various kinase signaling systems involved its effect on [Ca2+]i. Compounds targeting ERK sig-

naling, like Raf or MEK inhibitors, lead to significant improvements in different tumor types

[43,48]. In many cases, initial response rates decrease with the progression of the disease, and

the inhibitors somehow become ineffective, inhibiting the ERK pathway and inducing cell

death [48]. Therefore, finding new molecules that inhibit the ERK pathway through different

mechanisms can involve novel innovative approaches to targeting the ERK pathway. Since the

ERK signaling pathway is known to play a critical role in cellular proliferation, we determined

whether DEA inhibits cell growth via the regulation of the ERK pathway in T24 cells. DEA sig-

nificantly inhibited ERK phosphorylation (Fig 8). As ERK is a major mitogenic signal, inacti-

vation of the ERK pathway by DEA appears to be accountable for its anti-proliferative effect.

By inhibiting the ERK pathway, DEA can provide a new way to scope ERK overactivated

tumors, and can lead to a new tumor therapy against tumor resistance and metastasis

formation.

The PI3K/Akt pathway is also known to be important in cell proliferation and survival [49]

and the activity of Akt is often altered in human malignancies [50]. This pathway, like the ERK

cascade, contributes to the regulation of many proteins involved in apoptosis [47]. In our

study, we observed a significant decrease in the phosphorylation of Akt (Fig 8).

Akt triggers the phosphorylation/inactivation of GSK-3β Ser9, which inhibits the degrada-

tion of GSK-3β target β-catenin [51], leading to increased nuclear translocation of β-catenin

and stimulation of cell proliferation and survival [52]. We therefore determined whether

DEA-induced decreased Akt phosphorylation leads to changes in GSK-3β phosphorylation in

T24 cells. Indeed, we found that decreased Akt phosphorylation after treatment with 10–

15 μM DEA was paralleled by decreased GSK-3β phosphorylation at Ser9 (Fig 8).

It has been shown that ERK and Akt activation contributes to survivin expression and to

metastatic progression; therefore, inhibition of both the ERK and Akt pathways would reduce

cytostatic resistance and metastatic progression [53]. DEA, by inhibiting both kinases (Fig 8),

inducing apoptosis (Figs 4 and 5) and reducing colony formation (Fig 3), can be a potential

candidate for preventing the formation of metastasis and can overcome cytostatic resistance. It

has been shown that inhibition of the ERK and Akt pathways leads to blocking autophagy and

activates cell death [54].

In conclusion, DEA induces tumor cell apoptosis through multiple pathways, including cell

cycle arrest, AIF nuclear translocation, PARP-1 cleavage, activation of the Bax/Bcl-2 ratio, cas-

pase-3 activation, and inhibition of the ERK and Akt cytoprotective pathways (Fig 9). This

wide range of pathways contributes to its cell death-inducing effects, indicating that DEA can

be applied in tumor therapy in cytostatic-resistant tumor cells when apoptotic pathways are
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mutated. These data show that DEA is a novel anti-cancer agent, with multiple cell death-

inducing effects and metastatic potential. Our findings recommend further evaluation of its

effects in clinics.

Author Contributions

Conceptualization: Zita Bognar, Ferenc Gallyas, Jr., Balazs Sumegi, Arpad Szanto.

Data curation: Rita Bognar.

Formal analysis: Rita Bognar, Nelli Farkas.

Investigation: Zita Bognar, Katalin Fekete, Csenge Antus, Eniko Hocsak, Antal Tapodi, Arpad

Boronkai, Nelli Farkas.

Methodology: Zita Bognar, Katalin Fekete, Csenge Antus, Eniko Hocsak, Arpad Boronkai,

Nelli Farkas, Ferenc Gallyas, Jr., Balazs Sumegi, Arpad Szanto.

Supervision: Ferenc Gallyas, Jr., Balazs Sumegi, Arpad Szanto.

Fig 9. DEA induces tumor cell apoptosis through multiple pathways.

https://doi.org/10.1371/journal.pone.0189470.g009

Desethylamiodarone induces apoptosis on T24 human bladder cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0189470 December 8, 2017 15 / 18

https://doi.org/10.1371/journal.pone.0189470.g009
https://doi.org/10.1371/journal.pone.0189470


Writing – original draft: Zita Bognar, Katalin Fekete, Csenge Antus, Eniko Hocsak, Rita Bog-

nar, Antal Tapodi, Arpad Boronkai, Nelli Farkas, Ferenc Gallyas, Jr., Balazs Sumegi, Arpad

Szanto.

Writing – review & editing: Zita Bognar, Ferenc Gallyas, Jr., Balazs Sumegi, Arpad Szanto.

References

1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM (2010) Estimates of worldwide burden of

cancer in 2008: GLOBOCAN 2008. Int J Cancer 127: 2893–2917. https://doi.org/10.1002/ijc.25516

PMID: 21351269

2. Ploeg M, Aben KK, Kiemeney LA (2009) The present and future burden of urinary bladder cancer in the

world. World J Urol 27: 289–293. https://doi.org/10.1007/s00345-009-0383-3 PMID: 19219610

3. Burger M, Catto JW, Dalbagni G, Grossman HB, Herr H, Karakiewicz P, et al. (2013) Epidemiology and

risk factors of urothelial bladder cancer. Eur Urol 63: 234–241. https://doi.org/10.1016/j.eururo.2012.

07.033 PMID: 22877502

4. Bosetti C, Bertuccio P, Chatenoud L, Negri E, La Vecchia C, Levi F (2011) Trends in mortality from uro-

logic cancers in Europe, 1970–2008. Eur Urol 60: 1–15. https://doi.org/10.1016/j.eururo.2011.03.047

PMID: 21497988

5. Hall MC, Chang SS, Dalbagni G, Pruthi RS, Seigne JD, Skinner EC, et al. (2007) Guideline for the man-

agement of nonmuscle invasive bladder cancer (stages Ta, T1, and Tis): 2007 update. J Urol 178:

2314–2330. https://doi.org/10.1016/j.juro.2007.09.003 PMID: 17993339

6. Efstathiou JA, Spiegel DY, Shipley WU, Heney NM, Kaufman DS, Niemierko A, et al. (2012) Long-term

outcomes of selective bladder preservation by combined-modality therapy for invasive bladder cancer:

the MGH experience. Eur Urol 61: 705–711. https://doi.org/10.1016/j.eururo.2011.11.010 PMID:

22101114

7. Sternberg CN, Donat SM, Bellmunt J, Millikan RE, Stadler W, De Mulder P, et al. (2007) Chemotherapy

for bladder cancer: treatment guidelines for neoadjuvant chemotherapy, bladder preservation, adjuvant

chemotherapy, and metastatic cancer. Urology 69: 62–79. https://doi.org/10.1016/j.urology.2006.10.

041 PMID: 17280909

8. Deng P, You T, Chen X, Yuan T, Huang H, Zhong D (2011) Identification of amiodarone metabolites in

human bile by ultraperformance liquid chromatography/quadrupole time-of-flight mass spectrometry.

Drug Metab Dispos 39: 1058–1069. https://doi.org/10.1124/dmd.110.037671 PMID: 21398391

9. Soyama A, Hanioka N, Saito Y, Murayama N, Ando M, Ozawa S, et al. (2002) Amiodarone N-deethyla-

tion by CYP2C8 and its variants, CYP2C8*3 and CYP2C8 P404A. Pharmacol Toxicol 91: 174–178.

PMID: 12530467

10. Pallandi RT, Campbell TJ (1987) Resting, and rate-dependent depression of Vmax of guinea-pig ven-

tricular action potentials by amiodarone and desethylamiodarone. Br J Pharmacol 92: 97–103. PMID:

3664094

11. Varro A, Virag L, Papp JG (1996) Comparison of the chronic and acute effects of amiodarone on the cal-

cium and potassium currents in rabbit isolated cardiac myocytes. Br J Pharmacol 117: 1181–1186.

PMID: 8882613

12. Holt DW, Tucker GT, Jackson PR, Storey GC (1983) Amiodarone pharmacokinetics. Am Heart J 106:

840–847. PMID: 6613830

13. Adams PC, Holt DW, Storey GC, Morley AR, Callaghan J, Campbell RW (1985) Amiodarone and its

desethyl metabolite: tissue distribution and morphologic changes during long-term therapy. Circulation

72: 1064–1075. PMID: 3930086

14. Daniels JM, Brien JF, Massey TE (1989) Pulmonary fibrosis induced in the hamster by amiodarone and

desethylamiodarone. Toxicol Appl Pharmacol 100: 350–359. PMID: 2781562

15. Brien JF, Jimmo S, Brennan FJ, Ford SE, Armstrong PW (1987) Distribution of amiodarone and its

metabolite, desethylamiodarone, in human tissues. Can J Physiol Pharmacol 65: 360–364. PMID:

3580958

16. Kannan R, Sarma JS, Guha M, Venkataraman K (1989) Tissue drug accumulation and ultrastructural

changes during amiodarone administration in rats. Fundam Appl Toxicol 13: 793–803. PMID: 2620796

17. Pucci B, Kasten M, Giordano A (2000) Cell cycle and apoptosis. Neoplasia 2: 291–299. PMID:

11005563

18. Varbiro G, Toth A, Tapodi A, Bognar Z, Veres B, Sumegi B, et al. (2003) Protective effect of amiodarone

but not N-desethylamiodarone on postischemic hearts through the inhibition of mitochondrial

Desethylamiodarone induces apoptosis on T24 human bladder cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0189470 December 8, 2017 16 / 18

https://doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269
https://doi.org/10.1007/s00345-009-0383-3
http://www.ncbi.nlm.nih.gov/pubmed/19219610
https://doi.org/10.1016/j.eururo.2012.07.033
https://doi.org/10.1016/j.eururo.2012.07.033
http://www.ncbi.nlm.nih.gov/pubmed/22877502
https://doi.org/10.1016/j.eururo.2011.03.047
http://www.ncbi.nlm.nih.gov/pubmed/21497988
https://doi.org/10.1016/j.juro.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17993339
https://doi.org/10.1016/j.eururo.2011.11.010
http://www.ncbi.nlm.nih.gov/pubmed/22101114
https://doi.org/10.1016/j.urology.2006.10.041
https://doi.org/10.1016/j.urology.2006.10.041
http://www.ncbi.nlm.nih.gov/pubmed/17280909
https://doi.org/10.1124/dmd.110.037671
http://www.ncbi.nlm.nih.gov/pubmed/21398391
http://www.ncbi.nlm.nih.gov/pubmed/12530467
http://www.ncbi.nlm.nih.gov/pubmed/3664094
http://www.ncbi.nlm.nih.gov/pubmed/8882613
http://www.ncbi.nlm.nih.gov/pubmed/6613830
http://www.ncbi.nlm.nih.gov/pubmed/3930086
http://www.ncbi.nlm.nih.gov/pubmed/2781562
http://www.ncbi.nlm.nih.gov/pubmed/3580958
http://www.ncbi.nlm.nih.gov/pubmed/2620796
http://www.ncbi.nlm.nih.gov/pubmed/11005563
https://doi.org/10.1371/journal.pone.0189470


permeability transition. J Pharmacol Exp Ther 307: 615–625. https://doi.org/10.1124/jpet.103.053553

PMID: 12970391

19. Grossmann M, Dobrev D, Himmel HM, Kirch W (2000) Local venous response to N-desethylamiodar-

one in humans. Clin Pharmacol Ther 67: 22–31. https://doi.org/10.1067/mcp.2000.103822 PMID:

10668850

20. Himmel HM, Dobrev D, Grossmann M, Ravens U (2000) N-desethylamiodarone modulates intracellular

calcium concentration in endothelial cells. Naunyn Schmiedebergs Arch Pharmacol 362: 489–496.

PMID: 11138840

21. Monni L, Ghezzi F, Corsini S, Nistri A (2017) Neurotoxicity of propofol on rat hypoglossal motoneurons

in vitro. Neurosci Lett 655: 95–100. https://doi.org/10.1016/j.neulet.2017.06.040 PMID: 28676256

22. Joshi A, Preslan E (2011) Risk factors for bladder cancer: challenges of conducting a literature search

using PubMed. Perspect Health Inf Manag 8: 1e.

23. Itahana K, Dimri GP (2010) Can BMI-1 be a biomarker of poor prognosis? Epigenomics 2: 609–610.

PMID: 22122046

24. Qin ZK, Yang JA, Ye YL, Zhang X, Xu LH, Zhou FJ, et al. (2009) Expression of Bmi-1 is a prognostic

marker in bladder cancer. BMC Cancer 9: 61. https://doi.org/10.1186/1471-2407-9-61 PMID:

19228380

25. Chiba T, Miyagi S, Saraya A, Aoki R, Seki A, Morita Y, et al. (2008) The polycomb gene product BMI1

contributes to the maintenance of tumor-initiating side population cells in hepatocellular carcinoma.

Cancer Res 68: 7742–7749. https://doi.org/10.1158/0008-5472.CAN-07-5882 PMID: 18829528

26. Leung C, Lingbeek M, Shakhova O, Liu J, Tanger E, Saremaslani P, et al. (2004) Bmi1 is essential for

cerebellar development and is overexpressed in human medulloblastomas. Nature 428: 337–341.

https://doi.org/10.1038/nature02385 PMID: 15029199

27. Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P, et al. (2007) Identification

of a subpopulation of cells with cancer stem cell properties in head and neck squamous cell carcinoma.

Proc Natl Acad Sci U S A 104: 973–978. https://doi.org/10.1073/pnas.0610117104 PMID: 17210912

28. Bhattacharya R, Mustafi SB, Street M, Dey A, Dwivedi SK (2015) Bmi-1: At the crossroads of physiolog-

ical and pathological biology. Genes Dis 2: 225–239. https://doi.org/10.1016/j.gendis.2015.04.001

PMID: 26448339

29. Cordon-Cardo C, Zhang ZF, Dalbagni G, Drobnjak M, Charytonowicz E, Hu SX, et al. (1997) Coopera-

tive effects of p53 and pRB alterations in primary superficial bladder tumors. Cancer Res 57: 1217–

1221. PMID: 9102201

30. Esrig D, Elmajian D, Groshen S, Freeman JA, Stein JP, Chen SC, et al. (1994) Accumulation of nuclear

p53 and tumor progression in bladder cancer. N Engl J Med 331: 1259–1264. https://doi.org/10.1056/

NEJM199411103311903 PMID: 7935683

31. Grossman HB, Liebert M, Antelo M, Dinney CP, Hu SX, Palmer JL, et al. (1998) p53 and RB expression

predict progression in T1 bladder cancer. Clin Cancer Res 4: 829–834. PMID: 9563875

32. Malats N, Bustos A, Nascimento CM, Fernandez F, Rivas M, Puente D, et al. (2005) P53 as a prognos-

tic marker for bladder cancer: a meta-analysis and review. Lancet Oncol 6: 678–686. https://doi.org/10.

1016/S1470-2045(05)70315-6 PMID: 16129368

33. Dobashi Y, Takehana T, Ooi A (2003) Perspectives on cancer therapy: cell cycle blockers and perturba-

tors. Curr Med Chem 10: 2549–2558. PMID: 14529470

34. Paternot S, Bockstaele L, Bisteau X, Kooken H, Coulonval K, Roger PP (2010) Rb inactivation in cell

cycle and cancer: the puzzle of highly regulated activating phosphorylation of CDK4 versus constitu-

tively active CDK-activating kinase. Cell Cycle 9: 689–699. https://doi.org/10.4161/cc.9.4.10611 PMID:

20107323

35. Shapiro GI, Harper JW (1999) Anticancer drug targets: cell cycle and checkpoint control. J Clin Invest

104: 1645–1653. https://doi.org/10.1172/JCI9054 PMID: 10606615

36. Goebl MG (1991) The bmi-1 and mel-18 gene products define a new family of DNA-binding proteins

involved in cell proliferation and tumorigenesis. Cell 66: 623. PMID: 1823128

37. Cooper MJ, Haluschak JJ, Johnson D, Schwartz S, Morrison LJ, Lippa M, et al. (1994) p53 mutations in

bladder carcinoma cell lines. Oncol Res 6: 569–579. PMID: 7787250

38. Rajesh D, Schell K, Verma AK (1999) Ras mutation, irrespective of cell type and p53 status, determines

a cell’s destiny to undergo apoptosis by okadaic acid, an inhibitor of protein phosphatase 1 and 2A. Mol

Pharmacol 56: 515–525. PMID: 10462539

39. Park HS, Kim GY, Nam TJ, Deuk Kim N, Hyun Choi Y (2011) Antiproliferative activity of fucoidan was

associated with the induction of apoptosis and autophagy in AGS human gastric cancer cells. J Food

Sci 76: T77–83. https://doi.org/10.1111/j.1750-3841.2011.02099.x PMID: 21535865

Desethylamiodarone induces apoptosis on T24 human bladder cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0189470 December 8, 2017 17 / 18

https://doi.org/10.1124/jpet.103.053553
http://www.ncbi.nlm.nih.gov/pubmed/12970391
https://doi.org/10.1067/mcp.2000.103822
http://www.ncbi.nlm.nih.gov/pubmed/10668850
http://www.ncbi.nlm.nih.gov/pubmed/11138840
https://doi.org/10.1016/j.neulet.2017.06.040
http://www.ncbi.nlm.nih.gov/pubmed/28676256
http://www.ncbi.nlm.nih.gov/pubmed/22122046
https://doi.org/10.1186/1471-2407-9-61
http://www.ncbi.nlm.nih.gov/pubmed/19228380
https://doi.org/10.1158/0008-5472.CAN-07-5882
http://www.ncbi.nlm.nih.gov/pubmed/18829528
https://doi.org/10.1038/nature02385
http://www.ncbi.nlm.nih.gov/pubmed/15029199
https://doi.org/10.1073/pnas.0610117104
http://www.ncbi.nlm.nih.gov/pubmed/17210912
https://doi.org/10.1016/j.gendis.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/26448339
http://www.ncbi.nlm.nih.gov/pubmed/9102201
https://doi.org/10.1056/NEJM199411103311903
https://doi.org/10.1056/NEJM199411103311903
http://www.ncbi.nlm.nih.gov/pubmed/7935683
http://www.ncbi.nlm.nih.gov/pubmed/9563875
https://doi.org/10.1016/S1470-2045(05)70315-6
https://doi.org/10.1016/S1470-2045(05)70315-6
http://www.ncbi.nlm.nih.gov/pubmed/16129368
http://www.ncbi.nlm.nih.gov/pubmed/14529470
https://doi.org/10.4161/cc.9.4.10611
http://www.ncbi.nlm.nih.gov/pubmed/20107323
https://doi.org/10.1172/JCI9054
http://www.ncbi.nlm.nih.gov/pubmed/10606615
http://www.ncbi.nlm.nih.gov/pubmed/1823128
http://www.ncbi.nlm.nih.gov/pubmed/7787250
http://www.ncbi.nlm.nih.gov/pubmed/10462539
https://doi.org/10.1111/j.1750-3841.2011.02099.x
http://www.ncbi.nlm.nih.gov/pubmed/21535865
https://doi.org/10.1371/journal.pone.0189470


40. Park HS, Hwang HJ, Kim GY, Cha HJ, Kim WJ, Kim ND, et al. (2013) Induction of apoptosis by fucoidan

in human leukemia U937 cells through activation of p38 MAPK and modulation of Bcl-2 family. Mar

Drugs 11: 2347–2364. https://doi.org/10.3390/md11072347 PMID: 23880928

41. Bos JL (1989) ras oncogenes in human cancer: a review. Cancer Res 49: 4682–4689. PMID: 2547513

42. Vojtek AB, Der CJ (1998) Increasing complexity of the Ras signaling pathway. J Biol Chem 273:

19925–19928. PMID: 9685325

43. Robert G, Jullian V, Jacquel A, Ginet C, Dufies M, Torino S, et al. (2012) Simalikalactone E (SkE), a

new weapon in the armamentarium of drugs targeting cancers that exhibit constitutive activation of the

ERK pathway. Oncotarget 3: 1688–1699. https://doi.org/10.18632/oncotarget.791 PMID: 23518796

44. Ramos JW (2008) The regulation of extracellular signal-regulated kinase (ERK) in mammalian cells. Int

J Biochem Cell Biol 40: 2707–2719. https://doi.org/10.1016/j.biocel.2008.04.009 PMID: 18562239

45. Li C, Teng RH, Tsai YC, Ke HS, Huang JY, Chen CC, et al. (2005) H-Ras oncogene counteracts the

growth-inhibitory effect of genistein in T24 bladder carcinoma cells. Br J Cancer 92: 80–88. https://doi.

org/10.1038/sj.bjc.6602272 PMID: 15611796

46. Yan J, Roy S, Apolloni A, Lane A, Hancock JF (1998) Ras isoforms vary in their ability to activate Raf-1

and phosphoinositide 3-kinase. J Biol Chem 273: 24052–24056. PMID: 9727023

47. Steelman LS, Chappell WH, Abrams SL, Kempf RC, Long J, Laidler P, et al. (2011) Roles of the Raf/

MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity to therapy-implica-

tions for cancer and aging. Aging (Albany NY) 3: 192–222.

48. Samatar AA, Poulikakos PI (2014) Targeting RAS-ERK signalling in cancer: promises and challenges.

Nat Rev Drug Discov 13: 928–942. https://doi.org/10.1038/nrd4281 PMID: 25435214

49. Johnstone RW, Ruefli AA, Lowe SW (2002) Apoptosis: a link between cancer genetics and chemother-

apy. Cell 108: 153–164. PMID: 11832206

50. Wu X, Obata T, Khan Q, Highshaw RA, De Vere White R, Sweeney C (2004) The phosphatidylinositol-

3 kinase pathway regulates bladder cancer cell invasion. BJU Int 93: 143–150. PMID: 14678387

51. Widelitz R (2005) Wnt signaling through canonical and non-canonical pathways: recent progress.

Growth Factors 23: 111–116. https://doi.org/10.1080/08977190500125746 PMID: 16019432

52. Cheng JQ, Lindsley CW, Cheng GZ, Yang H, Nicosia SV (2005) The Akt/PKB pathway: molecular tar-

get for cancer drug discovery. Oncogene 24: 7482–7492. https://doi.org/10.1038/sj.onc.1209088

PMID: 16288295

53. Ye Q, Cai W, Zheng Y, Evers BM, She QB (2014) ERK and AKT signaling cooperate to translationally

regulate survivin expression for metastatic progression of colorectal cancer. Oncogene 33: 1828–

1839. https://doi.org/10.1038/onc.2013.122 PMID: 23624914

54. Yao W, Yue P, Zhang G, Owonikoko TK, Khuri FR, Sun SY (2015) Enhancing therapeutic efficacy of

the MEK inhibitor, MEK162, by blocking autophagy or inhibiting PI3K/Akt signaling in human lung can-

cer cells. Cancer Lett 364: 70–78. https://doi.org/10.1016/j.canlet.2015.04.028 PMID: 25937299

Desethylamiodarone induces apoptosis on T24 human bladder cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0189470 December 8, 2017 18 / 18

https://doi.org/10.3390/md11072347
http://www.ncbi.nlm.nih.gov/pubmed/23880928
http://www.ncbi.nlm.nih.gov/pubmed/2547513
http://www.ncbi.nlm.nih.gov/pubmed/9685325
https://doi.org/10.18632/oncotarget.791
http://www.ncbi.nlm.nih.gov/pubmed/23518796
https://doi.org/10.1016/j.biocel.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18562239
https://doi.org/10.1038/sj.bjc.6602272
https://doi.org/10.1038/sj.bjc.6602272
http://www.ncbi.nlm.nih.gov/pubmed/15611796
http://www.ncbi.nlm.nih.gov/pubmed/9727023
https://doi.org/10.1038/nrd4281
http://www.ncbi.nlm.nih.gov/pubmed/25435214
http://www.ncbi.nlm.nih.gov/pubmed/11832206
http://www.ncbi.nlm.nih.gov/pubmed/14678387
https://doi.org/10.1080/08977190500125746
http://www.ncbi.nlm.nih.gov/pubmed/16019432
https://doi.org/10.1038/sj.onc.1209088
http://www.ncbi.nlm.nih.gov/pubmed/16288295
https://doi.org/10.1038/onc.2013.122
http://www.ncbi.nlm.nih.gov/pubmed/23624914
https://doi.org/10.1016/j.canlet.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/25937299
https://doi.org/10.1371/journal.pone.0189470

