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1 Abbreviations 

o AM   Amiodarone 

o DEA   Desethylamiodaron 

o BCL-2   B-Cell Lymphoma 2 

o BH3   BCL-2 Homology 3 

o AIF   Apoptotic Inducing Factor 

o ROS   Reactive Oxygen Species  

o Ca2   Calcium  

o Cyt c   Cytochrome C 

o NMSC   Non-Melanoma Skin Cancer 

o UV   Ultraviolet 

o BRAF   Serine/threonine-protein kinase 

o MAPK   Mitogen-Activated Protein Kinase 

o DTIC   Dacarbazine 

o TMZ   Temozolomide 

o PD-1   Programmed Cell Death Receptor Protein 1 

o PD-L1   Programmed Cell Death Receptor Protein 1 Ligand 

o BC   Breast Cancer 

o PR   Progesterone Receptor 

o ER   Estrogen Receptor 

o HR+   Hormone Receptor-Positive 

o TNBC   Triple Negative Breast Cancer 

o PI3KCA  Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic  

   Subunit Alpha 

o SMIs   Small Molecule Inhibitors 

o MAbs   Monoclonal Antibodies 

o COX-2   Cyclooxygenase-2 

o NFκB   Nuclear Factor κB 

o mtDNA  Mitochondrial DNA  

o OMM    Outer Mitochondrial Membrane 

o MOMP  Mitochondrial Outer Membrane Permeabilization 

o IMM   Inner Mitochondrial Membrane 

o ATP   Adenosine Triphosphate  

o OXPHOS  Oxidative Phosphorylation 

o NADPH  Nicotinamide Adenine Dinucleotide Phosphate 

o TKI   Tyrosine Kinase Inhibitor 

o FDA   US Food and Drug Administration 

o IMS   Mitochondrial Intermembrane Space 

o APAF1  Apoptotic Peptidase Activating Factor 1 
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o SMAC   Second Mitochondrial Activator of Caspases 

o XIAP   X-Linked Inhibitor of Apoptosis 

o PARP-1  Poly (ADP-ribose) Polymerase-1 

o ΔΨm    Mitochondrial Membrane Potential 

o mPT   Mitochondrial Permeability Transition 

o MFN1   Mitofusion-1 

o MFN2   Mitofusion-2 

o OPA1   Optic Atrophy-1 

o OMA1   OMA1 Zinc Metalloendopeptidase 

o DRP1   Dynamin-Related Protein 1 

o Fis1   Fission Protein 1 

o AKAP1  A-Kinase Anchoring Protein 1 

o R-123   Rhodamine 123 

o PBS   Phosphate Buffer Saline 

o FBS   Fetal Bovine Serum 
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2 Introduction 

2.1 Cancer 

Cancer, one of the major health problems in the world, is the second leading cause of death 

worldwide following cardiovascular diseases. Approximately 1.9 million new cases and 600,000 

deaths were recorded by 2022 in the United States. In Hungary, more than 66,000 cases and over 

32,000 deaths were recorded by 2020, however, 27.5 million new cases predicted by 2040 

worldwide. Therefore, cancer is a serious health threat facing the humans. Unfortunately, cancer 

is a group of diseases where cells grow, change, and multiply out of control, at the tissue level, 

which makes it the major challenge for the specific diagnosis and treatment [1]–[4]. 

More than hundred types of tumors have been identified depending on the molecular and 

the anatomical composition of the tumor (Table 1) [2], [3]. In men, the most frequent types of 

cancer are prostate, lung, colon, urinary bladder, and melanoma cancer. In women, on the other 

hand, cancer prevalence is highest in breast, lung, colon, uterine corpus, and melanoma (Fig. 1) 

[3]. Different factors are involved in the initiation of cancers including, internal factors like 

hormones, genetics, and immune system conditions. Or/and external factors mainly known as 

carcinogens, which are a class of substances that affect DNA directly or indirectly such as, 

chemicals, asbestos, arsenic, radiations, tobacco, and others [3], [5]. In context of molecular 

biology, neoplasm is characterized by multi-genetic disorder starts by series of mutations affecting 

essential proteins, which are highly involved in the cell cycle. This in turn leads to uncontrolled 

cell growth and eventually metastasis. At this stage, tumor evades different organs where it is hard 

to control and can result in death [1]–[3], [5]. 

 

Table 1. Classifications of cancer types based on the anatomy [3] 

Based on Tissues Based on Organs 

Carcinomas:  this cancer begins in the skin or in tissues that line or cover internal 

organs. There are different subtypes, including adenocarcinoma, basal cell 

carcinoma, squamous cell carcinoma and transitional cell carcinoma 

Colorectal Cancer 

Sarcomas:  his cancer begins in the connective or supportive tissues such as bone, 

cartilage, fat, muscle or blood vessels 

Lung Cancer 

Lymphomas:  these cancers begin in the cells of the immune system . Liver Cancer 

Leukemia:  his is cancer of the white blood cells. It starts in the tissues that make 

blood cells such as the bone marrow. 

Stomach Cancer 

Adenomas: tumor that arise in the adrenal, pituitary gland, thyroid, and other 

glandular tissues. 

Cervical Cancer 

 Bladder Cancer 

 Esophageal Cancer 
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Generally, cancer is astatic disease, it evolves overtime gaining multiple mutations to keep 

it alive. Those mutations include constant activation of oncogenes that are responsible for cell 

division and growth, or else, the deactivation of tumor suppressor genes leading to uncontrolled 

cell division. Additionally, cancer cell circumvents negative cell proliferation pathways, mainly 

apoptosis. 

Through history, cancer therapies are being developed, and treatment decision is taken 

considering cancer type, location, size of the tumor, and the stage. Usually, the first therapy is 

chemotherapy or surgery, radiation, targeted, and/or immunotherapy [2], [3]. Additionally, among 

the new therapeutic approaches, targeted and immunological therapies are more effective since the 

target proteins are identified. Withal, cancer drug resistance is still increasing. 

2.1.1 Skin Cancer 

Skin is the organ that separates between the body and the environment. Human skin is made 

up from 3 main layers: the epidermis, dermis, and hypodermis [6]. Epidermis, the outermost layer, 

consists of different cell types including melanocytes and keratinocytes. Defect in those cell types 

can lead to different dermatologic diseases including skin cancer. Nearly half of all cancer patients 

in the United States were diagnosed with skin cancer, which makes it one of the most common 

types of cancer. Two main types of skin (neoplasm) cancer: melanoma and non-melanoma skin 

cancer (NMSC) [6], [7]. 

 

Figure 1: Cancer statistics 2022 [3]. 
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2.1.1.1 Non-Melanoma Skin Cancer (NMSC) 

NMSC is the keratinocyte cells’ originated skin cancer, almost 2-3 million new cases are 

reported yearly worldwide, which makes it one of the most diagnosed malignancies with 95% 

representation of all skin cancer cases. Two main subtypes of NMSC basal cell carcinoma (BCC) 

which is the most common type of NMSC accounts for 80-85% of all NMSC. BCC arises from 

the basal membrane of epidermis, and in most cases, it develops in head/neck regions, however, 

BCC is rarely metastasized [6], [8]. On the other hand, Squamous cell carcinoma (SCC), is more 

dangerous, tissue invasive, and fatal than BCC. Yet, it represents 15-20% of all NMSC. SCC 

originates from the epidermal keratinocytes. Unfortunately, SCC is one of the highly mutated 

tumors with 95% of SCC cases have P53 mutated gene [6], [8]. 

Clinically, NMSCs are treated by various options, more commonly by surgery through a 

radical excision that goes along with the hypodermis depth. However, if the radical excision is not 

applicable then other treatment options are available including cryotherapy, diathermia, and 

radiotherapy, among others [8]. 

2.1.1.2 Melanoma Skin Cancer 

Melanoma is the skin tumor of melanocytes, nearly 132,000 new cases yearly and it accounts 

for 4% of all skin cancer. However, 75% of total skin cancer deaths are caused by melanoma, 

which makes it the most lethal form of skin cancer, and one of the top six most common cancer-

related mortality worldwide. Metastatic melanoma, the most severe form of melanoma, has a very 

poor prognosis with 15.1% five-year survival rate. The main causes of melanoma are, sun 

(ultraviolet (UV)) exposure or/and genetic mutation inheritance, which accounts for 5-12% of all 

melanoma cases [6], [9], [10]. 

Melanocytes, the least abundant cells in the epidermis, are responsible for melanin 

production through keratinocyte’s activation in response to UV radiation preventing DNA damage 

which ultimately protects the development of melanoma skin neoplasm [6], [9]. Normally, UV 

radiation stimulates the production of α-melanocyte stimulating hormone (α-MSH) by 

keratinocytes, that binds to melanocortin 1 receptor (MC1R) on melanocytes to activate melanin 

synthesis. Melanin then shields and protect the nuclei from the mutagenic effects of UV radiation. 

Moreover, the coloration of the skin, eyes and the hair depend on melanin synthesis, which is 

mainly controlled by MC1R activity that is defined by its gene polymorphisms. Accordingly, fully 

functional MC1R lead to the black/brown eumelanin production, and so, the darker eumelanin the 

more functional MC1R the better UV protection. By contrast, less functional MC1R, produces the 

red/yellow pheomelanin, thus, the lighter pheomelanin the less MC1R function, therefore, more 

DNA mutations due to UV damage [6], [9]. 
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The most frequent mutated melanoma pathways are serine/threonine-protein kinase (BRAF), 

and mitogen-activated protein kinase (MAPK) pathway, which accounts for two third of melanoma 

mutations. More than 85% of BRAF mutations are BRAFV600E, which plays an important role 

in the activity of downstream MAPK signaling resulting in uncontrolled growth and proliferation. 

MAPK mutant pathways, however, play a major role in the development of resistance [8], [9]. 

Different chemotherapeutic agents are used as the first line therapy, mainly dacarbazine 

(DTIC), the most used drug, once metabolized in the body it generates active DNA-methylating 

carbenium ions. Temozolomide (TMZ), an alkylating agent, that needs no metabolic activation, 

induces single or double-strand DNA breaks, and inhibits DNA replication. As a targeted therapy, 

vemurafenib and dabrafenib are used as BRAF inhibitors. Likewise, the new immunological 

approaches with programmed cell death receptor protein 1 (PD-1) expressed by T-cells and its 

ligand (PD-L1) on malignant melanocytes, are also being used as a therapy by blocking PD-1 

receptor by pembrolizumab or nivolumab. Nonetheless, metastatic melanoma is still highly 

resistant to those agents [6], [8]–[11]. 

2.1.2 Breast Cancer 

Breast cancer (BC) refers to tumors initiated from breast tissue, usually from the lobules or 

the inner lining of milk ducts. Currently, BC is the most diagnosed cancer type among all cancer 

patients especially females. According to 2022 statistics in USA, BC is the 4th cause of cancer 

mortality worldwide in both genders, and the 2nd cause of cancer death among females (Fig. 1). 

BC accounts for more than 2.2 million new cases and approximately 685,000 new deaths [12]–

[14]. Early-stage BC, which is limited to the breast or spread to the axillary lymph nodes, is 

curable. Whereas advanced BC, characterized by metastases and invading surrounding organs, is 

not curable, yet treatable in terms of symptoms control and life prolongation. Several risk factors 

might lead to BC including gender, smoking, radiations, genetic history, genetic mutations, age, 

chemicals, drugs among others [12], [15]. 

BC is a heterogeneous characterized disease on the molecular level, where different 

biomarkers are identified considering the histological characteristics. Therefore, BC is classified 

as hormone receptor-positive (progesterone receptor (PR) or estrogen receptor (ER)-positive) and 

triple negative breast cancer (ER, PR, and human epidermal growth factor receptor-2 (HER2)-

negative) (Fig. 2) [12], [14], [16]. 
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Figure 2: Breast cancer subtypes [12]. 

 

2.1.2.1 Hormone Receptor-Positive 

Hormone receptor positive breast cancer (HR+ BC) represents nearly 65% of all breast 

cancer cases, 70-80% of them are ER-positive, of which 65% are also PR-positive. Unlike other 

types of neoplasms, HR+ BC prognosis for early stages is remarkably improved, which led to 

better effective treatments, and reduced death rate of advanced disease. Thus, HR+ BC death rates 

are falling quickly. Importantly, ER signaling plays an important role in ER+ BC therapy, where 

patient survival is improved. Accordingly, the most common therapy used is endocrine therapy by 

using fulvestrant (a selective ER degrader), tamoxifen (an ER inhibitor), or alpelisib (an α-specific 

PI3K inhibitor) in case of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

(PI3KCA) mutation which represents 40% of HR+ BC [12], [17]. 
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2.1.2.2 Triple Negative Breast Cancer 

Triple negative BC (TNBC) on the other hand, ER, PR, and HER2 negative, is 

characterized with metastatic patterns and more aggressive with poorer prognosis compared to 

HR+ BC. TNBC represents about 15-25% of all BC cases and almost 5% of all cancer-related 

deaths. TNBC is a highly heterogeneous disease, where six different subgroups, and four 

transcriptional subtypes were identified (Table 2). Due to the various molecular phenotypes, 

endocrine and targeted therapies are not sensitive in TNBC. Thus, chemotherapy with taxane and 

anthracycline-based treatment is the mainstream of TNBC treatment. Additionally, monoclonal 

antibodies (MAbs) are being used in combination with chemotherapy including ladiratuzumab, 

spartallizumab, and bevacizumab. Yet, the efficacy of chemotherapy is poor, and so TNBC is still 

one of the most resistant cancer types to drugs [12], [15], [18]. 

 

Table 2: TNBC subtypes and subgroups [15]. 
  

TNBC subtypes TNBC subgroups 

Basal 1 (BL1) Immunomodulatory 

Basal 2 (BL2) Luminal androgen receptor expression 

Mesenchymal Mesenchymal stem-like 

Luminal androgen receptor Mesenchymal-like 

 Basal-like 

 Unstable 
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2.2  Cancer treatment  

Recently, the main objective of cancer research and medical trials is to develop novel 

methods for cancer treatment, which comes after the extraordinary improvement towards 

understanding tumor developments and the molecular basis of the disease. Therefore, the choice 

of treatment and its progress depends on cancer type, location, size of the tumor, stage of 

progression, as well as the impact on non-tumor cells [2], [5], [19]. 

2.2.1 Radiation Therapy 

Radiotherapy uses high-energy beams to destroy cancer cells by damaging their DNA. 

Radiations mostly effect quickly growing and dividing cells, therefore radiotherapy effects mainly 

tumor cells since they grow and proliferate faster than normal cells. Besides, this therapy can help 

reduce, remove, or control tumor growth at specific sites [5]. 

2.2.2 Surgery 

Cancer surgery is a common treatment for different types of cancer, where the tumor mass 

is removed, if the tumor is found to be resectable. In most cases, the chance of cure after surgery 

is high, especially if the cancer is not metastasized to other site or organs in the body. Traditionally, 

surgery is being used to treat, however, it can be used to diagnose, relieve tumor’s side effects, or 

prevent cancer in some cases [5], [19]. 

2.2.3 Chemotherapy 

Chemotherapy is the most applied therapy after the diagnosis for cancer treatment before or 

after surgery. That was the case in the past and - in some countries - it is still the only option. 

Chemotherapy is the use of any anticancer (cytotoxic) drug (not specific). Usually, 

chemotherapeutics target cell’s DNA and/or processes important for cell division to kill rapid 

dividing tumor cells, including rapid dividing normal cells (in the skin, epithelial cells of the hair 

and the intestine, red and white blood cells, and others). Different groups of chemotherapeutics 

where classified depending on the modes of action including alkylating agents, topoisomerases, 

microtubule targeting agents, antimetabolites, and antibiotics [5], [19]–[21] 

The choice of drug depends on the type of cancer. Still, chemotherapy is the first line therapy 

for advanced tumor to slow down and inhibit the growth of tumor, shrink tumor size, and prolong 

the life of the patient, especially if the patient is diagnosed with a late stage. These combinations 

of drugs – chemotherapeutics - are given orally or usually intravenously so they circulate in the 

body and have a systemic effect reaching not only the tumor cells but also healthy cells. 

Unfortunately, these drugs have serious side effects including hair loss, loss of appetite, increased 

chance of infections, bleeding, nervous complications, and fatigue [5], [19]–[21]. Consequently, 

new therapies need to be developed to counter the side effects. It is also needed to increase the 
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specificity of the available therapeutic options. Thus, the current development and the use of MAbs 

or specific cell surface inhibitors are steps in that direction. 

2.2.4 Targeted and Immunotherapies 

Targeted therapy is the use of antibodies, small molecule inhibitors (SMIs) or oral drugs that 

somehow specific and more precise to tumor cells and have limited effects to normal cells. 

Immunotherapy, on the other hand, is based on the use of patient’s own natural defense system -

immune system- to fight off cancer. Nowadays, the most important type of immunotherapy is the 

checkpoint inhibitory MAbs, where the target is the immune-modulating mechanisms which is 

used by the tumor cells to escape the immune system. For example, cytotoxic T-lymphocyte-

associated antigen 4 (CTLA-4) and PD-1 with its ligand PDL-1. Accordingly, both therapies aim 

to treat and improve the overall survival of cancer patients [5], [21]. 

In fact, chemotherapeutic and targeted agents are used against cancer worldwide, 

nevertheless, no chemotherapy or targeted therapy is 100% effective since tumor cells evolve and 

gain resistance against the available drugs. At present, the evolution of monoclonal antibody or 

targeted therapy made the situation somewhat better mostly in developed countries. Yet, drug 

resistance to single-agent therapy, targeted and immunotherapies particularly, is still increasing 

[22]. 

2.3 Cancer Drug Resistance 

Positive results and responses have been detected in cancer patients after treated with 

chemotherapy, targeted, or/and immunotherapy. Still, for the average cancer patient, these positive 

results were for a limited period of time only, and after a while these therapies become ineffective. 

For others, the therapy had no effect at all, tumor cells start to escape and resist therapy agents 

(cytotoxic drugs of chemotherapy and targeted therapy) by different mechanisms which are in 

general called drug resistance [22], [23]. Two major types of resistance are known: the intrinsic 

and the acquired resistance. 

2.3.1 Intrinsic Resistance 

Intrinsic resistance, on the one hand, is the one that is already existed in cancer cells before 

therapy is started, like a mutation in certain genes. For instant, ceramide kinase (CERK) is a pro-

apoptotic lipid kinase that controls ceramide in the cells. However, it is believed to have the 

opposite function in TNBC, a high expression of CERK was reported in TNBC cases where it 

plays a role in cell survival and mammary tumor recurrence. Moreover, it promotes tumor 

migration and invasion through PI3K pathway activation [24]. 
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2.3.2 Acquired Resistance 

Acquired, also called secondary resistance, on the other hand is the process in which tumor 

cells gain anti-drug resistance due to the prolonged treatment with anticancer agents [22], [23]. 

This is the case where cancer cells show a positive response to therapies in the first stages of 

treatment. Indeed, in many cases, most tumor cells are killed, yet not all and the remaining cells 

that acquired specific anti-drug resistance during therapies will proliferate and grow to form a 

tumor that is no longer sensitive to the treatment [22], [23], [25]. 

2.3.3 Mechanisms of Cancer Drug Resistance. 

Gaining of secondary mutation is one of the various mechanisms that cancer develops to 

resist treatment. For example, vemurafenib is a melanoma targeted therapy agent that targets 

BRAF-V600E, reported cases showed acquired mutation in KRAS or/and MEK1 after 

vemurafenib treatment [22], [25]. Other mechanisms include alteration of drug targets, which can 

be done by different ways such as down-regulation of the gene responsible for the drug target, 

activation, or alteration of the signaling pathways of the target gene. For example, trastuzumab is 

a monoclonal antibody targets ERBB2 in ER+ BC, studies showed that BC trastuzumab-resistance 

increased through ERBB2 truncation, activation of another mutation like PI3KCA, or altering the 

signaling pathway of ERBB2 to ERBB3 or IGF1 [25]. 

Additionally, up-regulation of drug efflux pumps expression can also lead to multi-drug 

resistance. For example, a member of the ATP binding cassette drug transporter gene family, the 

ATP-binding cassette sub-family B member 1 (ABCB1) or P-glycoprotein (P-gp) belongs to multi-

drug resistance protein 1 (MDR1) which is a xenobiotic efflux pump that can export drugs out of 

the cells. This protein is found to be overexpressed in drug resistant cancer cells. In addition, 

increased DNA damage repair by different pathways, like nucleotide excision repair pathway 

through excision repair cross-complementation group 1 protein (ERCC1) can cause chemotherapy 

resistance. Other pathways like mismatch repair, base excision repair, non-homologous end-

joining, or homologous-recombination pathway can induce chemoresistance [23], [25]. 

2.3.3.1 Inflammation-Related Cancer Drug Resistance 

Immune system plays an important role in cancer treatment; however, inflammation can do 

completely the opposite through increasing tumor progression and drug resistance. Growing 

evidence have shown that chemotherapy-induced inflammation is one of the reasons for chemo-

resistance and metastasis in breast neoplasm. Hence, inflammation is considered as a key 

characteristic of cancer, especially chronic inflammation where the risk of malignancy is a typical 

sign. Indeed, cyclooxygenase-2 (COX-2) enzyme is one of the enzymes that leads to the 

transformation from acute to chronic inflammation upon treatment [26], [27]. 



Fad 

FADI H. J. RAMADAN 17 

 

COX-2 is a cyclooxygenases-member enzyme that metabolize arachidonic acid to 

prostaglandins including prostaglandin E2 (PGE2), which is an inflammation mediator. COX-2 

overexpression has been reported in more than 40% of breast cancer, as well as skin, lung, bone, 

including other neoplasms. Accordingly, cancer progression is linked with the constitutive 

expression of COX-2 and PGE2, within the activation of different factors and pathways such as 

vascular endothelial growth factor (VEGF), PI3K/AKT pathway, MAPK, anti-apoptotic pathway, 

nuclear factor κB (NFκB), and others, which in fact lead to increase tumor aggressiveness and 

cancer cell proliferation, angiogenesis, and therapy-resistance. Therefore, to overcome these 

complications; targeting COX-2 with celecoxib was suggested as a step in that direction [27], [28]. 

However, considering all mechanisms and factors for cancer drug resistance; apoptotic 

elusion plays a key role in cancer therapy resistance, since apoptotic evasion is one of the top 

hallmarks of neoplasm, especially intrinsic (mitochondrial) apoptosis. 

 

2.4 Mitochondria 

2.4.1 An Overview 

Mitochondria, known for centuries as the dynamic powerhouses of a cell, are considered one 

of the most important intercellular maternally inherited organelles of the cell. Since they have their 

own DNA called mitochondrial DNA (mtDNA), which provides them with the essential metabolic 

enzymes and proteins. Mitochondria are membrane-bound organelles that contain two major 

membranes, outer and inner membrane separated by intermembrane matrix. The outer 

mitochondrial membrane (OMM) contains protein-based pores for ions and large molecules 

passaging. Whereas the inner membrane is more restricted compartment mainly for electron 

transport chain where adenosine triphosphate (ATP) is generated. In addition, mitochondrial 

matrix holds citric acid cycle that produces electrons for electron transport chain. To summarize, 

mitochondria are essential organelles for ATP production, metabolic signaling, redox homeostasis, 

as well as proliferation and apoptotic pathway control. However, metabolic alterations in 

mitochondria are linked with multiple diseases including cancer [29], [30]. 

2.4.2 Mitochondria in Cancer 

Naturally, cells undergo oxidative phosphorylation (OXPHOS) to produce ATP molecules 

[30]. Whereas tumor cells use high amount of glucose, so they switch from OXPHOS to glycolysis, 

in which a glucose molecule degraded into two pyruvate molecules [31]. Then pyruvate is reduced 

to lactate in the absence of oxygen via an anaerobic glycolysis to give two ATP molecules, this 

process is called Warburg effect. Here the question arises, why glycolysis but not OXPHOS, 

considering the 18-fold difference in ATP production by OXPHOS. Different possible 

explanations, first, ATP production through glycolysis is much faster than that of OXPHOS, so 
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cancer cell overexpress hexokinase-2, lactate dehydrogenase (LDHA), and glucose transporters to 

increase glucose uptake. Which leads to the second reason, the accumulation of glycolytic 

intermediates because of the high glycolytic flux, meet the demands of rapid proliferation as well 

as chemo-resistance. For example, the accumulation of glycolytic intermediates enhances pentose 

phosphate pathway (PPP), where nicotinamide adenine dinucleotide phosphate (NADPH) is 

produced for the maintenance of sufficient levels of reduced form of glutathione [29]–[31]. 

Of note, mitochondria control the intrinsic apoptosis which is one of the most important 

pathways in the cell, especially for cancer cell. Where pro-apoptotic and anti-apoptotic proteins 

are downregulated and upregulated, respectively. Yet, tumor cells are more sensitive to apoptosis 

than normal cells. Hence, targeting mitochondria have become the novel strategies for anti-cancer 

drugs [30], [31]. 

2.4.3 Targeting Mitochondria 

Mitochondrial functions, such as bioenergetics, biosynthesis, and more importantly 

signaling pathways, are necessary for tumorigenesis. For that, targeting mitochondrial processes 

is the strategy nowadays for cancer treatment. Different mitochondrial compartments and contents 

are involved in the direct or indirect communication with other cell’s organelles and 

compartments. Throughout anterograde, where the signal comes from the cytosol to mitochondria, 

while retrograde represents the signal produced by mitochondria and transduced to cytosol [29]. 

The latter mode, retrograde, is of a great interest for researchers since the pro-apoptotic signal 

proteins and factors are transported form mitochondria to other compartments in the cell.  

The release of pro-apoptotic signal proteins from the mitochondria is mainly controlled by 

B-cell lymphoma 2 (BCL-2) family proteins. BCL2 gene discovery goes back to the chromosomal 

translocation at t(14;18) found in a patient’s follicular lymphoma cells [32]. The family contains 

two groups of proteins, pro-and-anti-apoptotic proteins. On the one hand, Pro-apoptotic family 

contains pore-formers such as BCL-2-associated X protein (BAX), BCL-2 antagonist killer 

1(BAK), and pro-apoptotic BCL-2 homology 3 (BH3)-only proteins including Bid and Bim among 

others. Overall, the activation of pro-apoptotic BCL-2 family triggers apoptosis. On the other hand, 

anti-apoptotic protein family BCL-2 and BCL-xl which are normally expressed to inhibit apoptosis 

activation [32] [33] 

2.4.4 Mitochondrial Apoptotic Pathways 

Apoptosis (programed cell death) is a highly regulated form of cell death to maintain a 

normal cell population, yet dysregulation in apoptotic pathways is carcinogenesis. Two main 

pathways of apoptosis: an intrinsic pathway, also called the mitochondrial apoptosis which 

involves different protein families including BCL-2, BH3-only proteins family, caspase-9, Akt, 

apoptotic inducing factor (AIF) and others. This type of apoptosis is induced by multiple signals 

such as DNA damage, loss of mitogens, increase reactive oxygen species (ROS) level, 
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chemotherapeutic agents, cytochrome C (Cyt c), and calcium (Ca2+) overload in mitochondria, 

among others. Intrinsic apoptosis depends mainly on OMM permeabilization which can lead to 

mitochondrial apoptotic death [29], [33]; therefore, we studied the effect of DEA on OMM 

integrity. When the OMM is intact, pro-apoptotic intermembrane proteins such as Cytochrom c 

(Cytc) and AIF are retained in the mitochondria. Anti-apoptotic of the BCL-2 family form 

heterodimers with pro-apoptotic members, thereby inactivating them. When the BCL-2-associated 

agonist of cell death (Bad) is dephosphorylated, it binds to anti-apoptotic BCL-2 family members, 

releasing the pro-apoptotic ones, which in turn dimerize with each other, translocate to the OMM, 

and permeabilize it. This leads to a release of the pro-apoptotic intermembrane proteins, eventually 

resulting in apoptotic cell death [33], [34]. A major mechanism of protection against apoptosis is 

the phosphorylation of Bad by the cytoprotective kinase Akt. Opa1 is an IMM-associated large 

GTPase protein that is present in the mitochondria only [34], [35]. Stimuli leading to OMM 

permeabilization and Cyt c release results also in release of Opa1 to the cytosol. 

Extrinsic pathway, on the other hand, involves cell surface death receptor FAS-associated 

death domain protein (FADD), or tumor necrosis factor (TNF) receptor members, by external 

signals like drugs, hormones, and/or pathogen effectors. Aiming to activate the downstream 

caspase-8 and bid protein. The latter protein can play a role in the crosstalk between the two 

apoptotic pathways. Accordingly, apoptosis of both pathways is initiated by the activation of 

down-stream of the executioner caspase-3 (Fig. 3) [33] 

Accordingly, intrinsic apoptosis can be induced throughout two main pathways: caspase-

dependent or/and caspase-independent apoptosis. In most cases, both pathways are initiated upon 

the activation of Bax/Bak by BH3-only family proteins mainly Bid or by self-activation. Normally, 

Bax is a monomer located in the cytosol, when activated by tBid, it oligomerizes and recruited to 

OMM. While Bak is already localized in the OMM as an inactive-complex form, it become active 

when it is released from the complex by tBid upon apoptosis. Therefore, truncation process of Bid 

is an important step for apoptotic pathways [33], [34]. 

Caspase-dependent mitochondrial-apoptosis is the pathway that mainly involves the initiator 

and the executioner caspases, caspase-9, 7, and caspase 3, respectively. This pathway is initiated 

by the permeabilization of the OMM (MOMP), which is induced by the activation of Bax/Bak by 

tBid and the inhibition of anti-apoptotic BCL-2/BCL-XL proteins. MOMP leads to the release of 

mitochondrial intermembrane space (IMS) proteins such as second mitochondrial activator of 

caspases (SMAC), Omi, AIF, and more importantly Cyt c. Accordingly, the release of SMAC and 

Omi to the cytosol counter-effect the activity X-linked inhibitor of apoptosis (XIAP), which is 

inhibiting caspases mainly caspase-9 and preventing it of forming apoptosome. The latter effect, 

apoptosome is a complex important for caspase-9 activation, it is formed by procaspase-9, Cyt c, 

and apoptotic peptidase activating factor 1 (APAF1). Once caspase-9 is activated; it cleaves and 

activates caspase-7, then cleaved caspase-7 cleaves caspase-3 which leads to apoptosis. Finally, 

Apoptotic body formation is the end-product of apoptosis (Fig. 3). Of note, cleaved caspase-3 
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translocates to the nucleus for poly (ADP-ribose) polymerase-1 (PARP-1)’s DNA damage-repair 

inhibition through cleaving PARP-1 [33], [34]. 

On the other hand, caspase-independent apoptotic pathway can be induced by two ways: 

First by IMS proteins release following MOMP, mainly AIF and endonuclease G (EndoG). AIF is 

the 2nd protein found to be released from mitochondria to the cytosol after being cleaved to become 

soluble protein. Then it translocates to nucleus where it leads to chromatin condensation and DNA 

fragmentation, the same goes for EndoG protein. Second way rely on mechanisms such as 

mitochondrial fragmentation as a result of mitochondrial dynamics dysfunction. Or mitochondrial 

matrix swelling due to mitochondrial permeability transition (mPT) pores opening. Nevertheless, 

both mechanisms can also play roles in caspase-dependent apoptosis. For example, mPTP is 

normally found closed in the IMM, increased Ca2 concentration in mitochondria or/and oxidative 

stress lead to mPTP opening. Followed by loss of mitochondrial membrane potential (ΔΨm), 

OMM rupture, mitochondrial matrix swelling. As well as IMS proteins release like AIF and EndoG 

which cause caspase-independent apoptosis, although Cyt c is also released by mPTP opening 

which is a key protein in caspase-dependent apoptosis. Of note, mPTP opening was reported to be 

one of the most important events of apoptosis, it was referred as the point-of-no-return [33], [34]. 

Figure 3: Apoptotic pathways [33]. 
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2.4.5 Mitochondrial Dynamics 

Mitochondria are highly dynamic organelles undergo continuous morphology changes to 

meet their cellular energy demands. The morphology -physiological- change processes are tightly 

controlled by mitochondrial fusion and fission to form long tubules or small units, respectively. 

Fusion, on the one hand, is important to keep the cell alive by increasing OXPHOS, ΔΨm, and 

keep cristae junction closed. More importantly, fusion allows for the complementation of damaged 

mtDNA as well as other contents like lipids and proteins. Mitochondrial fusion has two steps: 

fusion of the OMM by the interaction between mitofusion proteins (MFN1 and MFN2), and 

secondly the fusion of the IMM which is mediated by optic atrophy-1 (OPA1). Importantly, OPA1 

has two isoforms, large OPA1 controls cristae junctions to keep them closed. However, following 

MOMP, shorter isoform of OPA1 indicates cleavage of OPA1 by OMA1 zinc 

Metalloendopeptidase (OMA1), which results in dysregulation and opening of cristae junctions. 

Not to mention, more than 80% of Cyt c, among other pro-apoptotic proteins, is stored in cristae 

junctions. Thus, during apoptosis, tBid-triggered Bax/Bak activation associates with mitochondrial 

fusion reduction, mainly through MFN2 inhibition and OPA1 cleavage. Therefore, MFN1,2 

inhibition and OPA1 cleavage indicates loss of mitochondrial fusion which leads to IMS apoptotic 

proteins release and mitochondrial fragmentation which also could be called mitochondrial fission 

[34]. 

Fission, on the other hand, is the process where mitochondria split into parts mainly for 

cellular homeostasis maintenance by removing damaged mitochondria. In other words, fission play 

a key role in mitochondrial quality control. The process itself, is controlled by dynamin-related 

protein 1 (DRP1) and its receptors mitochondrial fission factors including mitochondrial fission 

protein 1 (Fis1) on the OMM [36], [37]. DRP1 is regulated by multiple proteins, mainly A-Kinase 

anchoring protein 1 (AKAP1), which is a scaffold protein that facilitates DRP1 phosphorylation 

at serine 637 by the interaction with cyclic adenosine 3’5’-monophosphate (cAMP)-dependent 

kinas A (PKA). This phosphorylation leads to the release of DRP1 from the OMM by inhibiting 

the oligomeric assembly of the protein, which eventually inhibits fission and induces 

mitochondrial elongation [38]. Nevertheless, during apoptosis, AKAP1 activity is inhibited and 

DRP1 is activated by the phosphorylation at serine 616 and/or serine 579, which indicate fission 

and fragmentation of mitochondria [36]–[38]. 

In the context of cancer, OPA1 is significantly overexpressed in many cancer types including 

TNBC. Indeed, as stated by previous studies [39], OPA1 regulates angiogenesis, which is essential 

for tumor growth, and lymphangiogenesis that is important for metastasis. So, deletion of OPA1 

curtails tumor metastasis and growth. Accordingly, huge work was put in together for finding a 

novel drug to target OPA1 in neoplasm. In fact, a selective OPA1 inhibitor, N- (1,5-dimethyl-3-

oxo-2-phenyl-2,3-dihydro-1H-pyrazol4-YL)-3-methyl-1-PH+ (MYLS22) was identified. Overall, 

MYLS22 is a first-in-class small molecule that target and inhibit OPA1, and trigger tumor growth 

inhibition [39]. 
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Figure 4: FDA approved small anti-cancer molecules in the past five years [40]. 

 

2.5 Small Molecules in Therapy  

In 2001, tyrosine kinase inhibitor (TKI) was the first small molecule to be approved by the 

US Food and Drug Administration (FDA) [41]. At present, 42 small anti-cancer molecules have 

been approved by the FDA (Fig. 4) [40]. Thereby, small molecules are in a great interest and 

demand for cancer treatment, despite the huge use and challenges by macromolecules especially 

monoclonal antibodies. Due to the advantages of small molecules: costs, pharmacokinetic 

properties, drug storage and transportation, patient compliance, absorption method, and more 

importantly their mood of action which is signal transduction inhibition. Furthermore, cell 

membrane and blood brain barrier penetration of small molecules are easier than macromolecules, 

which are the limitation of antibodies use [40], [41]. 
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2.6 Desethylamiodarone (DEA) 

Nowadays, small-molecule targeted drugs are in a great interest, due to their effectiveness, 

cost, storage, transportation, and pharmacokinetic properties [41]. Thereby, mono-N-desethyl 

amiodarone (Desethylamiodarone-DEA), a small pharmacological active compound, is the major 

metabolite of the widely used antiarrhythmic drug, Amiodaron (AM) [36], [42]. AM, (2-butyl-

3benzofuranyl 4-[2-(diethylamino_-ethoxy]-3,5diiodophenyl-ketone hydrochloride), is an FDA 

approved class III antiarrhythmic drug for variety of cardiac diseases including ventricular and 

supraventricular arrhythmias. Usually, AM is given orally to patients with a recommended 

therapeutic range of <5.7 μM, where its half-life is in the range of 14-59 days. AM metabolism 

takes place in the liver and in the gut wall by an oxidase-dependent oxidative de-ethylation reaction 

catalyzed by cytochrome p450 3A family (CYP3A) to give DEA (Fig. 5) [42]–[44]. 

Figure 5. Structure of Amiodarone and Desethylamiodarone[45] 

 

DEA has a similar electrophysiologic effects as AM, where both work on the prolongation 

of action potential duration by blocking -adrenergic receptors, sodium, and L-type calcium 

channels. Both AM and DEA are strongly bound to plasma proteins, However, DEA-serum level 

is higher than that of AM-serum level during long-term AM treatment 1.7-4.5 μM and 1.6-5.3 μM, 

respectively, as its elimination half-life is approximately 40 days. Moreover, in the context of 

treatment, DEA compared to AM is more toxic in-vitro, where AM’s activity triggers necrotic cell 

death, while DEA activates apoptotic pathways. Due to DEA’s lipophilic structure; it is highly 

accumulated (higher than AM) in skin, liver, lungs, myocardium, thyroid gland, pancreas, but not 

in adipose tissue. Different toxic side-effects (hepatic, dermatologic, cardiac, pulmonary, thyroid, 

ocular, etc.) limit long-term AM therapy, due to the fact that DEA and AM are highly concentrated 

in the tissues after AM treatment, which can be hundred to more than thousand times higher than 

that of the plasma concentration [10], [36], [43]. Thereby, based on the toxic effects of DEA and 

tissue accumulation properties, its potentiality in cancer therapy was proposed [10], [36], [43], 

[46], [47]. 
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3 Objectives  

Throughout history, neoplasm used to be primarily a disease of the minority, however, 

recently has become a leading cause of morbidity and mortality in the majority of human 

populations. Consequently, cancer research and treatment trials are constantly growing to design, 

identify, and describe targets, mechanisms, and pathways of different tumor types aiming for 

treatment. Indeed, in the light of these information provided by enormous number of cancer 

research, we aim to imply a DEA on multiple neoplasm types. The thesis is structured into two 

parts, which are closely related since they deal with experimental data about skin and breast cancer 

treatment. 

 

3.1 Our aims:  

-  To establish DEA’s potentiality in B16F10 metastatic melanoma cells including in-vivo 

lung metastasis formation, in-vitro cell viability, cell cycle arrest, apoptosis, Reactive 

Oxygen Species (ROS) formation, colony formation and mitochondrial processes, 

including mitochondrial respiratory chain, mitochondrial permeability transition (mPT), 

and mitochondrial membrane potential (∆Ψm). 

 

-  To study and compare the in-vitro cellular and mitochondrial effects of DEA on different 

BC cells. Including cell death, cell migration, mitochondrial respiratory chain, 

mitochondrial dynamics and fragmentation, mitochondrial membrane potential (∆Ψm). 

And possible TNBC DEA’s resistance mechanism. 
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4 Materials and Methods 

4.1 Materials 

Protease inhibitor cocktail and all chemicals for cell culture were purchased from Sigma-

Aldrich Kft (Budapest, Hungary). DEA was a gift from Professor Andras Varro (Department of 

Pharmacology and Pharmacotherapy, University of Szeged, Szeged, Hungary). The following 

primary antibodies were used: anti-Bad, anti–phospho-Bad (Ser136), anti- Akt, anti-phospho-Akt 

(Ser473), anti-AIF, anti-histonH1, anti-cytochrome C, anti–Opa1, anti-BCL-2, anti-Bax, anti-

caspase 3 (clone H-277), anti-poly (ADP-ribose) polymerase 1 (PARP-1), anti- p53, anti-p21, anti-

p27, anti-COX-2, anti-OPA1, anti-Mfn1, anti-Mfn2, anti-Drp1, anti-phospho-Drp1(Ser637), ant-

Fis1, anti-AKAP, anti-cyclin dependent kinase (CDK)2, anti-cyclin D1 (1:500 dilution), anti-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000, clone 6C5), and anti-actin 

(1:2000). All the antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA), 

but anti-GAPDH antibody was from EMD Millipore Bioscience (Darmstadt, Germany).  

4.2 Cell Culture 

B16F10 mouse metastatic melanoma, MCF-7 and 4T1 BC cell lines were obtained from the 

American Type Culture Collection (LGC Standards, Wesel, Germany). All cells were split twice 

a week for 4 months and maintained as monolayer adherent cultures under standard conditions 

(5% CO2, 37 ˚C) in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin–streptomycin mixture (Life Technologies, Darmstadt, Germany).   

4.3 Cell Viability Assay 

B16F10, MCF-7, and 4T1 cells were seeded in 96-well plates at a starting density of 5 × 103 

cells/well in quintuplicate (five replicate wells per sample) overnight. All the cells were treated 

with 0 to 15 μM of DEA for 24 or 48 h. Then, the cells were rinsed with phosphate-buffered saline 

(PBS) and were fixed in 100 μL of cold 10% trichloroacetic acid solution (TCA). Following 30 

min incubation at 4 ◦C, the plates washed five times with distilled water, and then were dried 

overnight at room temperature. The cellular protein content in the wells was determined by 

sulforhodamine B (SRB) assay. Briefly, 70 μL of 0.4% SRB (Sigma-Aldrich Co., Budapest, 

Hungary) prepared in 1% acetic acid were added to each well for 30 min at room temperature. 

Afterwards, the solution was discarded, and the plates were washed five times with 1% acetic acid 

and were dried at room temperature for a few hours. Then, 200 μL of a 10 mM 

tris(hydroxymethyl)aminomethane base was added to each well, and the plates were agitated at 

room temperature on a plate shaker for 30 min to solubilize the bound SRB. Absorbance was 

measured at 560 and 600 nm in parallel with a GloMax®-Multi Instrument (Promega, Madison, 

WI, USA). Optical density (OD)600 was subtracted as a background from the OD560. The 

experiments were repeated five times. 
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4.4 Colony formation assay 

B16F10, MCF-7, and 4T1 cells were plated at a starting density of 500 cells/well into 6-well 

plates. After culturing overnight, the cells were treated with different concentrations of DEA for 7 

days. Then, the cells were washed with PBS and stained with 0.1% Coomassie Brilliant blue R 

250 (Merck KGaA, Darmstadt, Germany) in 30% methanol and 10% acetic acid. Then, the 

colonies with diameter of > 0.5 mm were counted. The number of colonies was determined and 

normalized to the number of colonies in the controls using ImageJ software. All experiments were 

repeated three times. 

4.5 Annexin V & Death Cell Assay  

To detect live, early apoptotic, late apoptotic, and dead cells, MuseTM Annexin V & Dead 

Cell Assay (Luminex Corporation, Austin, TX, USA) was used. The assay utilizes annexin V to 

detect phosphatidylserine on the external membrane of apoptotic cells. The experiments were 

carried out according to the manufacturer’s protocol. B16F10, MCF-7, and 4T1 cells at a starting 

density of 105 cells/well were seeded into 6-well plates and were treated for 24 hours with or 

without the indicated concentrations of DEA. After the treatment, the cells were harvested and 

were diluted in their medium. Afterwards, 100 μL of the MuseTM Annexin V & Dead Cell reagent 

was added to 100 μL of cell suspension (4 × 104 cells), which was followed by 20 minutes 

incubation in a dark room at room temperature. Five thousand single-cell events were measured 

per sample using a MUSE Cell Analyzer device. All experiments were repeated three times. 

4.6  Cell Cycle Assay 

B16F10 cells were seeded and treatment with the indicated DEA concentrations for 24 h. 

The cells then were collected by centrifugation at 300 x g for 5 minutes, washed with ice-cold 

PBS, fixed with 70% ethanol, stained with a premixed reagent composed of 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 Software Module performs calculations automatically. All 

experiments were repeated three times. 
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4.7 Migration Assay 

To assess cell motility, we used the wound-healing assay. MCF-7 and 4T1 cells were seeded 

into flat-bottom 6-well plates, and they were cultured to form a sub-confluent monolayer. Then, a 

wound was inflicted into the cell layer by using a sterile 200 µL pipette tip, and the cells were 

treated with the indicated concentrations of DEA for up to 12 h. The wounds were imaged at 0, 6, 

and 12 h by an EVOS microscope (Thermo Scientific Hungary, Budapest, Hungary) at 4× 

magnification. The distance differences were measured using ImageJ software. The experiment 

was repeated twice in duplicates. 

4.8 Measurement of Invasive Growth  

MCF7 and 4T1 cells were seeded at a starting density of 9 × 103/well and 5 × 103/well, 

respectively, in an electronic microtiter plate (E-Plate®) (ACEA Biosciences, San Diego, CA, 

USA). The cells were cultured for 24 h before they were treated with 0, 5, or 10 µM DEA for 24 

h, during which the impedance was measured every 5 min. The xCELLigence Real-Time Cell 

Analysis (RTCA) device (ACEA Biosciences, San Diego, CA, USA) was used according to the 

manufacturer’s protocol. The instrument was placed in a humidified incubator at 37 ◦C and 5% 

CO2. These experiments were repeated twice running in three parallels. 

4.9 Ethics 

Animal experiments were conducted in strict accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

experimental protocol was approved by the Animal Research Review Committee of the University 

of Pecs, Hungary (Permit number: BA02/2000-5/2017).  

4.10 Mouse Pulmonary Metastasis Model 

Six weeks old male C57BL/6 mice were bred and maintained at the Department of 

Biochemistry and Medical Chemistry, University of Pecs, Medical School. All animals were 

housed 3 or 4 per cage, under controlled laboratory conditions (22 ± 1 ̊C, 50 − 60% relative 

humidity and 12/12-hour light-dark cycles) with free access to water and standard rodent chow. 

Paper tunnels were used for environmental enrichment.  

We used the pulmonary metastasis model that is widely used as an in-vivo test for assessing 

antitumor efficacy of medications [48]. B16F10 cells (5 x 10
5
/0.1 ml) were injected into the lateral 

tail vein of mice using 30G 1/2 needle and 1-ml syringe. There were no changes observed in 

motility or food intake in tumor bearing animals during the experiment. All animals were checked 

at least once daily for aspects of general health including activity, posture and fur grooming, body 

condition score was also assessed as previously described [49]. 
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The mode of DEA administration and dosage were determined based on the study by DeWitt 

et al. [50]. Prior to the study, safety of DEA treatment was confirmed by administration of 25 

mg/kg DEA to 5 mice for two weeks. Mice were randomly divided into 2 groups of 6 mice each. 

Each mouse was given a daily intraperitoneal injection of either 100 μl 0.9% saline solution 

containing 10% ethanol as the vehicle control or 25 mg/kg DEA. Treatment was started one day 

after cell injection and was given every third day, lasted for consecutive 16 days after injection 

when the animals were weighed and sacrificed by cervical dislocation under isoflurane (AbbVie 

Ltd., Budapest, Hungary) anesthesia. The lungs were removed, rinsed in PBS, and weighed. The 

lung mass index was calculated as the ratio of lung weight to body weight. The harvested lungs 

were fixed in 4% formalin. Tumor nodules on the surfaces of the lungs were counted under a 

stereomicroscope. Then, the whole lung was embedded in optimum cut- ting temperature 

compound (Sakura Finetek, USA), sectioned (12 μm thickness), and stained with hematoxylin and 

eosin. Histological observations were performed under a microscope (BX51, Olympus, Japan) by 

an expert blind to the experiment. Percentage of the total area occupied by tumor was measured 

using the Panoramic viewer 1.15.4 (3DHISTECH, Hungary). 

4.11 Subcellular Fractionation  

Three semi-confluent 10 cm plates of B16F10 cells were harvested, washed twice with PBS, 

and suspended in 1 mL of fractionation buffer (250 mM of sucrose, 20 mM of 2-[4-(2-

hydroxyethyl) piperazin-1-yl] ethane sulfonic acid (HEPES), pH 7.4, 10 mM of KCl, 1.5 mM of 

MgCl2, 1 mM of ethylenediamine-tetraacetic acid (EDTA), 1 mM of ethyleneglycol-tetraacetic 

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

The cell lysate was manually homogenized in a Teflon–glass homogenizer, chilled on ice, and 

centrifuged for 7 min at 720× g at 4 ◦C. The nuclear pellet was suspended in 700 μL of fractionation 

buffer, re-homogenized, and centrifuged for 10 min at 600× g. This procedure was repeated one 

more time, and the pellet was suspended in lysis buffer (10% glycerol, 25 mM of NaCl, 50 mM of 

NaF, 10 mM of Na-pyrophosphate, 2 nM of EGTA, 2 nM of DTT, 20 nM of p-nitrophenyl-

phosphate, 25 mM of Tris-HCl, pH 7.4, 50 nM of beta-glycerophosphate, and 0.1% Triton X-100) 

to yield the nuclear fraction. The supernatant of the 7 min, 720× g centrifugation step was subjected 

to centrifugation at 10,000× g for 5 min at 4 ◦C. The supernatant and pellet of this step yielded the 

cytoplasmic and mitochondrial fractions, respectively; the latter was not used in this study. 
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4.12 Immunoblot Analysis  

B16F10, MCF-7, and 4T1 cells were seeded in 10 cm plates at 106 cells/plate and treated 

with DEA as described above for the cell viability assay. The cells were harvested at intervals in 

chilled lysis buffer containing 0.5 mM of sodium-metavanadate, 1 mM of EDTA, and protease 

inhibitor cocktail (1:200). The 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 h at room temperature, and then exposed 

to primary antibodies at 4 ◦C overnight in blocking solution. Appropriate horseradish peroxidase–

conjugated secondary antibodies were used at a dilution of 1:5000. Signals were visualized by 

using enhanced chemiluminescence and captured on X-ray film. The films were scanned, and the 

pixel densities of the bands were determined using the NIH ImageJ software. Alternatively, 

chemiluminescence was measured on an Azure 300 (Azure Biosystems) imaging system that 

digitized the bands’ chemiluminescence intensities using its inbuilt software. For stripping and 

reprobing, the membranes were washed in stripping buffer (0.1 M glycine, 5 M MgCl2, pH 2.8) 

for 1 h at room temperature. After washing and blocking, the membranes were incubated with 

primary antibodies against non-phosphorylated or loading control proteins. These experiments 

were repeated three times.  

4.13 ∆Ψm Assay  

Changes in ∆Ψm were assayed using the mitochondrial fluorescent dye JC-1 (Sigma-

Aldrich) for B16F10, MCF-7, and 4T1 cells. The cells were seeded at a starting density of 2.5 × 

104 cells/well in 6-well plates containing coverslips and cultured at least overnight before the 

experiment. After subjecting the cells to different concentrations of DEA for 3 h, the coverslips 

were rinsed twice in PBS and placed upside down on top of a small chamber formed by a 

microscope slide filled with PBS supplemented with 10% FBS and 1 μg/mL of JC-1 dye 

(Molecular Probes, Eugene, OR, USA). Images were taken with a Nikon microscope (Inverted 

Microscope Eclipse Ti-U Instruction, Auro-Science Ltd., Budapest, Hungary) equipped with a 

SPOT RT3 2Mp Monochrome camera including SPOT Advanced software, using a 20× objective 

lens with epifluorescence illumination. After the cells were loaded with dye for 15 min, the same 

microscopic field was first imaged with a 490 nm bandpass excitation and > 590 nm (red) and < 

546 nm (green) emission filters. Under these conditions, we did not observe considerable bleed-

through between the red and green channels. The quantification of JC-1 fluorescence intensities in 

each sample was performed in 15 randomly chosen microscopic fields containing 20–30 cells 

using the MetaXpress image analyzer software (Molecular Devices LLC., San Jose, CA, USA). 

These experiments were repeated three times. 
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4.14 . Analysis of Mitochondrial Network Dynamics  

4.14.1 Project 1 

For confocal imaging, B16F10 cells were seeded onto 25 mm round glass coverslip medium 

at a starting density of 2.5 × 104 cells/coverslip and cultured in antibiotic-free culture for 24 h. 

The transient transfection of B16F10 cells with mtRFP was performed using TransFectin Lipid 

Reagent (Bio-Rad, Hercules, CA, USA). On the following day, the cells were treated for 3 h, as 

indicated in the text; washed twice in PBS; and fixed in 4% formalin. Fluorescence was visualized 

on an Olympus FluoView 1000 (Olympus, Hamburg, Germany) confocal laser scanning 

microscope. For excitation, a multiline argon-ion laser at 488 nm and a green helium-neon laser at 

543 nm were used (10 µs/pixel) in the photon-counting and sequential mode. The field of interest 

was scanned in XYZ mode, scanning the total thickness of the cells with a 1.5 µm layer distance 

and taking 1024 × 1024-pixel images of each layer. Image analysis for mitochondrial 

fragmentation was performed by MetaXpress High-Content Image Acquisition and Analysis 

Software. The quantitative determination of mitochondrial fragmentation was as the following: we 

considered mitochondria shorter than 2 µm to be fragmented and those longer than 5 µm as 

filamentous. These experiments were repeated three times. 

4.14.2  Project 2  

MCF-7 and 4T1 cells were seeded in ultrathin-bottomed 96-well plates and were cultured 

overnight. The cells were treated as indicated in the figure legends, were rinsed twice in PBS, and 

were incubated in PBS containing 20 nM of MitoTracker Red for 30 min in a CO2 incubator at 37 

◦C. Fluorescence images were taken via a 60× Plan Apo Lambda objective of an ImageXpress 

Micro 4 High-Content Imaging System (Bioscience Ltd., Budapest, Hungary). Image analysis for 

mitochondrial fragmentation was performed by MetaXpress High-Content Image Acquisition and 

Analysis Software. Mitochondria shorter than 2 µm were considered as fragmented, while those 

longer than 5 µm were considered as filamentous. All experiments were performed in triplicates. 

4.15  Bioenergetic Analysis  

To determine the balance of oxidative vs. fermentative energy production in B16F10, MCF-

7, and 4T1 cells, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured using a Seahorse XFp Analyzer (Agilent, Santa Clara, CA, USA). Cells were seeded 

into XFp cell culture 8-well miniplates at a starting density of 4 × 104 cell/well in duplicate and 

cultured under standard conditions overnight. Then, the cells were treated with different 

concentrations of DEA for 3 and 6 h. Prior to the measurement, the medium was replaced with 

Seahorse XF Assay Media (Agilent, Santa Clara, CA, USA) pH 7.4 supplemented with 10 mM of 

glucose, 2 mM of L-glutamine, and 1 mM of pyruvate. Mitochondrial stress test was performed 

using the following inhibitors at the indicated final concentrations: 1 μM of oligomycin, 1 μM of 

carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 1 μM of rotenone–
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antimycin A. In each experiment, two wells without cells were running to assess the non-cellular 

oxygen consumption, which was subtracted from the corresponding OCR value. The OCR and 

ECAR data were normalized to the mg protein content using the Micro BCA Protein Assay kit 

(Thermo Fisher Scientific, Waltham, MA, USA) for the measurement of protein concentrations. 

No other data correction was applied. These experiments were repeated three times. 

4.16 Determination of Cellular ROS Formation  

B16F10 cells were seeded as described above for the viability assay and treated with 5 or 10 

μM of DEA or 5 μM of taxol (positive control [51]). The cellular ROS levels were determined 

based on the formation of N-acetyl-8-dodecyl-resorufin and 6-carboxy-2’,7’-dichlorofluorescein 

from their nonfluorescent reduced counterparts, N-acetyl-8-dodecyl-3,7-dihydroxyphenoxazine 

(1.3 mg/L final concentration) and 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate (2 mg/L 

final concentration). The former assessed the cellular ROS formation in the lipid phase, and the 

latter in the aqueous phase. Fluorescence was measured by a plate-reader fluorimeter 

(PerkinElmer, Hungary) at excitation wavelengths of 578 and 495 nm and emission wavelengths 

of 597 and 522 nm for N-acetyl-8-dodecyl-resorufin and 6-carboxy-2’,7’-dichlorofluorescein, 

respectively. The mitochondrial superoxide formation was assessed by MitoSOXTM Red (Thermo 

Fisher Scientific, Waltham, MA, USA). Cells were incubated for 30 min in 5 μM of MitoSOXTM 

Red, then were rinsed and treated with 5 or 10 μM of DEA or 5 μM of taxol for 3 h. Fluorescence 

was recorded by the plate-reader fluorimeter at excitation wavelengths of 495 nm and emission 

wavelengths of 590 nm. Under these conditions, the fluorescence intensity is proportional to the 

mitochondrial superoxide level. The ROS levels were calculated from the slopes of the registration 

curves. These experiments were repeated five times. 

4.17  Measurement of mPT 

The B16F10 cells were seeded as described above for the viability assay and cultured in 

antibiotic-free medium overnight. Cells were washed with Ca2+ and Mg2+ free Hank’s balanced 

salt solution (HBSS), and then treated with 250 nM of A23187, 90 μM of CoCl2, 1 g/L of glucose, 

5 or 10 μM of DEA or 1.5 mM of CaCl2 (positive control [52]), and/or 2.5 μM of CsA in HBSS 

for 3 h. For the detection of mPT, acetoxymethylcalcein was added to the medium at a final 

concentration of 1 μM. Fluorescence in wells resulting from unquenched de-esterified calcein in 

the mitochondria (cytoplasmic calcein is quenched by Co2+) was monitored using the ImageXpress 

Micro4 automated high-content imaging system (Molecular Devices LLC., San Jose, CA, USA) 

using a 4× objective and epifluorescence illumination. The quantification of calcein fluorescent 

intensities was performed using the MetaXpress software. These experiments were repeated three 

times. 
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4.18  Statistical Analysis 

Results are shown as means ± standard deviation (SD). ANOVA using the post hoc Dunnett 

test (single way or two-ways) as well as Mann-Whitney U test were employed to calculate the 

concentration-dependent effects of DEA in each experiment. Statistical analyses were performed 

using IBM SPSS Statistics v20.0. Differences were regarded as significant at p ≤ 0.05, p ≤ 0.01, 

and p ≤ 0.001. 
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5 Results and Discussion 1.0 

5.1 Results 1.0 

5.1.1 Effect of DEA on the Viability of B16F10 Melanoma Cells 

To get an overview of DEA’s effect on B16F10 cells, a short-term assay was performed. We 

treated the cells for 3–12 h with 5 or 10 µM of DEA before determining their viability using the 

SRB assay. This assay is considered the most suitable for assessing the toxicity of substances in 

cultured cells, especially when the toxicity affects the mitochondria [53]. DEA had a statistically 

significant anti-proliferative and cell death-inducing effect on the cells in a time- and 

concentration-dependent manner. Therefore, the possible pathways contributing to DEA-induced 

cell death were further analyzed. Although at 5 µM and for up to 6 h of incubation, this effect did 

not reach statistical significance (Fig. 6). 

Figure 6. Effect of DEA on the viability of B16F10 melanoma cells. Cells were treated with 5-10 µM of 

DEA for 3-72 h, and then the viability was determined using the SRB assay [53]. The results are expressed 

as the % viability of the control (means ± SEM of five independent experiments). * Indicates a significant 

difference relative to the control (p ≤ 0.05). 
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5.1.2 Effect of DEA on B16F10 Colony Formation 

Colony formation assay utilizes lower drug concentrations and longer exposure times; 

therefore, it represents a situation more like the therapeutic one than the viability studies. 

Accordingly, we sought assess DEA’s effect on colony forming ability of the B16F10 cells. We 

treated the cells with 0–3 μM DEA for 7 days then colonies of > 0.5 mm were counted. As we 

found, DEA significantly decreased number and size of the colonies even at the lowest 

concentration used (Fig. 7). These data indicate that DEA can induce cell death and can inhibit 

colony formation at low micromolar concentrations. 

 

Figure 7. Effect of DEA on colony formation of B16F10 murine melanoma cells. For the assay the cells 

were exposed to increasing concentrations of DEA for 7 days. The results are presented as representative 

images (A) and as a bar diagram (B). Controls were treated with vehicle (0.2% DMSO). The results are 

mean ± SD of three independent experiments performed in at least quadruplicate. Data were analyzed using 

ANOVA with Dunett post hoc test. The significant difference compared to the corresponding control group 

is described as the following: ** p ≤ 0.01 and *** p ≤ 0.001.  
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5.1.3  Effect of DEA on Apoptosis Activation in B16F10 cell 

Cell death could be of different mechanisms mainly necrosis or apoptosis [33], [34]. Since 

DEA induced cell death in B16F10 we were interested to investigate the mode of cell death induced 

by DEA.  For that, flow cytometry with the Muse™ Annexin V & Dead Cell Assay was used. The 

assay utilizes cell surface annexin V binding that measures appearance of phosphatidylserine on 

the plasma membrane’s external surface, a marker of apoptosis. We observed that DEA increased 

the total apoptosis rate in a dose-dependent manner. We found a total apoptosis rate of 34.61 ± 

2.17% for 5 and 73.71 ± 3.12% for 10 μM DEA in contrast to the control’s 10.11 ± 1.97% (Fig. 

8). At the lower DEA concentration, rate of early apoptosis exceeded that of the late, however, at 

the higher concentration, late apoptosis predominated (Fig. 8). 

 

Figure 8. Effect of DEA on activation of apoptosis in B16F10 cells. After subjected to 24 hours’ treatment 

with increasing concentrations of DEA the cells were stained with the Muse™ Annexin V & Dead Cell 

Reagent and measured on the Muse™ Cell Analyzer. (A) The bar chart shows the percent distribution of 

living (dark gray bars), early apoptotic (striped bars), late apoptotic (white bars) and total apoptotic cells 

(light gray bars). Controls were treated with vehicle (0.2% DMSO). The experiments were repeated three 

times in at least quadruplicate, and the results are expressed as the mean ± SD. Data were analyzed using 

ANOVA with Dunett post hoc test (A). The significant difference compared to the corresponding control 

groups is described as the following: ** p ≤ 0.01 and *** p ≤ 0.001. 
. 
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5.1.4 Effect of DEA on the Cell Cycle in B16F10 Cells 

According to the data presented in Figure 8, DEA limits the proliferation of B16F10 cells 

through inducing predominantly apoptotic cell death. However, the net result of cell death and cell 

division is cell proliferation. Thus, we performed cell cycle analysis to study the other aspect of 

proliferation. We treated B16F10 cells with 5 and 10 μM DEA for 24 hours and found that the 

percentage of cells in G0/G1 phase significantly increased from 56.75 ± 1.73% (0 μM) stepwise 

to 63.9 ± 1.94% (5 μM) and 75.91 ± 2.67% (10 μM). At the same time there was a decrease in the 

percentage of S and G2/M phase cells (Fig. 9). These data indicate that DEA at both concentrations 

induced cell cycle arrest in the G0/G1 phase that may contribute to its overall inhibitory effect on 

B16F10 cell proliferation. 

  
Figure 9. Effect of DEA on the cell cycle in B16F10 melanoma cells. The cells were treated with different 

concentrations of DEA (0, 5 and 10 μM) for 24 hours. Controls were treated with vehicle (0.2% DMSO). 

Then they were harvested, fixed with ethanol, and stained with propidium iodide. DNA content was 

determined by Muse™ Cell Analyzer. The results are presented as a bar diagram, percentage of cells in 

G0/G1 (dark grey bars), S (striped bars) and G2/M phases (white bars) of the cell cycle (A). Proteins from 

parallel cells were extracted for immunoblot analysis performed by using antibodies specific to p53, p21, 

p27, CDK2 and cyclin D1. GAPDH was used as a loading control. The results are presented as 

representative immunoblots (B) and densitometry analysis of immunoblots in bar diagrams (C). The results 

are mean ± SD of three independent experiments performed in at least quadruplicate. Data were analyzed 

using ANOVA with Dunett post hoc test (A) and with Mann-Whitney U test (C). The significant difference 

compared to the corresponding control group is described as the following: * p ≤ 0.05, ** p ≤ 0.01 and 

*** p ≤ 0.001. 
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5.1.5  Effect of DEA on Outer Mitochondrial Membrane (OMM) Permeabilization 

Accordingly, we assessed DEA’s effect on OMM integrity by determining its effect on the 

expression, localization, and activation of Cyt c, Opa1, AIF, Bad, cleaved caspase-3, and Akt. To 

this end, we prepared whole-cell homogenate, and in parallel nuclear and cytoplasmic fractions 

from B16F10 melanoma cells treated with different concentrations of DEA for 6 h, and then 

subjected them to immunoblot analysis. To determine the phosphorylation states of Akt and Bad, 

we used phosphorylation-specific primary antibodies. At a concentration of 10 µM, DEA increased 

the steady-state level of Bad and decreased Bad phosphorylation in a concentration-dependent 

manner (Fig. 10). Both effects shift the balance in the pro-apoptotic direction. Accordingly, DEA 

induces caspase-3 cleavage, as well as the release of Cyt c and Opa1 into the cytosol and nuclear 

translocation of AIF (Fig. 10). In addition, 10 µM of DEA decreased Akt phosphorylation without 

affecting the steady-state level of the enzyme (Fig. 10). This latter effect of DEA was fully 

consistent with its effects on the other proteins studied. Together, these data indicated that DEA 

caused OMM permeabilization. 
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Figure 10. Effect of DEA on the OMM permeabilization in B16F10 melanoma cells. Cells were treated 

with 5 or 10 µM of DEA for 6 h, harvested, and homogenized (Whole cell). Alternatively, nuclear and 

cytosolic fractions were prepared from the harvested cells. Steady-state levels and phosphorylation states 

of Akt and Bad were assessed in whole-cell homogenate. The steady-state levels of Cyt c, caspase-3, and 

Opa1 were determined in the cytosolic, whereas that of AIF was measured in the nuclear fraction by 

immunoblotting. In the whole-cell homogenate, the cytosolic fraction and the nuclear fraction, we used 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin and histone H1 (HH1), respectively, as 

loading controls. The proteins were visualized by enhanced chemiluminescence. (a) Representative blots. 

(b) Quantitative assessment of proteins in the subcellular fractions. Results are expressed as pixel density 

or chemiluminescence intensity of the bands, both expressed in arbitrary units (means ± SEM of three 

independent experiments). * Indicates a significant difference relative to the control (p ≤ 0.05). 
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5.1.6 Effect of DEA on the ΔΨm 

Intact ΔΨm is pivotal for cellular survival due to its essential role in ATP synthesis, in 

providing the driving force for the transport of ions and proteins, and in mitochondrial quality 

control [33]. Accordingly, we were interested in how DEA treatment affects ∆Ψm in B16F10 

melanoma cells. For this purpose, we used a membrane potential-dependent fluorescent dye, JC-

1, which accumulates in the mitochondria due to its positive charge. When ∆Ψm is normal, the 

dye forms J-aggregates that emit red fluorescence upon excitation. Depolarization decreases the 

abundance of the dye in the mitochondria; consequently, the aggregates fall apart, and the 

monomer dye emits a green fluorescence when excited at 490 nm. When ∆Ψm dissipates 

completely, the dye is not retained in the mitochondria, manifesting as a loss of fluorescence. 

Within 3 h, treatment with > 5 µM of DEA markedly depolarized the mitochondria in intact 

B16F10 melanoma cells (Fig. 11). 
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Figure 11. Effect of DEA on ∆Ψm in B16F10 melanoma cells. Cells were treated with 5 or 10 µM of DEA 

for 3 h. ∆Ψm was assessed using the membrane potential-dependent fluorescent dye, JC-1. Red and green 

fluorescence indicates normal and depolarized ∆Ψm, respectively. (a) Representative fluorescence images 

in the red, green, and merged channels of cells treated with 10 µM of DEA. (b) Quantitative assessment of 

∆Ψm, expressed as the % of fluorescence intensity (means ± SEM of three independent experiments). 

Quantitative comparisons are true within the same color only. Red and green bars denote red and green 

fluorescence, respectively. * and # indicate a significant difference relative to the control and 5 µM of DEA, 

respectively (p ≤ 0.05). 
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5.1.7 Effect of DEA on Mitochondrial Fragmentation 

As mentioned in section 4.1.1.6, healthy ΔΨm is required for the mitochondrial fusion; 

therefore, compromised ΔΨm often results in mitochondrial fragmentation [35]. Therefore, 

compromised ∆Ψm results in mitochondrial fragmentation, raising the possibility that DEA 

treatment causes such an effect. To test this possibility, we performed confocal fluorescence 

microscopy on DEA-treated B16F10 melanoma cells transiently transfected with mitochondria-

targeted red fluorescent protein (mtRFP) expressing vector [54]. Under these conditions, the 

intensity of the mitochondrially localized fluorescence did not depend on ∆Ψm. Treatment for 3 h 

with 10 µM of DEA resulted in mitochondrial fragmentation comparable to that caused by 25 µM 

of cisplatin (positive control [55]) (Fig. 12). Although treatment with 5 µM of DEA tended to 

increase the mitochondrial fragmentation, the difference from the control did not reach the level 

of statistical significance (Fig. 12).  

 

Figure 12. Effect of DEA on mitochondrial fragmentation. mtRFP-transfected cells were treated with 5 or 

10 µM of DEA, or 25 µM of cisplatin, for 3 h. Mitochondrial fragmentation was determined based on 

confocal fluorescence images. (a) Representative fluorescence images for all the treatment groups. (b) 

Quantitative assessment of mitochondrial fragmentation expressed as % (means ± SEM of three 

independent experiments). * Indicates a significant difference relative to the control (p ≤ 0.05). 
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5.1.8 Effect of DEA on the Energy Metabolism of B16F10 Melanoma Cells 

Given that the DEA treatment depolarized ∆Ψm (Fig. 11), a major determinant of ATP 

synthesis, we next though to determine the effect of DEA treatment on the energy metabolism of 

B16F10 cells. We used the Seahorse XF Cell Mito Stress Test to monitor the cellular oxygen 

consumption rate (OCR), an indicator of mitochondrial respiration, and the extracellular 

acidification rate (ECAR), an indicator of aerobic glycolysis in live B16F10 melanoma cells. We 

treated cells with 5 or 10 µM of DEA for 3 h, and then monitored the OCR and ECAR for 75 min. 

After registering basal respiration (Fig. 13a-1) for 15 min, we added oligomycin, an inhibitor of 

FoF1 ATP synthase, to assess the ATP production (Fig. 13a-4). After 20 min of recording, we 

added carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), which uncouples 

respiration and ATP synthesis, to measure maximal respiration (Fig. 13a-3). After a further 20 min 

of recording, we inhibited mitochondrial respiration by adding the Complex I inhibitor rotenone 

and the Complex III inhibitor antimycin A to determine the proton leak and non-mitochondrial 

oxygen consumption (Fig. 13a-2, Fig. 13a-5). Simultaneously, we also monitored ECAR (Fig. 

13b). From the original recordings, the instrument output multiple parameters of cellular energy 

metabolism (Fig. 13c–k). The DEA treatment did not significantly affect basal respiration (Fig. 

13c) or proton leak (Fig. 13d), although 10 µM of DEA tended to decrease the former and increase 

the latter. By contrast, 10 µM of DEA did suppress the maximal respiration (Fig. 13e), ATP 

production (Fig. 13f), and coupling efficiency (Fig. 13g); the last of these indicates how tightly 

respiration is coupled to ATP synthesis. DEA decreased the non-mitochondrial oxygen 

consumption (Fig. 13h), and spare respiratory capacity, expressed either as the difference (Fig. 

13i) or ratio (Fig. 13j) of maximal and basal respiration, in a concentration-dependent manner. 

Although it did not affect the basal fermentative ATP synthesis, DEA decreased lactate 

accumulation after oligomycin administration in a concentration-dependent manner (Fig. 13b–k), 

indicating that the drug interfered with the glycolytic machinery as well as the mitochondrial 

respiratory chain. 
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Figure 13. Effect of DEA on the energy metabolism of B16F10 melanoma cells. Cells were treated with 5 

or 10 µM of DEA for 3 h, and then the OCR and ECAR were monitored for 75 min. The FoF1 ATP synthase 

inhibitor oligomycin (o), the uncoupler FCCP, and the respiratory inhibitors rotenone and antimycin A 

(R+AmA) were added at the bold arrows. (a) OCR recordings for untreated (filled circles), 5 µM of DEA-

treated (triangles), and 10 µM of DEA-treated (open circles) cells (means ± SD of three independent 

experiments running in two replicates in each experiment. The double-headed arrows with numbers next 

to them indicate (1) basal respiration, (2) proton leak, (3) maximal respiration, (4) ATP production, (5) 

non-mitochondrial oxygen consumption, and (6) spare respiratory capacity. (b–i) Parameters derived from 

(a); for explanation, see the text and (a). Appropriate parts of the recordings were averaged and presented 

as the means ± SEM of three independent experiments running in two replicates in each experiment. * 

Indicates a significant difference relative to the control (p ≤ 0.05). (b) Basal respiration. (c) Proton leak. 

(d) Maximal respiration. (e) Mitochondrial ATP production. (f) Coupling efficiency; for explanation, see 

the text. (g) Non-mitochondrial oxygen consumption. (h,i) Spare respiratory capacity, presented as the 

difference (h) and ratio (i) of maximal and basal respiration. (j) ECAR recordings for untreated (filled 

circles), 5 µM of DEA-treated (triangles), and 10 µM of DEA-treated (open circles) cells (means ± SD of 

three independent experiments running in two replicates in each experiment). All the labeling is the same 

as for (a). (k) Extracellular acidification rate before (dark bars) and after (light bars) the administration 

of oligomycin. OCR and ECAR data were normalized to mg of protein content. 
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5.1.9 Effect of DEA on Cellular Reactive Oxygen Species (ROS) Production  

Cancer cells and tissues exist under persistent oxidative stress, which affects their survival 

and metastatic properties [30], [34]. Therefore, we were interested in whether DEA has any effect 

on ROS formation in the B16F10 melanoma line. To resolve this issue, we treated the cells with 5 

and 10 µM of DEA in the presence of the non-fluorescent reduced derivatives of fluorescent redox 

dyes and registered the increase in fluorescence resulting from the oxidizing effect of cellular ROS. 

We used two different fluorescent redox dyes to assess ROS formation separately in the aqueous 

and membranous compartments. Additionally, we used MitoSOXTM Red, a redox dye of red 

fluorescence targeted to the mitochondria, where it is oxidized selectively by superoxide [56]. 

Taxol, which generates ROS at low micromolar concentrations, was used as a positive control 

[51]. We did not detect significantly elevated ROS levels in either the aqueous or membranous 

compartments of B16F10 melanoma cells (Fig. 14). However, we found that 10 µM of DEA did 

induce mitochondrial superoxide formation, which was much smaller in extent than the one caused 

by 5 µM of Taxol (Fig. 14). 

 

 

 

 

 

 

Figure 14. Effect of DEA on the cellular ROS formation in the B16F10 melanoma line. Cells were treated 

with 5 or 10 µM of DEA or 5 µM of taxol (positive control [51]). ROS formation in the lipid (light bars) 

and aqueous (dark bars) phase and mitochondrial superoxide production (empty bars) were calculated 

based on the rate of fluorescence intensity change vs. time; fluorescent dyes were generated by ROS-

mediated oxidation from their respective non-fluorescent counterparts. The results are expressed as the % 

of ROS formation in the absence of agents (means ± SEM of five independent experiments). * Indicates a 

significant difference relative to the control (p ≤ 0.05). 
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5.1.10  Effect of DEA on mPT in Intact B16F10 Melanoma Cells 

MOMP is usually followed with mPT pore opening, which leads to multiple mitochondrial 

disfunctions such as mitochondrial fission, swelling, loss of ∆Ψm, and IMS proteins release.  

Therefore, we were interested in determining whether the drug influences mPT pore opening. 

Therefore, we measured mPT in intact live cells using a 96-well automated high-content 

fluorescence imaging system. The method is based on the quenching of calcein fluorescence by 

Co2+. Non-fluorescent acetoxymethylcalcein is taken up by the cells and is converted 

intracellularly to fluorescent calcein by non-specific esterases. Co2+, the cellular uptake of which 

is facilitated by the Ca2+ ionophore A23187, quenches the cytoplasmic calcein fluorescence; 

however, it cannot enter intact mitochondria, resulting in exclusively mitochondrial calcein 

fluorescence. When the mPT pore opens, Co2+ is free to enter the mitochondria and quench the 

calcein fluorescence there as well. Accordingly, we monitored the calcein fluorescence of 

melanoma cells treated with 5 or 10 µM of DEA or 1.5 mM of CaCl2 (positive control [52]) in the 

presence of acetoxymethylcalcein, CoCl2, and A23187 with or without CsA for 3 h. As expected, 

10 µM of DEA induced mPT that was CsA-independent (Fig. 15). Also, elevated Ca2+, the cellular 

uptake of which is facilitated by A23187, caused a massive mPT that was fully CsA-dependent 

(Fig. 15). 

  

Figure 15. Effect of DEA on mPT in intact B16F10 melanoma cells. Cells were treated with 5 or 10 µM of 

DEA or 1.5 mM of Ca2+ (positive control [52]) in the presence (dark bars) or absence (light bars) of the 

mPT inhibitor CsA for 3 h. mPT was assessed by monitoring the Co2+-mediated quenching of 

mitochondrial calcein fluorescence. The results are expressed as fluorescence intensity (the means ± SEM 

of three independent experiments). * and # indicate a significant difference relative to control and CsA-

treated cells of the same treatment group, respectively (p ≤ 0.05). 
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5.1.11 Effect of DEA on Lung Metastasis Formation in an In-Vivo Model 

In-vivo study, the mid-ground between in-vitro and human trials, is of essential role in drug 

development and testing, since almost one-third of drug candidates have failed to proceed human 

trials due to the toxicity shown in the mid-stage [57]. To evaluate the effect of DEA on metastasis 

formation, we used an in-vivo lung metastasis model. Murine melanoma B16F10 cells were 

injected into the lateral tail vein of 6-weeks-old male C57BL/6 mice then they were divided into 

two groups (6 mice/group). Intraperitoneal administration of 25 mg/kg DEA or vehicle control 

was started 24 hours after tumor cell administration and was repeated every third day. At the 16th 

day of the experiment, the animals were sacrificed, and the lungs were removed for analysis. The 

lungs were weighted, and lung mass index was calculated (Fig. 16A). After the lungs were fixed 

in 4% formalin and photographed (Fig. 16B) and the number of tumor nodules on the lungs’ 

surface was also determined (Fig. 16C). Accordingly, DEA treatment reduced lungs mass index 

and the number of tumor nodules (Fig. 16A and 16C). Additionally, histopathological analysis 

was performed by an expert who was blind to the experiment on lung tissue sections after 

hematoxylin and eosin staining. There were melanoma cells with poliedric morphology with a 

great amount of melanin content as cytoplasm granules or in a perinuclear distribution. 

Additionally, aberrant nodular proliferation in broncho-alveolar regions characteristic of epithelial 

melanoma was observed in all sections (Fig. 17A–17D). However, there was a marked difference 

in tumor nodule pattern distribution and concentration between untreated and DEA treated 

animals. In the vehicle treated group, the nodules were of considerable size and were distributed 

in all part of the lung parenchyma (Fig. 17A and 17B). In contrast, in the DEA group (Fig. 17C 

and 17D), the tumor nodules were much smaller in size and were organized in a predominantly 

peripheral distribution (Fig. 17C and 17D). To quantify the morphological observations, image 

analysis with the Pannoramic Viewer Imaging System was performed on randomly selected 

sections (6 per lungs), and tumor area as the percentage of lung section area was calculated. As we 

found, the tumor area was significantly decreased in the lung tissue of DEA vs. vehicle treated 

animals (Fig. 17E). These results are in complete accordance with those of the macroscopic 

observations (Fig. 16) and indicate that DEA can inhibit melanoma tumor metastasis in-vivo. 
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Figure 16. Effect of DEA on lung metastasis formation in-vivo. Lung metastasis in C57BL/6 mice was 

induced by injecting B16F10 cells into the lateral tail vein. Control animals received vehicle control (100 

μl 0.9% saline solution containing 10% ethanol) 24 hours after the administration of the B16 F10 cells, 

while the DEA group was treated with 25 mg/kg DEA intraperitoneally (6 mice/group). Treatment was 

repeated every third day. At the 16th day, the mice were sacrificed, the lungs were dissected, photographed 

and their mass was measured. Representative photos (B) of lungs of control and DEA treated animals are 

presented. Lung mass index (A) and the number of tumor nodules on the on lungs’ surface (C) are presented 

as bar diagrams, mean ± SD. Data were analyzed using Mann-Whitney U test. *** Indicates a significant 

difference relative to the control (p ≤ 0.001). 

 

Figure 17. Histopathology analysis on lung tissue of mice injected with B16F10 melanoma cells. Lungs of 

B16F10 injected animals treated with vehicle control or 25mg/kg DEA every third day for 16 days were 

fixed in neutral buffered formalin, sectioned, and stained with hematoxylin and eosin. Representative 

sections (A-D) demonstrate darkly stained tumor nodules (arrows). Metastasis formation was quantitatively 

assessed by determining the tumor area (E) as percentage of the total lung section area, means ± SD from 

6 randomly selected section per lung by using the Pannoramic Viewer Imaging System. Data were analyzed 

using MannWhitney U test. * Indicates a significant difference relative to the control (p ≤ 0.05) 
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5.2 Discussion 1.0 

Melanoma (metastatic) is still the most lethal form of skin cancer and one of the top six most 

common cancer-related mortality worldwide. Unfortunately, melanoma is highly resistant to 

chemotherapy, most of chemotherapeutic agents have failed because of the patients’ low response 

rates [58]. Consequently, a major cause of this resistance in melanoma is related to a defect in the 

apoptotic signaling pathway, BCL-2. However, according to the literature, cytostatic agents induce 

G1 arrest and down regulation of BCL-2. The latter effect is the typical function of p53, which is 

found to be non-mutated wild type expressed P53 by B16F10 melanoma cells [59]. In agreement 

with this view, DEA at low μM concentrations reduced the viability and proliferation of B16F10 

cells (Fig. 6, 7) by acting as an apoptosis stimulating factor. First by detecting phosphatidylserine 

through annexin V positive staining (Fig. 8), upregulating P53, leading to cell cycle arrest in 

G0/G1 phase (Fig. 9B) and Bad, also downregulating p-Bad (Fig. 10). In a concentration- and 

time-dependent manner; DEA has significant anti-proliferative and pro-apoptotic effects on 

B16F10 cells in-vitro, which suggest its potentiality as an anti-cancer agent in melanoma 

treatment. Additionally, the resulting apoptosis likely involved mitochondrial mechanisms leading 

to Opa1, Cyt c, and AIF release from mitochondria (Fig. 10). 

In melanomas, cell cycle’s G1 phase regulators cyclins type D and E, CDK4/6, and CDK 

inhibitors are suggested to act as a therapeutic target [6], [9].  For this reason, we determined the 

effect of DEA on the cell cycle as well as on the metastasis inducer markers cyclin D1 and CDK2, 

the tumor suppressor p53, and the cell cycle inhibitors p21 and p27. As we observed, in a 

concentration dependent manner, DEA reduced cell proliferation by increasing number of cells in 

the G0/G1 phase that was accompanied by reduced steady state levels of cyclin D1 and CDK2, 

and increased levels of p21, p27 and p53 (Fig. 9). Due to the fact that p53 gene is not mutated in 

B16F10 cells, the observed G1 phase arrest by DEA was likely mediated through p21, in a p53-

dependent manner. 

The proliferation rate and lung metastasis formation of melanoma are relatively high [6], [9]. 

In this case, we performed colony formation and invasive growth experiments to test the effect of 

DEA on melanoma’s migration and colony formation abilities. Our findings showed that DEA 

decreased colony formation below 50% of the control at 2 µM DEA concentration during a seven-

days exposure (Fig. 7). Also, DEA at 5 µM concentration eliminated melanoma’s invasive growth 

within 24 h treatment (Fig. 6).  

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

progression. Therefore, Constant activation of intracellular pro-survival signaling cascades such 

as the phosphatidylinositol 3-kinase/Akt pathway has been showed to significantly enhance cancer 

progression [60]. Akt, which is constitutively active in melanoma, stimulates cell proliferation and 

survival by repressing intrinsic apoptosis and increasing cell cycle advancement [60]. Progression 

and malignancy of various tumors is often associated with the constitutive activation of Akt, which 
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inactivates many proapoptotic proteins by phosphorylation such as Bad and caspase 9 at its Ser196 

[60]. The invasiveness of melanoma cells and their ability to form metastases may be related to 

the frequently observed high basal activity of Akt in these cells. Our results showed that the high 

basal levels of active, phosphorylated Akt (Fig. 10) was decreased dose dependently by DEA 

treatment in B16F10 cells, a highly invasive variant of B16 murine melanoma. This decrease in 

the activation of Akt may contribute to the effects of DEA on both the cell cycle (Fig. 9) and 

apoptosis (Fig. 8). 

Mitochondria actively participate in all stages of cancer development including 

carcinogenesis, metastasis, survival, as well as therapy resistance [30], [34]. Importantly, OMMP 

is a significant factor in mitochondria-associated apoptosis, which is control by pro- and anti-

apoptotic BCL-2 protein family. Typically, disrupting the balance between these proteins, 

downregulation of pro-apoptotic and upregulation of anti-apoptotic BCL-2, is the hallmark of 

cancer resistance to apoptosis [29], [30]. According to our findings (Fig. 10), 6h of DEA treatment 

was able to induce OMMP through elevating the steady-state activation of the pro-apoptotic BCL-

2 family member Bad and inhibiting its phosphorylation. The permeabilization of OMM then 

results in the release of Cyt c to the cytosol activating caspases-dependent apoptosis though 

activating caspase-3 (Fig. 10), as well as the release if AIF from the mitochondria to the nucleus 

(Fig. 10), where it plays a role caspase-independent apoptosis by inducing chromatin condensation 

and DNA fragmentation. However, AIF release could be a result of mPT pore opening since AIF 

is an IMS protein.  

mPT pore is located between the OMM and the IMM, upon opening it forms a non-specific 

passage to water and solutes of up to 1.5 kDa in size, which eventually leads to the release of IMS 

proteins such as EndoG, Cyt c, and AIF. In complete agreement with our results, AIF release was 

due to mPT pore opening (Fig. 15), 10 µM of DEA results in CsA-independent mPT.  Moreover, 

Ca2+, which is a main cause of mPT pore opening [34], [36] induced CsA-dependent mPT which 

was more than the one induced by 10 µM of DEA (Fig. 10). Of note, continues opening of mPT 

pores results in disrupting different mitochondrial processes including the loss of ∆Ψm.  

∆Ψm is essential for cell survival because its crucial role in ATP production, ROS 

generation, mitochondrial proteins transportation and network dynamics, and the regulation of 

apoptosis via IMS pro-apoptotic proteins release [34], [35].  Consequently, OMMP and mPT pore 

opening are indicator of ∆Ψm depolarization. In this case, we showed that DEA treatment for 3 h 

was able to induce depolarization and partial loss of the ∆Ψm (Fig. 11). Nonetheless, intact ∆Ψm 

directly affects mitochondrial dynamics, mainly mitochondrial fusion [35], [37], [38]. 

Mitochondrial fusion and fission must be balanced, as below a certain ∆Ψm threshold the fusion 

process will be disrupted. Accordingly, fusion of the IMM is controlled by L-OPA1 protein, when 

cleaved; it is released to the cytosol, in complete agreement with our findings, DEA treatment for 

6 h was able to induce OPA1 cleavage and release to the cytosol (Fig. 10) indicating loss of fusion, 

which also contributes to the release of Cyt c from the mitochondrial, since huge amount of Cyt c 
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is stored in cristae junction which is also controlled by L-OPA1 [35].  Furthermore, loss of fusion 

leads to mitochondrial fragmentation, which is a hallmark of mitochondrial apoptosis and quality 

control since the fragmented mitochondria are eliminated by mitophagy. In context of therapy, 

cisplatin a chemotherapeutic drug used for different types of malignancies, it induces 

mitochondrial fragmentation, however, its use is still limited due to the nephrotoxicity side effect 

[55]. To complete our view of this process, we performed mitochondrial fragmentation 

experiment, and so within 3 h DEA treatment induced mitochondrial fragmentation that was 

almost the same effect as the two folds difference in concentration of the positive control cisplatin 

(Fig. 12). Considering that fusion requires intact ∆Ψm, and DEA compromised ∆Ψm, it seems that 

DEA promote mitochondrial fragmentation by impeding fusion, which needs further investigation 

to conclude withier its fission dependent or independent. The later effect might contribute to 

DEA’s cytotoxic properties to limit in-vivo melanoma metastasis.  

As mentioned above, intact ∆Ψm plays a critical role in ATP production. Since cancer cells 

follow the Warburg effect, which explain the usage of glycolysis instead of OXPHOS for ATP 

production in tumor cells [30], [31], metastatic cells have elevated level of mitochondrial ATP 

synthesis. Indeed, 10 µM concentration of DEA impeded both mitochondrial and glycolytic ATP 

synthesis pathways though reducing the fermentative glycolysis and non-mitochondrial oxygen 

consumption, as well as decreasing the maximal respiration and coupling efficiency (Fig. 13). 

Based on these effects on B16F10 cell’s energy metabolism, DEA exhibits promise as a cancer 

therapy candidate.  

Of note, the respiratory chain in mitochondrial is responsible for the majority of ATP 

production, as well as a massive source of ROS in cancers [61]. Notably, ROS signaling pathways 

were proposed to be oncologic targets, thus, different drugs were designed to increase cellular ROS 

production while inhibiting mitochondrial respiratory chain [62]. By using a mitochondria-

targeted fluorescent redox dye, we found that DEA at a concentration of 10 µM stimulates 

mitochondrial superoxide formation, which was less than 20% of that caused by 5 µM of Taxol 

(Fig. 14). Although, ROS levels in the aqueous and membranous cellular compartments was not 

significantly affected by DEA treatment (Fig. 14), the same results were obtained in previous study 

[43]. Still, it is not clear whether DEA-ROS effect-related discrepancy was due to the insufficiency 

in elevating the overall cellular ROS by mitochondrial superoxide production, or due to technical 

issues.  

Withal, in-vitro cell culture experiments translate very poorly to human studies; therefore, 

the therapeutic dose must be determined in-vivo. Since metastasis is fundamental property of 

malignant cancer cells, by which a certain tumor spreads from the location at which a tumor first 

arises to distant locations in the body [1], [5]. Cancer recurrence by metastasis is responsible for 

about 90% of mortality in neoplasm patients [63], which makes it a main target for anti-cancer 

therapy. Metastasizing proceeds in a series of sequential steps including invasion, intravasation, 

survival and translocation in the circulation system, extravasation, and survival in a new organ 
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[64]. Within its limitations, the B16F10 lung metastasis model mimics the majority of this 

process’s steps. Through the period of 16 days, several large tumor loci in the lungs (Fig. 16) were 

formed upon B16F10 injection into the tail vein of the animals. These loci represent near 30% of 

tissue area in the lung’s sections (Fig. 17). Both number and size of the tumor loci were reduced 

by DEA (Figs. 16 and 17) concluding that the drug has potentiality in reducing in-vivo metastasis 

formation. Of note, B16F10 have been selected for their metastasizing property, and therefore have 

low immunogenicity. Yet, the cells are of mouse tissue culture and not of human primary tumor 

origin. For that reason, further studies are needed preferably by using primary human melanomas 

to establish DEA’s potentiality in the therapy of metastatic melanomas. 

The data presented in this study provide in-vitro and in-vivo experimental evidence for 

DEA’s potentiality in the therapy of metastatic melanomas. Based on the on the effects of DEA 

which indeed decreases ΔΨ; induces mitochondrial fragmentation; decreases maximal respiration, 

ATP production, coupling efficiency, glycolysis, and non-mitochondrial oxygen consumption; and 

induces CsA-independent mPT and OMM permeabilization. All these effects may account for the 

rapid (3–12h) cytotoxicity of the drug and may account for DEA’s long-term (24–72h) cytotoxicity 

and ability to suppress in-vivo metastasis. 
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6 Results and discussion 2.0 

6.1 Results 2.0 

6.1.1 DEA Induced Apoptotic Cell Death in BC Cell Lines 

DEA demonstrated signs of anti-neoplastic potentiality in therapy-resistant cancer cell line 

B16F10. Accordingly, we assessed its effect on the cell death process of the TN 4T1 BC line in 

comparison with the HR+ MCF-7 line of the less aggressive cancerous phenotype. We used flow 

cytometry with the Muse™ Annexin V & Dead Cell Assay kit to investigate the mode of DEA-

induced cell death. The assay utilizes cell surface annexin V binding that measures the appearance 

of phosphatidylserine on the external surface of the plasma membrane, which is a marker of 

apoptosis. A dead cell marker, 7-aminoactinomycin D (7-AAD), was also used as an indicator of 

cell membrane structural integrity. Late apoptosis is demonstrated by double positivity. We treated 

the cells with 5 and 10 µM DEA for 24 h before the flow cytometry analysis. In a concentration-

dependent way, DEA induced early, then late apoptosis (Fig. 18). At the lower DEA concentration, 

the rate of early apoptosis exceeded that of the late; however, at the higher drug concentration, late 

apoptosis predominated in both BC cell lines (Fig. 18). However, we found a total apoptosis rate 

of 28.18 ± 6.34% for 5 and 56.05 ± 5.12% for 10 μM DEA in the 4T1 cell line in contrast to the 

apoptosis rates of 71.14 ± 6.39% for 5 and 78.94 ± 4.77% for 10 μM DEA observed in the MCF-

7 cell line (Fig. 18), indicating that MCF-7 cells were more sensitive toward DEA treatment than 

the 4T1 cells. 
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Figure 18. Effect of DEA on the apoptosis in BC cell lines. We treated MCF-7 and 4T1 cells with 5 or 10 

µM DEA for 24 h before determining the type of cell death by flow cytometry using the Muse™ Annexin V 

& Dead Cell Assay kit. The results are presented as representative dot plots (A) and bar diagrams (B) of 

three independent experiments. The bars (B) indicate the sum of early (dark bars) and late (light bars) 

apoptosis expressed as percentage of the total cell number, mean ± SD of three independent experiments 

running in at least quadruplicate parallels. Controls were treated with vehicle (0.2% DMSO). * Significant 

difference from the control (p ≤ 0.05). # Significant difference from the MCF-7 parallel (p ≤ 0.05). 

 

6.1.2 DEA Mitigated Invasive Growth of BC Cell Lines 

Cell migration, an important aspect of cancer invasiveness, is often assessed by means of the 

wound-healing assay [65]. Accordingly, we inflicted a wound into semi-confluent monolayers of 

MCF-7 and 4T1 cells and treated them by 0, 5, or 10 µM DEA for 12 h. In accordance with its 

more malignant phenotype [66], cell migration of the TNBC cells was more intense, resulting in 

almost complete closing of the wound within 12 h, while the HR+ BC cell line achieved an about 

40% healing during the same time. 10 µM DEA treatment completely prevented wound healing in 

the 4T1cell line, while it caused wound exacerbation due to killing cells at the wound edge in the 

MCF-7 cell line (Fig. 19). At the concentration of 5 µM, DEA treatment induced a less pronounced 

effect on wound healing as it did at 10 µM (Fig. 19). To supplement the wound-healing assay, we 

assessed the invasive growth of the MCF-7 and 4T1 cells using an xCelligence Real-Time Cell 

Analysis (RTCA) system. The cells were cultured in the presence of 0, 5, or 10 µM DEA for 24 h 

and the cell index proportional to invasive growth of the cells was monitored in real time. DEA 

decreased invasive growth in a concentration-dependent manner in both MCF-7 and 4T1 cells 

(Fig. 20). Similarly to the results of the wound-healing experiment, MCF-7 was more sensitive to 

the drug than 4T1 (Fig. 20). 
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Figure 19. Effect of DEA on wound healing in BC cell lines. We inflicted a wound into semi-confluent 

cultures of MCF-7 and 4T1 cells, and treated them with 0, 5, or 10 µM DEA for 12 h. The data are presented 

as representative images of the wounds taken at 0, 6, and 12 h and the wound area is the percentage of 

untreated plates at the 0 h time-point; results are the mean ± SD of two independent experiments running 

in duplicates. * Significant difference from the untreated control (p ≤ 0.05). 

 

Figure 20. Effect of DEA on invasive growth of BC lines. MCF-7 and 4T1 cells were cultured in the 

presence of 0 (red line), 5 µM (green line), or 10 µM (blue line) DEA for 24 h, while the cell index was 

monitored by an RTCA system every 5 min. The results are presented as original recordings, mean ± SD of 

two independent experiments running in triplicates. 
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6.1.3 DEA Differentially Modulated Regulators and Markers of the Cell Death 

Process in the BC Cell Lines 

Previously, DEA showed an effect on anti-and-pro-apoptotic proteins in B16F10 melanoma 

cells (Fig. 10), which had a major impact on the pathways regarding intrinsic apoptosis. To gain 

greater insight into the apoptotic pathways induced by DEA in BC cell lines, we analyzed Akt 

activation, protein levels of BCL-2 family members including pro-apoptotic Bad and Bax and 

antiapoptotic BCL-2, and the caspase-3 cleavage and caspase-3-mediated cleavage of PARP, 

which are all reporters of the mitochondrial apoptotic pathway. As shown in Figure 21, the Akt 

phosphorylation at Ser473 decreased in a concentration-dependent manner, while the total Akt 

remained constant. This was accompanied by a significant decrease in the phosphorylation level 

of Bad at Ser136, while the overall level of Bad protein remained constant in both cell lines. We 

also found that DEA indeed resulted in a dose-dependent increase in the amount of p53 protein in 

4T1 cells (Fig. 21). We also measured a significant increase in Bax levels while BCL-2 levels 

decreased (Fig. 21). Furthermore, we found that DEA treatment led to an increase in the amount 

of a 19 kDa caspase-3 cleavage intermediate as well as cleaved poly (ADP-ribose) polymerase 

(PARP) (Fig. 21). Taken together, these data demonstrate that cytotoxic effects of DEA on MCF-

7 and 4T1 cells are due to the activation, at least partially, of two apoptotic pathways, the PI3K/Akt 

pathway and the mitochondrial pathway.  

A differential expression of the therapy-resistance- and metastasis-promoting COX-2 gene 

among BC cell lines of various phenotypes has been reported previously [67]. Accordingly, we 

studied DEA’s effect on COX-2 protein levels in the 4T1 and MCF-7cell lines. We detected 

considerable steady-state COX-2 levels in the TN BC cell line, while it was just above the detection 

limit in the HR+ one (Fig. 20). Additionally, DEA increased the COX-2 level in a concentration-

dependent way in the TN 4T1 cell line only (Fig. 21). 
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Figure 21. Effect of DEA on steady-state level of regulator and marker proteins of the cell death process 

in the BC cell lines. We evaluated the steady-state levels of p-Akt, Akt, p-Bad, Bad, BCL-2, Bax, p53, PARP-

1, caspase 3, cleaved caspase 3, and COX-2 in the MCF-7 and 4T1 cells treated with 0, 5, or 10 µM DEA 

by immunoblot analysis. Results are presented as representative immunoblots and pixel densities of the 

bands, mean ± SD of three independent experiments. * Significant difference from the control (p ≤ 0.05). 
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6.1.4 DEA Caused the Loss of Mitochondrial Membrane Potential (ΔΨm) 

∆Ψm is a significant factor for mitochondrial processes such as, ATP synthesis and has 

several non-energetic functions essential for cell survival like mitochondrial dynamics especially 

mitochondrial fusion [33]. Therefore, we determined the effect of DEA on the ΔΨm of BC cells 

by using the positively charged fluorescent mitochondrial dye, JC-1. When the ΔΨm is normal, 

the dye accumulates in the mitochondria and forms J-aggregates that emit red fluorescence upon 

excitation. The aggregates disassemble, leaving green, fluorescent monomers as the ΔΨm 

decreases, and the fluorescence disappears upon complete mitochondrial depolarization. We 

treated the MCF-7 and 4T1 BC cell lines for 3 h with 0, 5, or 10 µM DEA, before loading them 

with JC-1 and taking fluorescent microscopy images. At the concentration of 10 µM, the drug 

significantly depolarized the mitochondria in both BC cell lines, while 5 µM DEA did not have a 

considerable effect on the ΔΨm during the 3 h treatment (Fig. 22). 

 

Figure 22. Effect of DEA on ΔΨm in BC cell lines. MCF-7 and 4T1 BC lines were treated with 0, 5, or 10 

µM DEA for 3 h before loading them with JC-1 dye and taking microscopy images. The data are presented 

as representative merged images of the control and 10 µM DEA treated cells in the red and green channels, 

and as a percentage of the total fluorescence intensity in the bar diagram. Results are mean ± SD of three 

independent experiments. * Significant difference from the untreated control (p ≤ 0.05). 
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6.1.5 DEA Induced Mitochondrial Fragmentation in BC Cell Lines 

Mitochondrial fusion requires healthy ∆Ψm, which forms the basis of mitochondrial quality 

control [35]. Accordingly, we studied the effect of DEA on mitochondrial network dynamics by 

fluorescent microscopy after loading the cells with MitoTracker Red to visualize the mitochondria. 

The MCF-7 and 4T1 cells were treated with 0, 5, or 10 µM of DEA for 3 h before the assessment 

of mitochondrial fragmentation [68]. Similarly, as it did in melanoma cells, DEA treatment caused 

mitochondrial fragmentation in both BC cell lines in a concentration-dependent manner (Fig. 

23A). Recently, a link has been established between the proliferation of cancer cells and 

mitochondrial fragmentation. Accordingly, we performed immunoblot analysis of the proteins 

involved in the regulation of mitochondrial fusion and fission [35] from homogenates of BC cells 

treated identically to the fragmentation experiment in separate plates. In both BC cell lines, the 

DEA treatment increased the steady-state level of fusion-associated protein OPA1, but it decreased 

MFN 1 and 2 in 4T1 cells (Fig. 23B). However, it increased the steady-state level of fission-

associated proteins such as DRP1 and Fis1 (Fig. 23B). 
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Figure 23. Effect of DEA on mitochondrial network dynamics in BC cell lines. MCF-7 and 4T1 cells were 

treated with 0, 5, or 10 µM DEA for 3 h before loading them with MitoTracker Red dye and taking 

microscopy images. The data are presented as representative images and as percentage of fragmented 

mitochondria (A), mean ± SD of three independent experiments. Separately, homogenates of identically 

treated cells were subjected to immunoblot analysis (B). The data are presented as representative 

immunoblots and as pixel densities of the bands, mean ± SD of three independent experiments. * Significant 

difference from the untreated control (p ≤ 0.05); # significant difference from the MCF-7cells (p ≤ 0.05). 
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6.1.6 DEA Impeded Mitochondrial Energy Production in the BC Cell Lines 

Given that the DEA treatment compromised ∆Ψm, a major determinant of ATP synthesis as 

mentioned in section 4.2.1.4, we next sought to assess DEA’s effect on energy metabolism of BC 

cells. We used a live cell respirometer to measure the cellular OCR and ECAR, which are 

indicators of oxidative and fermentative ATP production, respectively. We treated the MCF-7 and 

4T1 cells with 0, 5, or 10 µM DEA for 6 h before the bioenergetics assay. Parallel to OCR, ECAR 

was also monitored, and the instrument calculated multiple parameters of cellular energy 

metabolism from the original recordings (Fig. 24). At the concentration of 10 µM, DEA 

significantly decreased basal respiration, maximal respiration, non-mitochondrial oxygen 

consumption, mitochondrial ATP production, coupling efficiency, and spare respiratory capacity 

in both BC cell lines (Fig. 24). Five µM DEA increased the proton leak in both cell lines (Fig. 24). 

On the other hand, DEA did not affect ECAR (Fig. 24), indicating that the drug did not interfere 

with the glycolytic machinery in either BC cell line. 
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Figure 24. Effect of DEA on energy metabolism of the BC cell lines. MCF-7 (light bars) and 4T1 (dark 

bars) BC cells were treated with 0 (filled circles), 5 (triangles), or 10 µM DEA (open circles) for 6 h before 

monitoring OCR and ECAR for 75 min. The FoF1 ATP synthase inhibitor oligomycin, the uncoupler FCCP, 

and the respiratory inhibitors rotenone and antimycin A were added at 15, 35, and 55 min of the respiratory 

measurement. OCR recordings. Data are presented as representative original recordings, and as 

parameters, means ± SD of three independent experiments running in two replicates. OCR and ECAR data 

were normalized to mg protein content. * Significant difference from the untreated control (p ≤ 0.05). 
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6.1.7 COX-2 Inhibition Potentiated DEA’s Anti-Neoplastic Effect in the TN BC 

Cell Line 

As shown in figure 21, elevated expression of COX-2, which might be associated with 

progressive tumor growth and resistance [26], [27], may have accounted for the increased 

resistance to DEA treatment of 4T1 TNBC cells compared to the HR+ MCF-7 cells. To test this 

possibility, we treated both cell lines with 0–15 µM of DEA for 24 h in the presence and absence 

of 20 µM of the COX-2 inhibitor celecoxib before measuring the viability of the cells using the 

SRB assay. The SRB assay is based on protein content rather than metabolic activity. Therefore, 

it is recommended for determining the cytotoxicity of substances that can have mitochondrial 

effects [53]. DEA reduced the viability of both BC lines in a time and concentration-dependent 

way (Fig. 25A). However, as expected, the viability loss caused by DEA treatment was higher for 

the MCF-7 than for the 4T1 cell line (Fig. 25A), indicating a higher treatment sensitivity for the 

former cell line. However, when COX-2 was inhibited by celecoxib, DEA’s effect on the viability 

of 4T1 cells was significantly more pronounced (Fig. 25B) in contrast to MCF-7 cells (Fig. 25C), 

suggesting that COX-2 activation may have contributed to the resistance of 4T1 cells to DEA 

treatment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Effect of DEA on the viability of BC cell lines. (A): We treated MCF-7 (dark bars) and 4T1 

(light bars) cells with 0 to 15 µM DEA for 24 h. (B and C): We treated 4T1 and MCF-7 cells with 0 to 12.5 

µM DEA in the absence (light bars) or presence (dark bars) of 20 µM celecoxib for 24 h. Viabilities were 

assessed using the SRB assay and were presented as percent of the untreated control, means ± SD of three 

independent experiments performed in at least quadruplicates. * Significant difference from the untreated 

control (p ≤ 0.05); # significant difference from the MCF-7 cells parallel (p ≤ 0.05); § significant difference 

from the no celecoxib parallel (p ≤ 0.05). 
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6.1.8 Effect of DEA on MCF-7 and 4T1 Colony Formation 

To assess DEA’s effect on colony forming ability of BC cell lines, a long-term assay was 

performed. Where the assay represents a situation more like the therapeutic one, through utilizing 

lower drug concentrations and longer exposure times. Accordingly, we tested the effect of COX-

2 inhibition on DEA’s anti-neoplastic effect using this method, too. We treated the MCF-7 and 

4T1 cells with 0 to 2 µM DEA in the presence or absence of 5 µM celecoxib for 7 days before 

quantifying colony formation. Even at the concentration of 1 µM, DEA significantly suppressed 

colony formation in both cell lines (Fig. 26). The TNBC line 4T1 demonstrated higher resistance 

against the treatment, since 2 µM DEA almost eradicated MCF-7 colony formation while it 

induced about a 50% decrease only in the formation of 4T1 colonies (Fig. 26). However, as in the 

case of the viability study (Fig. 25), 5 µM celecoxib augmented the effect of DEA on the 4T1 

cells, and the combined treatment decreased colony formation in this cell line close to the level of 

the one observed in the MCF-7 line (Fig. 26). In contrast, celecoxib did not affect DEA’s effect 

on MCF-7 colony formation (Fig. 26). 

Figure 26. Effect of DEA and celecoxib on colony formation of BC lines. We treated MCF-7 and 4T1 cells 

with 0 to 2 µM DEA in the absence (dark bars) or presence (light bars) of 5 µM celecoxib for 7 days before 

determining colony formation. The data are presented as representative images of stained colonies in 

culturing plates and colony numbers are presented as the percentage of untreated plates, mean ± SD of 

three independent experiments. * Significant difference from the untreated control (p ≤ 0.05). # Significant 

difference from the no celecoxib parallel (p ≤ 0.05). 
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6.2 Discussion 2.0 

Despite regular chemotherapy followed by a surgery, tumor cells frequently persist, and 

metastasis may develop [22]. New therapeutic strategies are needed to improve the prognosis of 

patients with aggressive tumors including breast tumor, especially TNBC, since this cancer type 

is characterized with metastatic patterns, aggressiveness and poor prognosis (5% of all cancer-

related deaths) [15], [18]. This category of aggressive tumors has a balanced metabolism, where 

mitochondria is actively involved [69]. Mitochondria participate in neoplasm development starting 

from carcinogenesis via tumor survival and therapy resistance to metastasis formation and most of 

cancer types rely on mitochondrial ATP synthesis for energy production [30], [31], [69]. 

Therefore, drugs that significantly interfere with mitochondrial energy production and processes 

may have a therapeutic value in these tumors. DEA fulfill this principle based on its mitochondrial 

effects in B16F10 melanoma cells presented in part I. In the current study, we reported how low 

concentrations of DEA reduces the viability of the BC cell lines MCF-7 and 4T1 in a 

concentration- and time-dependent manner (Fig. 25a), through disrupting mitochondrial processes 

followed by apoptotic cell death (Fig. 18). Of note, the mouse 4T1 was used rather than the human 

MDA-MB-231 TNBC cell line, because the therapeutic dose of DEA must be determined in future 

animal experiments, since in-vitro cell culture experiments translate very poorly to human studies. 

Mitochondria play a significant role in cellular survival through many mechanisms, most 

importantly ATP production and intrinsic apoptosis. The latter depends on ATP as an energy 

source, while energy shortage induces ΔΨm loss which enhances the release of pro-apoptotic IMS 

proteins to the cytosol resulting in apoptosis [33, 34]. Hence, DEA caused apoptotic cell death in 

both BC cell lines (Fig. 18 and Fig. 21), which was determined by annexin V staining of the 

phosphatidylserine residues in the outer surface of the cell membrane (Fig. 18), decrease in the 

BCL-2/Bax ratio, activation of caspase 3 and cleavage of PARP-1 (Fig. 21); all are hallmarks of 

apoptosis [33], [34]. In agreement with its TN phenotype [15], [18], 4T1 cell line showed less 

sensitivity in response to DEA treatment than the HR+ MCF-7 cell line in these experiments (Fig. 

18-21 and Fig. 25a). 

 TNBC’s proliferation and metastases formation in the liver, brain, and lungs are much 

higher than other BC types [18], [70]. Accordingly, we found that 4T1 cells were less sensitive 

against DEA treatment than the MCF-7 cells in colony formation (Fig. 26) and invasive growth 

(Fig. 19 and Fig. 20) experiments as well. In addition, the results showed that DEA reduced colony 

formation below 50% of the control at a concentration of 2 µM during a seven-day exposure (Fig. 

26), and at 10 µM, it eliminated invasive growth (Fig. 19) during a 12 h treatment, suggesting that 

DEA’s therapeutic concentration may not exceed the DEA concentrations, which were observed 

previously [71] during human AM therapy. 
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One of the key roles in cellular survival is mitochondrial network dynamics regulation which 

requires a healthy ΔΨm. Since DEA decreased the ΔΨm in both BC cell lines (Fig. 22); 

mitochondrial dynamics would be disrupted and so mitochondrial biogenesis and quality control, 

which are essential for meeting the cellular energy and metabolic demands [34], [35].  

Mitochondrial biogenesis is represented through mitochondrial fusion and fission processes that 

are mediated by large GTPases; MFN 1, 2 and OPA1 for the fusion and Drp1 for the fission [34], 

[38]. The latter is regulated by phosphorylation and recruited to the mitochondria by Fis1 [38]. 

Balance of the fusion and fission processes is maintained by intracellular signaling [35], [72], but 

the fusion is prevented when the ΔΨm is low [72]. Therefore, mitochondrial fragmentation is a 

common feature in many cancer types such as in breast, colon, and hepatocellular carcinomas, 

[73]. Fragmented mitochondria are more likely to be damaged and eliminated by mitophagy, 

leading for mitochondrial copy number reduction [37], [74]. Accordingly, DEA caused 

mitochondrial fragmentation in both BC cell lines (Fig. 23a) that might contribute to its anti-cancer 

properties. Since DEA depolarized the ΔΨm (Fig. 22), mitochondrial fragmentation caused by 

DEA treatment in BC cell lines seemed to be caused by promoting fission, as Drp1 expression 

increased accompanied by its decreased inhibitory phosphorylation (Fig. 23b). Compared to 

B16F10 melanoma cell line; it seems that mitochondrial fragmentation was caused by inhibiting 

fusion, which was supported by the release of OPA1 from mitochondria to the cytosol (Fig. 10 

and 12). It seems that DEA interacted with a yet to be identified regulatory element related to the 

mitochondria that induced mitochondrial fragmentation by shifting the balance of fusion and 

fission. Thus, DEA’s target has to be localized to the mitochondria, since DEA induced 

mitochondrial fission in isolated, Percoll gradient-purified mitochondria [43]. 

The effect of DEA on PI3K-AKT pathway was established earlier in B16F10 cells. It is well 

known that constant activation of PI3K-AKT signaling pathway is important for cancer 

progression through promoting cell survival and inhibiting apoptosis [60]. In TNBC, dysregulation 

of AKT signaling pathways is one of the most frequent oncogenic anomalies [75].  We showed 

that AKT activation was decreased by DEA in both BC cell lines (Fig. 21). Furthermore, 

phosphorylated AKT level, which is the baseline activation of AKT, in HR+ MCF-7 cell line was 

significantly lower than in TN 4T1 cell line (Fig. 21). Since AKT had strong mitochondria-

protecting potential [76]; the decreased activation of AKT together with the abovementioned 

compromised mitochondrial functions may account for the differential apoptosis-promoting effect 

of DEA among the BC cell lines investigated (Fig. 18). 

Inflammatory cells and factors are major components of the tumor microenvironment. COX-

2 is one of the most significant immunomodulatory factors found in tumors, and the most studied 

anti-inflammatory target in cancer therapy since it is associated with large tumor size, lymph node 

metastasis, and poor differentiation [26], [27], [77]. The use of COX-2 inhibitor celecoxib in 

metastatic BC therapy as monotherapy and combination with aromatase inhibitors, proved to be 

effective through reducing the size and the area of the tumor. Currently, COX-2 overexpression is 

linked with anti-cancer drug resistance in BC. Of note, COX-2 is highly inducible and can be 
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rapidly upregulated in response to pro-inflammatory agents like cytokines, even though it is barely 

expressed in healthy tissues [26]–[28], [77]. Surprisingly, COX-2 was hardly detected in MCF-7 

cell line and not affected by DEA treatment as well. However, in 4T1 TNBC cell line, COX-2 was 

expressed and even elevated when treated with different DEA concentrations (Fig. 21). While the 

upregulation of COX-2 has been implicated in cancer therapy resistance, the latter result raised the 

possibility that DEA reduced its own anti-cancer effects in the 4T1 cell line, thus creating the 

difference between the two BC cell lines in response to DEA treatment. Indeed, celecoxib 

enhanced DEA’s effect on viability (Fig. 25b and c) and colony formation (Fig. 26) of the 4T1 

cells only. Recently, studies have shown activation of caspase-3 during radiotherapy-induced 

apoptosis, which resulted in prostaglandin E2 production by COX-2, that is linked with treatment 

resistance [78]. Accordingly,  DEA treatment induced caspase-3 activation in both BC cell lines 

(Fig. 21) but upregulation of COX-2 expression in the 4T1 cell line only (Fig.  21). It seems that 

the DEA-induced caspase 3-assisted mitochondrial apoptosis (Fig.  21) resulted in COX-2-

mediated resistance in 4T1 cells, which expressed it. Consequently, the difference in COX-2 

expression accounted for, at least partially, the differential anti-neoplastic effects of DEA in 

several cell lines. These results also suggest that co-treatment with COX-2 inhibitors can increase 

the efficacy of DEA and significantly reduce therapy resistance. 

Our results show the ability of DEA treatment to induce predominant apoptotic cell death by 

modulating mitochondrial functions in BC cells. Regardless the low efficacy compared to HR+ 

BC cells, DEA exerted anti-neoplastic effects in 4T1 TNBC cells, too. Besides, the upregulation 

of COX-2 in DEA-treated 4T1 cells, as a DEA-resistant mechanism, was counteracted by 

inhibiting COX-2 enzymatic activity.  
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7 Conclusions   

Cancer is the second leading cause of death worldwide, which makes it a major threat facing 

the humans. More than hundred types of cancer have been identified including skin and breast 

cancer. Accordingly, treatment choices are then considered based on the detected cancer type and 

stage. Designed anti-cancer treatments, for the majority of neoplasms especially the metastatic 

ones, are insufficient after the prolonged treatment period due to the resistance developed 

afterward. Other treatments were limited because of their toxic side effects. Here, 

Desethylamiodarone (DEA) is presented. DEA is the major metabolite of the well-known 

antiarrhythmic FDA approved drug, Amiodaron (AM). 

In the first part of the study, a view of DEA’s workflow was determined using in-vitro and 

in-vivo metastatic melanoma model. Since metastatic melanoma considered the most lethal form 

of skin cancer, and one of the top six most common cancer-related mortality worldwide. 

Consequently, DEA’s main target was identified in-vitro, the mitochondrial mechanisms resulting 

in intrinsic apoptosis (Fig. 27), furthermore, melanoma growth and metastasis were inhibited by 

DEA’s treatment in-vivo. Considering the therapeutic concentrations of anti-cancer drugs; DEA’s 

treatment is much lower in both in-vitro and in-vivo, which elevate the chance of being a promising 

candidate for metastatic tumors therapy.  

Regarding anti-cancer drug resistance, a highly resistant cancer type, TNBC, was used along 

with treatable type, HB+ BC, under DEA’s low treatment concentrations. By comparing the two 

types, TNBC showed less sensitivity as DEA’s treatment increases through elevating the 

inflammatory COX-2 protein expression. Thus, a combination of DEA and COX-2 inhibitor 

celecoxib was used, which results in synergetic effect led to almost the same DEA’s effect in both 

BC types. Concluding, DEA could be combined with specific inhibitors for resistant-cancer 

treatment.  

Since DEA is the major metabolite of AM, considering that within the suggested safety 

limits, the drug does not have therapy-restricting side effects, the safety concerns might not hinder 

the introduction of DEA into clinical studies. 
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Figure 27. DEA induces tumor cell apoptosis through multiple pathways [47].  
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Abstract: Previously, we showed that desethylamiodarone (DEA), a major metabolite of the widely
used antiarrhythmic drug amiodarone, has direct mitochondrial effects. We hypothesized that
these effects account for its observed cytotoxic properties and ability to limit in vivo metastasis.
Accordingly, we examined DEA’s rapid (3–12 h) cytotoxicity and its early (3–6 h) effects on various
mitochondrial processes in B16F10 melanoma cells. DEA did not affect cellular oxygen radical
formation, as determined using two fluorescent dyes. However, it did decrease the mitochondrial
transmembrane potential, as assessed by JC-1 dye and fluorescence microscopy. It also induced
mitochondrial fragmentation, as visualized by confocal fluorescence microscopy. DEA decreased
maximal respiration, ATP production, coupling efficiency, glycolysis, and non-mitochondrial oxygen
consumption measured by a Seahorse cellular energy metabolism analyzer. In addition, it induced a
cyclosporine A–independent mitochondrial permeability transition, as determined by Co2+-mediated
calcein fluorescence quenching measured using a high-content imaging system. DEA also caused outer
mitochondrial membrane permeabilization, as assessed by the immunoblot analysis of cytochrome C,
apoptosis inducing factor, Akt, phospho-Akt, Bad, and phospho-Bad. All of these data supported our
initial hypothesis.

Keywords: amiodarone; apoptosis; metastatic melanoma; mitochondrial fusion-fission; mPT; Bad;
Akt; Aif

1. Introduction

Mitochondrial processes are indispensable for most eukaryotic cells. As a metabolic compartment,
mitochondria produce ~90% of cellular ATP and represent a hub in the catabolism and synthesis of
essential intermediates and macromolecule precursors for cell growth and proliferation [1]. In addition,
mitochondria participate in the maintenance of Ca2+ homeostasis and redox balance, as well as
the regulation of cell death [2]. Notably, mitochondria can regulate their functions according to
the metabolic demands of the cell [3], and these functions are characteristically altered in cancer
cells [4]. Accordingly, cancer is regarded as a mitochondrial metabolic disease [4–7], and intensive
research efforts have been devoted to the identification of novel mitochondria-targeted therapeutic
strategies [3,8].

Desethylamiodarone (DEA), the major metabolite of amiodarone (AM), accumulates rapidly in the
extracardiac tissues of patients during AM antiarrhythmic therapy [9]. Although AM is one of the most

Int. J. Mol. Sci. 2020, 21, 7346; doi:10.3390/ijms21197346 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-3910-1725
http://www.mdpi.com/1422-0067/21/19/7346?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21197346
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 7346 2 of 21

frequently prescribed antiarrhythmics in the United States and is widely used in various life-threatening
ventricular tachyarrhythmias worldwide, AM therapy is often limited by the toxic side effects of
both the parent molecule and DEA itself [10]. These side effects include thyroid, hepatic, pulmonary,
cardiac, psychiatric, ocular, dermatologic, hematological, and neuromuscular symptoms [10], which
in most cases appear when the AM plasma concentration exceeds the recommended therapeutic
value of 5.7 µM [11]. The tissue concentrations of AM and DEA can be 100–1000 times higher than
the corresponding plasma concentration [11]. The accumulation of DEA in the myocardium, as
well as in lung, liver, thyroid gland, pancreas, and skin, but not in adipose tissue, exceeds that of
the parent molecule [9,12,13], and its mean elimination half-life is about 40 days [14]. Based on the
tissue accumulation properties and toxic effects of DEA, we previously proposed that the compound
has a potential use in cancer therapy and provided experimental evidence for its cytostatic and
metastasis-limiting properties in the bladder, cervix, and melanoma cell lines [15–17].

In previous studies in isolated liver and heart mitochondria, we found that DEA at concentrations
of 10–30 µM inhibits the mitochondrial respiratory chain, collapses the mitochondrial membrane
potential (∆Ψm), and induces a mitochondrial permeability transition (mPT) [18]. We concluded that
these effects could account for the toxic side effects of AM [18]. In light of the dependence of cancer
cells on optimized mitochondrial metabolism, these effects of DEA may contribute to its observed
cytotoxic and metastasis-limiting properties. To explore this possibility, in this study we examined the
effects of DEA treatment on mitochondrial processes in B16F10 melanoma cells.

2. Results

2.1. Effect of DEA on Cellular Reactive Oxygen Species (ROS) Production

Cancer cells and tissues exist under persistent oxidative stress, which affects their survival
and metastatic properties [19]. Therefore, we were interested in whether DEA has any effect on
ROS formation in the B16F10 melanoma line. To resolve this issue, we treated the cells with 5 and
10 µM of DEA in the presence of the non-fluorescent reduced derivatives of fluorescent redox dyes,
and registered the increase in fluorescence resulting from the oxidizing effect of cellular ROS. We used
two different fluorescent redox dyes to asses ROS formation separately in the aqueous and membranous
compartments. Additionally, we used MitoSOXTM Red, a redox dye of red fluorescence targeted to
the mitochondria, where it is oxidized selectively by superoxide [20]. Taxol, which generates ROS at
low micromolar concentrations, was used as a positive control [21]. In agreement with our previous
results obtained in isolated liver and heart mitochondria [18], we did not detect significantly elevated
ROS levels in either the aqueous or membranous compartments of B16F10 melanoma cells (Figure 1).
However, we found that 10 µM of DEA did induce mitochondrial superoxide formation, which was
much smaller in extent than the one caused by 5 µM of Taxol (Figure 1).
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Figure 1. Effect of DEA on the cellular ROS formation in the B16F10 melanoma line. Cells were treated
with 5 or 10 µM of DEA or 5 µM of taxol (positive control). ROS formation in the lipid (light bars) and
aqueous (dark bars) phase and mitochondrial superoxide production (empty bars) were calculated
based on the rate of fluorescence intensity change vs. time; fluorescent dyes were generated by
ROS-mediated oxidation from their respective non-fluorescent counterparts. The results are expressed
as the % of ROS formation in the absence of agents (means ± SEM of five independent experiments).
* indicates a significant difference relative to the control (p < 0.05).

2.2. Effect of DEA on the Mitochondrial Membrane Potential (∆Ψm)

∆Ψm is a significant factor in ATP synthesis and has a number of non-energetic functions essential
for cell survival [22]. Accordingly, we were interested in how DEA treatment affects ∆Ψm in B16F10
melanoma cells. For this purpose, we used a membrane potential-dependent fluorescent dye, JC-1,
which accumulates in the mitochondria due to its positive charge. When ∆Ψm is normal, the dye forms
J-aggregates that emit red fluorescence upon excitation. Depolarization decreases the abundance of
the dye in the mitochondria; consequently, the aggregates fall apart, and the monomer dye emits a
green fluorescence when excited at 490 nm. When ∆Ψm dissipates completely, the dye is not retained
in the mitochondria, manifesting as a loss of fluorescence. Within 3 h, treatment with > 5 µM of DEA
markedly depolarized the mitochondria in intact B16F10 melanoma cells (Figure 2).
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Figure 2. Effect of DEA on ∆Ψm in B16F10 melanoma cells. Cells were treated with 5 or 10 µM of DEA
for 3 h. ∆Ψm was assessed using the membrane potential-dependent fluorescent dye, JC-1. Red and
green fluorescence indicates normal and depolarized ∆Ψm, respectively. (a) Representative fluorescence
images in the red, green, and merged channels of cells treated with 10 µM of DEA. (b) Quantitative
assessment of ∆Ψm, expressed as the % of fluorescence intensity (means ± SEM of three independent
experiments). Quantitative comparisons are true within the same color only. Red and green bars denote
red and green fluorescence, respectively. * and # indicate a significant difference relative to the control
and 5 µM of DEA, respectively (p < 0.05).

2.3. Effect of DEA on Mitochondrial Fragmentation in Intact B16F10 Melanoma Cells

Mitochondrial fusion requires healthy ∆Ψm, which forms the basis of mitochondrial quality
control [22]. Therefore, compromised ∆Ψm results in mitochondrial fragmentation, raising the
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possibility that DEA treatment causes such an effect. To test this possibility, we performed
confocal fluorescence microscopy on DEA-treated B16F10 melanoma cells transiently transfected
with mitochondria-targeted red fluorescent protein (mtRFP) expressing vector [23]. Under these
conditions, the intensity of the mitochondrially localized fluorescence did not depend on ∆Ψm.
Treatment for 3 h with 10 µM of DEA resulted in mitochondrial fragmentation comparable to that
caused by 25 µM of cisplatin (positive control [24]) (Figure 3). Although treatment with 5 µM of DEA
tended to increase the mitochondrial fragmentation, the difference from the control did not reach the
level of statistical significance (Figure 3).

Figure 3. Effect of DEA on mitochondrial fragmentation. mtRFP-transfected cells were treated with 5
or 10 µM of DEA, or 25 µM of cisplatin (positive control [24]), for 3 h. Mitochondrial fragmentation was
determined based on confocal fluorescence images, as described in [25]. (a) Representative fluorescence
images for all the treatment groups. (b) Quantitative assessment of mitochondrial fragmentation
expressed as % (means ± SEM of three independent experiments). * indicates a significant difference
relative to the control (p < 0.05).
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2.4. Effect of DEA on the Energy Metabolism of B16F10 Melanoma Cells

Given that the DEA treatment compromised ∆Ψm, a major determinant of ATP synthesis [22],
we next sought to assess DEA’s effect on energy metabolism of B16F10 melanoma cells. We used the
Seahorse XF Cell Mito Stress Test to monitor the cellular oxygen consumption rate (OCR), an indicator
of mitochondrial respiration, and the extracellular acidification rate (ECAR), an indicator of aerobic
glycolysis in live B16F10 melanoma cells. We treated cells with 5 or 10 µM of DEA for 3 h, and then
monitored the OCR and ECAR for 75 min. After registering basal respiration (Figure 4a-1) for 15 min,
we added oligomycin, an inhibitor of FoF1 ATP synthase, to assess the ATP production (Figure 4a-4).
After 20 min of recording, we added carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP),
which uncouples respiration and ATP synthesis, to measure maximal respiration (Figure 4a-3). After a
further 20 min of recording, we inhibited mitochondrial respiration by adding the Complex I inhibitor
rotenone and the Complex III inhibitor antimycin A to determine the proton leak and non-mitochondrial
oxygen consumption (Figure 4a-2, Figure 4a-5). Simultaneously, we also monitored ECAR (Figure 4b).
From the original recordings, the instrument output multiple parameters of cellular energy metabolism
(Figure 4c–k). The DEA treatment did not significantly affect basal respiration (Figure 4c) or proton
leak (Figure 4d), although 10 µM of DEA tended to decrease the former and increase the latter. By
contrast, 10 µM of DEA did suppress the maximal respiration (Figure 4e), ATP production (Figure 4f),
and coupling efficiency (Figure 4g); the last of these indicates how tightly respiration is coupled to
ATP synthesis. DEA decreased the non-mitochondrial oxygen consumption (Figure 4h), and spare
respiratory capacity, expressed either as the difference (Figure 4i) or ratio (Figure 4j) of maximal
and basal respiration, in a concentration-dependent manner. Although it did not affect the basal
fermentative ATP synthesis, DEA decreased lactate accumulation after oligomycin administration in a
concentration-dependent manner (Figure 4b–k), indicating that the drug interfered with the glycolytic
machinery as well as the mitochondrial respiratory chain.
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Figure 4. Effect of DEA on the energy metabolism of B16F10 melanoma cells. Cells were treated with
5 or 10 µM of DEA for 3 h, and then the OCR and ECAR were monitored for 75 min. The FoF1 ATP
synthase inhibitor oligomycin (o), the uncoupler FCCP, and the respiratory inhibitors rotenone and
antimycin A (R+AmA) were added at the bold arrows. (a) OCR recordings for untreated (filled circles),
5 µM of DEA-treated (triangles), and 10 µM of DEA-treated (open circles) cells (means ± SD of three
independent experiments running in two replicates in each experiment. The double-headed arrows
with numbers next to them indicate (1) basal respiration, (2) proton leak, (3) maximal respiration,
(4) ATP production, (5) non-mitochondrial oxygen consumption, and (6) spare respiratory capacity.
(b–i) Parameters derived from (a); for explanation, see the text and (a). Appropriate parts of the
recordings were averaged and presented as the means± SEM of three independent experiments running
in two replicates in each experiment. * indicates a significant difference relative to the control (p < 0.05).
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(b) Basal respiration. (c) Proton leak. (d) Maximal respiration. (e) Mitochondrial ATP production.
(f) Coupling efficiency; for explanation, see the text. (g) Non-mitochondrial oxygen consumption.
(h,i) Spare respiratory capacity, presented as the difference (h) and ratio (i) of maximal and basal
respiration. (j) ECAR recordings for untreated (filled circles), 5µM of DEA-treated (triangles), and 10µM
of DEA-treated (open circles) cells (means ± SD of three independent experiments running in two
replicates in each experiment). All the labeling is the same as for (a). (k) Extracellular acidification rate
before (dark bars) and after (light bars) the administration of oligomycin. OCR and ECAR data were
normalized to mg of protein content.

2.5. Effect of DEA on mPT in Intact B16F10 Melanoma Cells

According to our previous results, DEA induced mPT in isolated liver and heart mitochondria
that was resistant to cyclosporine A, a specific inhibitor of mPIT induced by elevated Ca2+ [26]. We
were interested in determining whether the drug has the same effect in melanoma cells. Therefore,
we adapted the method of Petronilli et al. [27] for measuring mPT in intact live cells using a 96-well
automated high-content fluorescence imaging system. The method is based on the quenching of calcein
fluorescence by Co2+. Non-fluorescent acetoxymethylcalcein is taken up by the cells, and is converted
intracellularly to fluorescent calcein by non-specific esterases. Co2+, the cellular uptake of which is
facilitated by the Ca2+ ionophore A23187, quenches the cytoplasmic calcein fluorescence; however,
it cannot enter intact mitochondria, resulting in exclusively mitochondrial calcein fluorescence. When
the mPT pore opens, Co2+ is free to enter the mitochondria and quench the calcein fluorescence there
as well. Accordingly, we monitored the calcein fluorescence of melanoma cells treated with 5 or 10 µM
of DEA or 1.5 mM of CaCl2 (positive control [27]) in the presence of acetoxymethylcalcein, CoCl2,
and A23187 with or without CsA for 3 h. In complete agreement with our previous results obtained in
isolated liver and heart mitochondria [18], 10 µM of DEA induced mPT that was CsA-independent
(Figure 5). As expected, elevated Ca2+, the cellular uptake of which is facilitated by A23187, caused a
massive mPT that was fully CsA-dependent (Figure 5).

Figure 5. Effect of DEA on mPT in intact B16F10 melanoma cells. Cells were treated with 5 or 10 µM of
DEA or 1.5 mM of Ca2+ (positive control [27]) in the presence (dark bars) or absence (light bars) of
the mPT inhibitor CsA for 3 h. mPT was assessed by monitoring the Co2+-mediated quenching of
mitochondrial calcein fluorescence [27]. The results are expressed as fluorescence intensity (the means
± SEM of three independent experiments). * and # indicate a significant difference relative to control
and CsA-treated cells of the same treatment group, respectively (p < 0.05).

2.6. Effect of DEA on Outer Mitochondrial Membrane (OMM) Permeabilization

OMM permeabilization can lead to apoptotic death [28]; therefore, we studied the effect of DEA on
OMM integrity. When the OMM is intact, pro-apoptotic intermembrane proteins such as cytochrome C
(Cyt c) and apoptosis-inducing factor (Aif) are retained in the mitochondria. Anti-apoptotic members
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of the B-cell lymphoma 2 (Bcl2) family form heterodimers with pro-apoptotic members, thereby
inactivating them. When the Bcl2-associated agonist of cell death (Bad) is dephosphorylated, it binds
to anti-apoptotic Bcl2 family members, releasing the pro-apoptotic ones, which in turn dimerize with
each other, translocate to the OMM, and permeabilize it. This leads to a release of the pro-apoptotic
intermembrane proteins, eventually resulting in apoptotic cell death [28]. A major mechanism of
protection against apoptosis is the phosphorylation of Bad by the cytoprotective kinase Akt [28]. Optic
atrophy1 (Opa1) is an inner mitochondrial membrane (IMM)-associated large GTPase protein that is
present in the mitochondria only [29]. Stimuli leading to OMM permeabilization and Cyt c release
results also in release of Opa1 to the cytosol [30]. Accordingly, we assessed DEA’s effect on OMM
integrity by determining its effect on the expression, localization, and activation of Cyt c, Opa1, Aif,
Bad, and Akt. To this end, we prepared whole-cell homogenate, and in parallel nuclear and cytoplasmic
fractions from B16F10 melanoma cells treated with different concentrations of DEA for 6 h, and then
subjected them to immunoblot analysis. To determine the phosphorylation states of Akt and Bad, we
used phosphorylation-specific primary antibodies. At a concentration of 10 µM, DEA increased the
steady-state level of Bad and decreased Bad phosphorylation in a concentration-dependent manner
(Figure 6). Both of these effects shift the balance in the pro-apoptotic direction. Accordingly, DEA
induces the release of Cyt c and Opa1 into the cytosol and nuclear translocation of Aif (Figure 6).
In addition, 10 µM of DEA decreased Akt phosphorylation without affecting the steady-state level
of the enzyme (Figure 6). This latter effect of DEA was fully consistent with its effects on the other
proteins studied. Together, these data indicated that DEA caused OMM permeabilization.
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Figure 6. Effect of DEA on the OMM permeabilization in B16F10 melanoma cells. Cells were treated
with 5 or 10 µM of DEA for 6 h, harvested, and homogenized (Whole cell). Alternatively, nuclear and
cytosolic fractions were prepared from the harvested cells. Steady-state levels and phosphorylation
states of Akt and Bad were assessed in whole-cell homogenate. The steady-state levels of Cyt c and
Opa1 were determined in the cytosolic, whereas that of Aif was measured in the nuclear fraction by
immunoblotting. In the whole-cell homogenate, the cytosolic fraction and the nuclear fraction, we used
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin and histone H1 (HH1), respectively, as
loading controls. The proteins were visualized by enhanced chemiluminescence. (a) Representative
blots. (b) Quantitative assessment of proteins in the subcellular fractions. Results are expressed as pixel
density or chemiluminescence intensity of the bands, both expressed in arbitrary units (means ± SEM
of three independent experiments). * indicates a significant difference relative to the control (p < 0.05).

2.7. Effect of DEA and Akt Inhibitors on the Viability of B16F10 Melanoma Cells

Because of the importance of mitochondrial processes in cancer [5], we were interested in
determining whether the observed mitochondrial effects of DEA manifested as viability changes in
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B16F10 melanoma cells. To this end, we treated the cells for 3–12 h with 5 or 10 µM of DEA before
determining their viability using the sulforhodamine B (SRB) assay. This assay is considered the most
suitable for assessing the toxicity of substances in cultured cells, especially when the toxicity affects the
mitochondria [31]. In complete agreement with our previous results [17], DEA decreased the viability
of B16F10 melanoma cells in a time- and concentration-dependent manner, although at 5 µM and for
up to 6 h of incubation, this effect did not reach statistical significance (Figure 7).

Figure 7. Effect of DEA on the viability of B16F10 melanoma cells. Cells were treated with 5 or 10 µM of
DEA for 3–12 h, and then the viability was determined using the SRB assay. The results are expressed as
the % viability of the control (means ± SEM of five independent experiments). * indicates a significant
difference relative to the control (p < 0.05).

3. Discussion

Mitochondria contribute in multiple ways to carcinogenesis, tumor survival, and metastasis.
The respiratory chain, situated in the inner mitochondrial membrane (IMM), is responsible for the
majority of the ATP production under physiological conditions; moreover, it is a massive source of ROS
formation in various maladies, including cancer [32,33]. Different ROS-associated signaling pathways
have been proposed as oncologic therapeutic targets, particularly the nuclear factor erythroid 2-related
factor 2 (Nrf2)–regulated anti-oxidant defense system [34,35]. A number of antineoplastic drugs and
substances that inhibit the mitochondrial respiratory chain increase cellular ROS production [21,36–38].
Using a mitochondria-targeted fluorescent redox dye, we found that DEA at a concentration of 10 µM
but not at 5 µM elicited mitochondrial superoxide formation (Figure 1). However, we failed to observe
significantly elevated ROS levels either in the aqueous or membranous cellular compartments (Figure 1).
The latter results are in accordance with our previous results obtained in isolated liver and heart
mitochondria [18]. It is not clear whether this discrepancy was due to technical issues, or simply if the
extent of mitochondrial superoxide production was insufficient to elevate the overall cellular ROS level.
Indeed, oxidases—most notably, members of the NADPH oxidase family—are the major source of
cellular ROS production besides the mitochondrial respiratory chain. Additionally, the latter is tightly
controlled, and the superoxide produced by it is readily neutralized by antioxidant enzymes [39].
However, it is worth noting that the DEA-induced mitochondrial superoxide production was less than
20% of the one caused by 5 µM of Taxol (Figure 1), and the Taxol-induced cellular ROS production was
detectable by conventional fluorescent redox dyes [21], not only by MitoSOXTM Red.
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In addition to its role in providing the driving force for ATP synthesis, ∆Ψm plays essential roles
in the transport of mitochondrial proteins encoded in the nucleus [40], as well as in cations such as K+,
Ca2+, and Mg2+ [22]; ROS generation [41] and mitochondrial network dynamics [42]; and the regulation
of cell death via the release of pro-apoptotic intermembrane proteins [26,43,44]. The maintenance
of ∆Ψm is so important for cell survival that in ischemic situations, the FoF1 ATPase can operate in
reverse mode, consuming rather than synthesizing ATP to rescue the cell. Under such conditions,
the substrate-level phosphorylation of non-glucose substrates supplies the ATP to be cleaved by the
FoF1 ATPase, providing a narrow survival window [45–47]. Cancer cells, especially those in solid
tumors, exist in a permanent state of partial ischemia, to which their cytoplasmic and mitochondrial
metabolic pathways must adapt [3,48]. Therefore, drugs that interfere with tumor cell metabolism
could be of therapeutic value [3]. DEA is an example of such a candidate drug: it decreased ∆Ψm in a
concentration-dependent manner in B16F10 melanoma cells, and a 3 h treatment with 10 µM of DEA
massively decreased ∆Ψm (Figure 2). This finding was in accord with our previous results obtained in
isolated liver and rat mitochondria [18].

Mitochondrial network dynamics play important roles in mitochondrial biogenesis, the satisfaction
of cellular energy and metabolic demands, retrograde signaling, and mitochondrial quality
control [42,49]. To fulfill these tasks, continuous mitochondrial fusion and fission processes must
be maintained in balance, and are mainly regulated by intracellular signaling [49]. However, ∆Ψm

plays a decisive role in this balance, as below a certain ∆Ψm threshold the fusion process cannot take
place [42,49]. Accordingly, excessive fission is a common feature of many tumors [50,51]. Although
mitochondrial fission does not necessarily lead to apoptotic cell death, fragmented mitochondria are
more susceptible to damage and are more apt to be eliminated by mitophagy, which forms the basis of
mitochondrial quality control [52]. Excessive fission can lead to a significantly reduced mitochondrial
DNA copy number, as observed in various malignancies including astrocytomas; prostate cancers;
and breast, colon, and hepatocellular carcinomas [42]. Decreases in the mitochondrial copy number
compromise normal mitochondrial function and promote cellular migration, thus contributing to tumor
progression [53]. Accordingly, the fragmentation-inducing effect of DEA (Figure 3) may contribute
to its cytotoxic properties and ability to limit in vivo metastasis, which we observed previously
in cultured bladder and cervix carcinoma and melanoma cells [15–17]. Increased mitochondrial
fragmentation results from increased fission or decreased fusion. Considering that fusion requires
intact ∆Ψm [29], and DEA-impaired ∆Ψm (Figure 2), it seems likely that DEA caused mitochondrial
fragmentation by impeding fusion. Opa1 is responsible for the fusion of the IMM, and maintains its
cristae morphology [29]. Short and long isoforms of the protein are in balance, and normally they are
associated with the IMM. However, their balance is disrupted, and the protein is released to the cytosol
when stimuli disturb the ∆Ψm and/or permeabilize the OMM [30]. DEA at a concentration of 10 µM
evoked Opa1 release to the cytosol (Figure 6), indicating that its mitochondrial fragmentation-inducing
effect was indeed caused by impeding fusion rather than by promoting fission.

Cancer cells change their metabolism in characteristic ways to adapt to the predominantly hypoxic
conditions of their environment [54]. For energy production, many cancer types prefer glycolysis over
mitochondrial oxidative phosphorylation, even in the presence of sufficient oxygen. The importance of
this switch in ATP production, known as the Warburg effect [55], is validated by the diagnostic value of
18F-deoxyglucose positron emission tomography in identifying tumors based on their increased glucose
uptake [56,57]. However, the most malignant cancer types, including cancer stem cells, metastatic tumor
cells, and therapy-resistant tumor cells, have elevated levels of mitochondrial ATP synthesis [58,59].
Moreover, oxidative phosphorylation is essential for the survival, proliferation, and metastasis of these
cells and forms the basis of their resistance to chemotherapy and radiotherapy [60,61]. Accordingly,
oxidative phosphorylation is considered as an emerging therapeutic target, especially for the most
malignant cancer types [62]. Based on its effects on energy metabolism in B16F10 melanoma cells, DEA
exhibits promise as a candidate cancer therapy. At a concentration of 10 µM, DEA diminished maximal
respiration, ATP production, and coupling efficiency (Figure 4). These findings are in line with our
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previous results obtained in isolated liver and heart mitochondria [18]. Additionally, DEA decreased
fermentative glycolysis and non-mitochondrial oxygen consumption in a concentration-dependent
manner (Figure 4). This latter effect might contribute to the drug’s cytotoxic and anti-metastatic
properties. Impeding both the mitochondrial and glycolytic ATP producing pathways (Figure 4) seems
an attractive mechanism for DEA’s cytotoxic property. However, this remains to be proven in future
studies aimed at identifying the targets of DEA both in the respiratory chain and the glycolytic pathway.

Adverse environmental conditions such as hypoxia, low nutrient availability, and growth factor
withdrawal can induce mitochondria-associated cell death, most often in the form of mPT or OMM
permeabilization. When opened, the mPT pore forms a nonspecific channel, allowing the unrestricted
passage of water and solutes of up to 1.5 kDa in size across the IMM [26]. The physiological role of
transient channel opening remains unknown; however, prolonged opening results in the complete
loss of ∆Ψm, the termination of ATP synthesis, mitochondrial swelling, and the rupture of the IMM
due to water influx driven by the high osmolarity of the mitochondrial matrix [26,63]. Outflowing
Ca2+ triggers mPT in the neighboring mitochondria, resulting in eventual necrotic cell death [26].
However, cancer cells are often relatively resistant to mPT induction [64]. In complete agreement
with our previous results obtained in isolated liver and heart mitochondria [18], 10 µM of DEA
induced a CsA-independent mPT (Figure 5). This likely contributes to DEA’s cytotoxicity in cultured
bladder carcinoma, cervical carcinoma, and melanoma cells [15–17]. Furthermore, DEA definitely
compromised IMM integrity, as calcein fluorescence was not quenched in the absence of DEA or
Ca2+ stimulation (data not shown). In addition, Ca2+ evoked a CsA-dependent mPT that was more
pronounced than the mPT induced by 10 µM of DEA (Figure 5). The identity and composition of
the mPT pore remains controversial [63], and CsA-independent mPT induction has been reported by
others [65]. Therefore, we will refer to this effect of DEA as “mPT-inducing” until a clearer definition
of mPT can be established.

The other major form of mitochondria-associated cell death is OMM permeabilization-mediated
apoptosis. However, resistance to apoptosis is a hallmark of cancer that is achieved by disrupting the
balance between pro- and anti-apoptotic Bcl2 proteins [66]. Resistance arises due to a multitude of
mechanisms, including the downregulation of pro-apoptotic, up-regulation of anti-apoptotic Bcl-2
genes [67], and upregulation of protein inhibitors of apoptosis [68]. Although only preliminary data
are available regarding how DEA interferes with these mechanisms, some trends have emerged. Firstly,
even a relatively short DEA treatment (6 h) elevates the steady-state level of the pro-apoptotic Bcl-2
family member Bad (Figure 6). Future studies should investigate whether Bad levels rise due to the
upregulation of expression or the inhibition of degradation. Second, the Akt, which is constitutively
active in melanomas [69], was inactivated by 10 µM of DEA (Figure 6). In this case, the duration was
more than adequate for the observed effect, as the covalent regulation of a kinase activity could be
achieved within minutes. The observed decrease in Bad phosphorylation and increase in Cyt c and Aif
release (Figure 6) could be explained by the previous two findings.

However, the data in Figure 6 also indicate that several elements of the signaling network
underlying DEA’s OMM-permeabilizing effect were not examined in this study. Although it is difficult
to compare blots using different primary antibodies, it seems unlikely that the observed Akt inhibition
can fully account for the reduction in Bad phosphorylation (Figure 6). Additionally, the extent of Cyt
c release seems disproportional with the other observed changes (Figure 6). Future studies should
seek to identify missing mechanisms. On the other hand, all the aforementioned data are in line with
our previous findings on DEA [15–18], and they account for the time- and concentration-dependent
cytostatic effect of DEA treatment (Figure 7). Based on the data presented in this study, it is difficult to
propose a mechanism that can explain the said multiple effects on several mitochondrial processes.
Considering the central role of Ca2+ in regulating apoptosis and thereby the survival and therapy
resistance of cancer cells [70], it is a limitation of this study that it cannot account for DEA’s effect on
intracellular calcium.
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On the other hand, we presented experimental evidence that DEA decreases ∆Ψ; induces
mitochondrial fragmentation; decreases maximal respiration, ATP production, coupling efficiency,
glycolysis, and non-mitochondrial oxygen consumption; and induces CsA-independent mPT and
OMM permeabilization. All of these effects may account for the rapid (3–12 h) cytotoxicity of the
drug. Furthermore, these results are in agreement with our previous findings obtained in isolated liver
and heart mitochondria, and may account for DEA’s long-term (24–72 h) cytotoxicity and ability to
suppress in vivo metastasis by bladder carcinoma, cervical carcinoma, and melanoma cell lines [15–18].

4. Materials and Methods

4.1. Materials

Protease inhibitor cocktail and all chemicals for cell culture were purchased from Sigma-Aldrich
Kft (Budapest, Hungary). DEA was a gift from Professor Andras Varro (Department of Pharmacology
and Pharmacotherapy, University of Szeged, Szeged, Hungary). The following primary antibodies
were used: anti-Bad, anti–phospho-Bad (Ser136), anti- Akt, anti-phospho-Akt (Ser473), anti-AIF,
anti-histonH1, anti-cytochrome C, anti–Opa1 (1:500 dilution), anti-GAPDH (1:2000, clone 6C5),
and anti-actin (1:2000). All the antibodies were purchased from Cell Signaling Technology (Beverly,
MA, USA), but GAPDH that was from EMD Millipore Bioscience (Darmstadt, Germany).

4.2. Cell Culture

B16F10 mouse metastatic melanoma cells were obtained from the American Type Culture
Collection (LGC Standards, Wesel, Germany). B16F10 cells were split twice a week for 4 months and
maintained as monolayer adherent cultures under standard conditions (5% CO2, 37 ◦C) in RPMI
1640 media supplemented with 10% fetal calf serum (FCS) and 1% penicillin–streptomycin mixture
(Life Technologies, Darmstadt, Germany).

4.3. Cell Viability Assay

B16F10 cells were seeded in 96-well plates at a starting density of 5 × 103 cells/well in quintuplicate
(five replicate wells per sample) overnight. The cells were treated with 0, 5, or 10 µM of DEA for 3–12 h.
After treatment, the cells were washed in phosphate-buffered saline (PBS) and fixed in 100 µL of cold
10% trichloroacetic acid solution. The plates were incubated for 30 min at 4 ◦C, washed five times with
distilled water, and dried overnight at room temperature. The cellular protein content in the wells
was determined by the SRB assay. Briefly, 70 µL of 0.4% SRB (Sigma-Aldrich Co., Budapest, Hungary)
prepared in 1% acetic acid were added to each well and incubated for 30 min at room temperature.
The SRB reagent was discarded, and the plates were washed five times with 1% acetic acid and dried at
room temperature for a few hours. Then, 200 µL of a 10 mM Tris base was added to each well, and the
samples were incubated at room temperature on a plate shaker for 30 min to solubilize the bound SRB.
Absorbance was measured at 560 and 600 nm in parallel on a plate reader. OD600 was subtracted as a
background from the OD560. These experiments were repeated five times.

4.4. Bioenergetic Analysis

To determine the balance of oxidative vs. fermentative energy production in B16F10 cells, OCR
and ECAR were measured using a Seahorse XFp Analyzer (Agilent, Santa Clara, CA, USA). Cells were
seeded into XFp cell culture 8-well miniplates at a starting density of 4 × 104 cell/well in duplicate and
cultured under standard conditions overnight. Then, the cells were treated with 0, 5, or 10 µM of DEA
for 3 h. Prior to the measurement, the medium was replaced with Seahorse XF Assay Media (Agilent,
Santa Clara, CA, USA) pH 7.4 supplemented with 10 mM of glucose, 2 mM of L-glutamine, and 1 mM
of pyruvate. Mitochondrial stress test was performed using the following inhibitors at the indicated
final concentrations: 1 µM of oligomycin, 1 µM of FCCP, and 1 µM of rotenone–antimycin A. In each
experiment, two wells without cells were running to assess the non-cellular oxygen consumption,
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which was subtracted from the corresponding OCR value. The OCR and ECAR data were normalized
to the mg protein content using the Micro BCA Protein Assay kit (Thermo Fisher Scientific, Waltham,
MA, USA) for the measurement of protein concentrations. No other data correction was applied. These
experiments were repeated three times.

4.5. ∆Ψm Assay

Changes in ∆Ψm were assayed using the mitochondrial fluorescent dye JC-1. B16F10 cells were
seeded at a starting density of 2.5 × 104 cells/well in 6-well plates containing coverslips and cultured at
least overnight before the experiment. After subjecting the cells to different concentrations of DEA for
3 h, the coverslips were rinsed twice in PBS and placed upside down on top of a small chamber formed
by a microscope slide filled with PBS supplemented with 10% FCS and 1 µg/mL of JC-1 dye (Molecular
Probes, Eugene, OR, USA). The cells were imaged with a Nikon Eclipse Ti-U fluorescent microscope
(Auro-Science Consulting Ltd., Budapest, Hungary) equipped with a Spot RT3 camera, using a 20×
objective lens with epifluorescence illumination. After the cells were loaded with dye for 15 min,
the same microscopic field was imaged with a 490 nm bandpass excitation and > 590 nm (red) and < 546
nm (green) emission filters. Under these conditions, we did not observe considerable bleed-through
between the red and green channels. The quantification of JC-1 fluorescence intensities in each sample
was performed in 15 randomly chosen microscopic fields containing 20–30 cells using the MetaXpress
image analyzer software (Molecular Devices LLC., San Jose, CA, USA). These experiments were
repeated three times.

4.6. Analysis of Mitochondrial Network Dynamics

For confocal imaging, B16F10 cells were seeded onto 25 mm round glass coverslip medium at a
starting density of 2.5 × 104 cells/coverslip, and cultured in antibiotic-free culture for 24 h. The transient
transfection of B16F10 cells with mtRFP was performed using TransFectin Lipid Reagent (Bio-Rad,
Hercules, CA, USA). On the following day, the cells were treated for 3 h, as indicated in the text;
washed twice in PBS; and fixed in 4% formalin. Fluorescence was visualized on an Olympus FluoView
1000 (Olympus, Hamburg, Germany) confocal laser scanning microscope. For excitation, a multiline
argon-ion laser at 488 nm and a green helium-neon laser at 543 nm were used (10 µs/pixel) in the
photon-counting and sequential mode. The field of interest was scanned in XYZ mode, scanning the
total thickness of the cells with a 1.5 µm layer distance and taking 1024 × 1024 pixel images of each
layer. The quantitative determination of mitochondrial fragmentation was performed as described [25];
we considered mitochondria shorter than 2 µm to be fragmented and those longer than 5 µm as
filamentous. These experiments were repeated three times.

4.7. Subcellular Fractionation

Three semi-confluent 10 cm plates of B16F10 cells were harvested, washed twice with
PBS, and resuspended in 1 mL of fractionation buffer (250 mM of sucrose, 20 mM of
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.4, 10 mM of KCl, 1.5 mM of
MgCl2, 1 mM of ethylenediamine-tetraacetic acid (EDTA), 1 mM of ethyleneglycol-tetraacetic acid
(EGTA), 1 mM of dithiothreitol (DTT), and proteinase inhibitor cocktail (Sigma, #P2714)). The cell
lysate was manually homogenized in a Teflon–glass homogenizer, chilled on ice, and centrifuged
for 7 min at 720× g at 4 ◦C. The nuclear pellet was resuspended in 700 µL of fractionation buffer,
re-homogenized, and centrifuged for 10 min at 600× g. This procedure was repeated one more time,
and the pellet was resuspended in lysis buffer (10% glycerol, 25 mM of NaCl, 50 mM of NaF, 10 mM
of Na-pyrophosphate, 2 nM of EGTA, 2 nM of DTT, 20 nM of p-nitrophenyl-phosphate, 25 mM of
Tris-HCl, pH 7.4, 50 nM of beta-glycerophosphate, and 0.1% Triton X-100) to yield the nuclear fraction.
The supernatant of the 7 min, 720× g centrifugation step was subjected to centrifugation at 10,000× g
for 5 min at 4 ◦C. The supernatant and pellet of this step yielded the cytoplasmic and mitochondrial
fractions, respectively; the latter was not used in this study.
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4.8. Immunoblot Analysis

B16F10 cells were seeded in 10 cm plates at 106 cells/plate and treated as described above for the
cell viability assay. The cells were harvested at intervals in chilled lysis buffer containing 0.5 mM of
sodium-metavanadate, 1 mM of EDTA, and protease inhibitor cocktail (1:200). The 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 h at
room temperature, and then exposed to primary antibodies at 4 ◦C overnight in blocking solution.
Appropriate horseradish peroxidase–conjugated secondary antibodies were used at a dilution of 1:5000.
Signals were visualized by using enhanced chemiluminescence and captured on X-ray film. The films
were scanned, and the pixel densities of the bands were determined using the NIH ImageJ software.
Alternatively, chemiluminescence was measured on an Azure 300 (Azure Biosystems) imaging system
that digitized the bands’ chemiluminescence intensities using its inbuilt software. For stripping and
reprobing, the membranes were washed in stripping buffer (0.1 M glycine, 5 M MgCl2, pH 2.8) for
1 h at room temperature. After washing and blocking, the membranes were incubated with primary
antibodies against non-phosphorylated or loading control proteins. These experiments were repeated
three times.

4.9. Determination of Cellular ROS Formation

B16F10 cells were seeded as described above for the viability assay and treated with 5 or 10 µM
of DEA or 5 µM of taxol (positive control [21]). The cellular ROS levels were determined based
on the formation of N-acetyl-8-dodecyl-resorufin and 6-carboxy-2’,7’-dichlorofluorescein from their
nonfluorescent reduced counterparts, N-acetyl-8-dodecyl-3,7-dihydroxyphenoxazine (1.3 mg/L final
concentration) and 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate (2 mg/L final concentration), as
described previously [21,71]. The former assessed the cellular ROS formation in the lipid phase, and the
latter in the aqueous phase. Fluorescence was measured by a plate-reader fluorimeter (PerkinElmer,
Hungary) at excitation wavelengths of 578 and 495 nm and emission wavelengths of 597 and 522 nm for
N-acetyl-8-dodecyl-resorufin and 6-carboxy-2’,7’-dichlorofluorescein, respectively. The mitochondrial
superoxide formation was assessed by MitoSOXTM Red (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were incubated for 30 min in 5 µM of MitoSOXTM Red, then were rinsed and treated with 5 or
10 µM of DEA or 5 µM of taxol for 3 h. Fluorescence was recorded by the plate-reader fluorimeter
at excitation wavelengths of 495 nm and emission wavelengths of 590 nm. Under these conditions,
the fluorescence intensity is proportional to the mitochondrial superoxide level [20]. The ROS levels
were calculated from the slopes of the registration curves. These experiments were repeated five times.

4.10. Measurement of mPT in Intact B16F10 Cells

The B16F10 cells were seeded as described above for the viability assay and cultured in
antibiotic-free medium overnight. Cells were washed with Ca2+- and Mg2+-free Hank’s balanced
salt solution (HBSS), and then treated with 250 nM of A23187, 90 µM of CoCl2, 1 g/L of glucose, 5
or 10 µM of DEA or 1.5 mM of CaCl2 (positive control [27]), and/or 2.5 µM of CsA in HBSS for 3 h.
For the detection of mPT, acetoxymethylcalcein was added to the medium at a final concentration of
1 µM. Fluorescence in wells resulting from unquenched de-esterified calcein in the mitochondria [27]
(cytoplasmic calcein is quenched by Co2+) was monitored using the ImageXpress Micro4 automated
high-content imaging system (Molecular Devices LLC., San Jose, CA, USA) using a 4× objective and
epifluorescence illumination. The quantification of calcein fluorescent intensities was performed using
the MetaXpress software. These experiments were repeated three times.

4.11. Data Analysis

All the data are expressed as means ± standard deviation (SD). The concentration-dependent
effects of DEA in each experiment were tested with ANOVA using the post hoc Dunnett test. Differences
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were considered significant at p < 0.05. Statistical analyses were performed using IBM SPSS Statistics
v20.0.
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AIF Apoptosis inducing factor
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Bad Bcl2 associated agonist of cell death
Bcl2 B-cell lymphoma2
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Cyt c Cytochrome C
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∆Ψm Mitochondrial membrane potential
DTT Dithiothreitol
ECAR Extracellular acidification rate
EDTA Ethylenediamine-tetraacetic acid
EGTA Ethyleneglycol-tetraacetic acid
FCCP Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
FCS Fetal calf serum
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HBSS Hank’s balanced salt solution
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
HH1 Histone H1
IMM Inner mitochondrial membrane
mPT Mitochondrial permeability transition
mtRFP mitochondria-targeted red fluorescent protein
Nrf2 Nuclear factor erythroid 2-related factor 2
OCR Oxygen consumption rate
OD Optical density
OMM Outer mitochondrial membrane
Opa1 Optic atrophy1
PBS Phosphate-buffered saline
ROS Reactive oxygen species
SD Standard deviation
SEM Standard error of the mean
SRB Sulforhodamine B
Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol
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Abstract

Previously, we demonstrated the in vitro anti-tumor effects of desethylamiodarone (DEA) in

bladder and cervix cancer cell lines. In the present study, we intended to establish its poten-

tiality in B16-F10 metastatic melanoma cells in vitro and in vivo. We assessed cell prolifera-

tion, apoptosis and cell cycle by using sulforhodamine B assay, Muse™ Annexin V & Dead

Cell and Muse® Cell Cycle assays, respectively. We determined colony formation after

crystal violet staining. For studying mechanistic aspects, immunoblotting analysis was per-

formed. We used a C57BL/6 experimental lung metastasis model for demonstrating in vivo

anti-metastatic potential of DEA. DEA inhibited in vitro proliferation and colony formation,

and in vivo lung metastasizing properties of B16-F10 cells. It arrested the cells in G0/G1

phase of their cycle likely via p21 in a p53-dependent fashion, and induced caspase medi-

ated apoptosis likely via inversely regulating Bcl-2 and Bax levels, and reducing Akt and

ERK1/2 activation. In this study, we provided in vitro and in vivo experimental evidences for

DEA’s potentiality in the therapy of metastatic melanomas. Since DEA is the major metabo-

lite of amiodarone, a worldwide used antiarrhythmic drug, safety concerns could be resolved

more easily for it than for a novel pharmacological agent.

Introduction

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

amiodarone (AM) also has antiarrhythmic activity [1]. Both AM and DEA are strongly bound

to plasma proteins [2]. During AM treatment, DEA rapidly accumulates in extracardiac tis-

sues; sometimes in higher concentrations than AM itself does [3–5]. Tissue concentrations of
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AM and of DEA are hundred to more than thousand times higher than the corresponding

plasma concentrations of 1.6–5.3 μM for AM, and 1.7–4.5 μM for AM plus DEA [6]. The most

affected are adipose, liver and lung tissues, but skin, pancreas, myocardium and thyroid gland

also massively accumulate these drugs. Except for the adipose tissue, concentration of the

metabolite are usually higher than that of the parent molecule following chronic administra-

tion of AM [7]. Repetitive exposures of cell cultures to AM and DEA resulted in a cumulative

and partially saturable uptake. Under all conditions tested, DEA accumulation was higher

than that of AM [8]. The mean elimination half-life was found to be about 40 days and varies

considerably between individuals [9].

The therapeutic concentration of AM has been recommended to be< 5.7 μM [10]. However,

antiarrhythmic AM therapy is limited by the toxic side effects of both the parent molecule and

DEA [11]. These side effects manifest in cardial, ocular, pulmonary, hepatic, dermatologic, hema-

tological, psychiatric, thyroid and neuromuscular adverse reactions, and chronic AM treatment

even can cause epididymitis and syndrome of inappropriate antidiuretic hormone secretion [11].

Based on its tissue accumulation properties and toxic effects, we proposed its potentiality in can-

cer therapy [12, 13]. In this study, we investigated DEA’s therapeutic potentiality in metastatic

melanoma since new effective and safe treatments for this type of cancer are urgently needed.

Clarifying melanocyte biology, relevant oncogenic mutations as well as involved molecular

signaling pathways on melanomagenesis have expanded our knowledge about melanoma

remarkably in the past three decades [14]. However, melanoma is still the most lethal form of

skin cancer accounting for approximately 132,000 new cases each year [15]. Despite the infla-

tion of therapeutically approaches, metastatic melanoma still has a very poor prognosis, with a

five-year survival rate of 15.1% [15, 16]. The prognosis even worse when the tumor has dissem-

inated to distant sites and visceral organs [17]; the median survival time is only 6–9 months

and the 3-year survival rate is about 10–15% [18]. Additionally, metastatic melanoma is highly

resistant to chemotherapy. Most conventional chemotherapy agents have failed because of the

patients’ low response rates [19] and significant toxicity of the agents [20, 21] emphasizing the

importance of finding novel therapeutic tools. Accordingly, in this study we investigated the

effect of DEA on growth, apoptosis of B16-F10 melanoma cells, and on lung metastasis forma-

tion in an in vivo experimental model.

Materials and methods

Materials

Protease inhibitor cocktail and all chemicals for cell culture were purchased from Sigma–

Aldrich Co. (Budapest, Hungary). DEA was a gift from Professor Andras Varro (Department

of Pharmacology and Pharmacotherapy, University of Szeged, Szeged, Hungary). The follow-

ing primary antibodies were used: anti-Bcl-2, anti-Bax, anti-caspase 3 (clone H-277), anti-poly

(ADP-ribose) polymerase 1 (PARP-1), anti-Akt, anti-phospho-Akt (Ser473), anti-extracellular

signal-regulated kinase (ERK1/2) (Thr202/Tyr204), anti-phospho-ERK1/2 (Thr202/Tyr204), anti-

p53, anti-p21, anti-p27, anti-cyclin dependent kinase (CDK)2, anti-cyclin D1 each 1:500 dilu-

tion and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000, clone 6C5).

Antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA) except cas-

pase 3, PARP-1, which were bought from Santa Cruz Biotechnology (Wembley, UK), while

anti-GAPDH antibody was obtained from EMD Millipore Bioscience (Darmstadt, Germany).

Cell culture

Metastatic melanotic B16-F10 mouse melanoma cell line was purchased from the American

Type Culture Collection (LGC Standards, Wesel, Germany). Cells were cultured in Dulbecco’s
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modified Eagle’s medium supplemented with 10% fetal bovine serum and an antibiotic solu-

tion (1% penicillin and streptomycin mixture) (Life Technologies, Darmstadt, Germany).

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

twice weekly for up to a maximum of 10 weeks. Cells were tested by MycoAlertTM Plus Myco-

plasma detection kit monthly.

Cell proliferation assay

B16-F10 cells (105/well) were cultured in 96-well cell culture plates overnight and treated with

different concentrations (2.5–10 μM) of DEA. The attached cells were fixed in situ with addi-

tion of cold 10% trichloroacetic acid solution at 0, 24, 48 and 72 hours after treatment. Cell

number (absorbance) was then estimated by the sulforhodamine B (SRB) assay, as previously

described [22]. Proliferation was assessed by comparing light absorbance measured at the first

time and was presented as fold values. The measurements were performed in quadruplicates

and repeated three times.

Cell viability assay

B16-F10 cells (3 × 105/well) were plated in 24-well plates, cultured overnight and treated with

the indicated concentration of DEA for 24, 48 or 72 hours. 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) according to the instructions provided by

the manufacturer. Cell viability was expressed as the relative percentage of living cells of the

control samples. The experiments were performed in quadruplicate and repeated three times.

Colony formation assay

B16-F10 cells were plated in triplicates into 6-well plates at a starting density of 500 cells/well,

before treating them with different concentrations of DEA. After 7 days of incubation, the cells

were washed and stained with crystal violet and the colonies with diameter of> 0.5 mm were

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

in the controls. All experiments were repeated three times.

Detection of apoptosis

For 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. B16-F10 cells at a starting density of 1 × 106 cells were seeded

onto regular plates and treated for 24 hours without or with the indicated concentrations of

DEA. The cells were harvested, and 100 μL of cell suspension was added to 100 μL of the

Muse™ Annexin V & Dead Cell reagent. After 20 minutes of incubation at room temperature

in the dark, the samples were analyzed according to the manufacturer’s protocol. All experi-

ments were repeated three times.

Cell cycle assay

After treatment with DEA (10 μM) for 24 hours, B16-F10 cells were collected by centrifugation

at 300 x g for 5 minutes, washed with ice-cold phosphate buffered saline (PBS), fixed with 70%

ethanol, stained with a premixed reagent composed of 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.
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The Muse Cell Cycle Software Module performs calculations automatically. All experiments

were repeated three times.

Immunoblot analysis

B16-F10 cells at a starting density of 1 × 106 cells were seeded into regular plates and treated as

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 and phosphatase inhibitor cocktails

(1:200), all purchased from Sigma–Aldrich Co. Cell lysates were boiled and subjected to 10%

sodium dodecyl sulfate polyacrylamide gel electrophoresis before being transferred to nitrocel-

lulose 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 solu-

tion. 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 determined 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 tem-

perature. After washing and blocking, the membranes were incubated with primary antibodies

for nonphosphorylated or loading control proteins. All experiments were repeated three times.

Ethics

Animal experiments were conducted in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The

experimental protocol was approved by the Animal Research Review Committee of the Uni-

versity of Pécs, Hungary (Permit number: BA02/2000-5/2017).

Mouse pulmonary metastasis model

Six weeks old male C57BL/6 mice were bred and maintained at the Department of Biochemis-

try and Medical Chemistry, University of Pecs, Medical School. All animals were housed 3 or 4

per cage, under controlled laboratory conditions (22 ± 1˚C, 50 − 60% relative humidity and

12/12 hour light-dark cycles) with free access to water and standard rodent chow. Paper tun-

nels were used for environmental enrichment.

We used the pulmonary metastasis model that is widely used as an in vivo test for assessing

antitumor efficacy of medications [23]. B16-F10 cells (5 x 105/0.1 ml) were injected into the lat-

eral tail vein of mice using 30G 1/2 needle and 1-ml syringe. There were no changes observed

in motility or food intake in tumor bearing animals during the experiment. All animals were

checked at least once daily for aspects of general health including activity, posture and fur

grooming, body condition score was also assessed as previously described [24].

The mode of DEA administration and dosage were determined based on the study by

DeWitt et al. [25]. Prior to the study, safety of DEA treatment was confirmed by administra-

tion of 25 mg/kg DEA to 5 mice for two weeks. Mice were randomly divided into 2 groups of 6

mice each. Each mouse was given a daily intraperitoneal injection of either 100 μl 0.9% saline

solution containing 10% ethanol as the vehicle control or 25 mg/kg DEA. Treatment was

started one day after cell injection and was given every third day, lasted for consecutive 16 days

after injection when the animals were weighed and sacrificed by cervical dislocation under iso-

flurane (AbbVie Ltd., Budapest, Hungary) anesthesia. The lungs was removed, rinsed in PBS,

and weighed. The lung mass index was calculated as the ratio of lung weight to body weight.

The harvested lungs were fixed in 4% formalin. Tumor nodules on the surfaces of the lungs
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were counted under a stereomicroscope. Then, the whole lung was embedded in optimum cut-

ting temperature compound (Sakura Finetek, USA), sectioned (12 μm thickness), and stained

with hematoxylin and eosin. Histological observations were performed under a microscope

(BX51, Olympus, Japan) by an expert blind to the experiment. Percentage of the total area

occupied by tumor was measured using the Panoramic viewer 1.15.4 (3DHISTECH,

Hungary).

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.

We used the Mann-Whitney U test to compare the treated example to the vehicle-treated con-

trol. Differences were considered significant at values of p� 0.05. Statistical analyses were per-

formed using IBM SPSS Statistics v20.0 (IBM Corporation, New York, USA).

Result

Effects of DEA on cell viability

B16-F10 murine melanoma cells in monolayer culture were treated with increasing concentra-

tions of DEA for 24, 48 and 72 hours. DEA had a statistically significant antiproliferative and

cell death-inducing effect on the cells determined by using the SRB assay (Fig 1A) and the

Muse™ Cell Count & Viability Assay (Fig 1B). The vehicle-treated cells served as negative con-

trols. These data indicate that DEA induces cell death in a dose- and time-dependent manner;

therefore, the possible pathways contributing to DEA-induced cell death were further

analyzed.

Effect of DEA on colony formation

To assess DEA’s effect on colony forming ability of the B16-F10 cells, a long-term assay was

performed. We treated the cells with 0–3 μM DEA for 7 days then colonies of> 0.5 mm were

counted. As we found, DEA significantly decreased number and size of the colonies even at

the lowest concentration used (Fig 2). These data indicate that DEA can induce cell death and

can inhibit colony formation at low micromolar concentrations.

Effect of DEA on activation of apoptosis in B16-F10 cells

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

mode of DEA induced cell death. The assay utilizes cell surface annexin V binding that mea-

sures appearance of phosphatidylserine on the plasma membrane’s external surface, a marker

of apoptosis. We observed that DEA increased the total apoptosis rate in a dose-dependent

manner. We found a total apoptosis rate of 34.61 ± 2.17% for 5 and 73.71 ± 3.12% for 10 μM

DEA in contrast to the control’s 10.11 ± 1.97% (Fig 3A). At the lower DEA concentration, rate

of early apoptosis exceeded that of the late, however, at the higher concentration, late apoptosis

predominated (Fig 3A).

Effect of DEA on apoptosis related proteins in B16-F10 cells

To examine how treatment with DEA affects the steady-state levels of apoptosis related pro-

teins, B16-F10 cells were treated with 5 and 10 μM of DEA for 24 hours, then the cells were

lysed, and immunoblot analyses were performed on the extracted proteins. We found that the

expression of Bcl-2 was significantly decreased as compared with control while the expression

of Bax was significantly increased (Fig 3B and 3C). Additionally, DEA dose-dependently
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activated the effector caspase, caspase 3, which activation was confirmed by corresponding

cleavage of PARP-1, a target of caspase 3 (Fig 3B and 3C). These data indicate that DEA pre-

dominantly activates apoptotic cell death via several pathways that can be an advantage in can-

cer therapy, where apoptotic pathways can be inactivated during the development of cytostatic

resistance.

Effect of DEA on the cell cycle in B16-F10 cells

Cell proliferation is the net result of cell division and cell death. Although the data presented in

Fig 3 suggest that DEA limits proliferation of B16-F10 by inducing predominantly apoptotic

cell death, we performed cell cycle analysis to study the other aforementioned aspect of prolif-

eration. We treated B16-F10 cells with 5 and 10 μM DEA for 24 hours, and found that the per-

centage of cells in G0/G1 phase significantly increased from 56.75 ± 1.73% (0 μM) stepwise to

63.9 ± 1.94% (5 μM) and 75.91 ± 2.67% (10 μM). At the same time there was a decrease in the

percentage of S and G2/M phase cells (Fig 4A). These data indicate that DEA at both concen-

trations induced cell cycle arrest in the G0/G1 phase that may contribute to its overall inhibi-

tory effect on B16-F10 cell proliferation.

Fig 1. Effect of DEA on cell proliferation and viability of B16-F10 murine melanoma cells. The cells were

incubated with the indicated concentrations of DEA for 24, 48 and 72 hours. Controls were treated with vehicle (0.2%

DMSO). Cell proliferation and viability were assessed by using the SRB assay (A) and the Muse™ Cell Count & Viability

Assay (B). Data represent means ± SD of three independent experiments performed in at least quadruplicate. Data

were analyzed using ANOVA with Dunett post hoc test. �� p� 0.01 and ��� p� 0.001 compared to the corresponding

control group.

https://doi.org/10.1371/journal.pone.0239088.g001
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To investigate the mechanisms of DEA-induced cell cycle arrest, we examined the expres-

sion of cell cycle-related proteins by immunoblotting. DEA treatment (10 μM) for 24 hours,

significantly increased p53, p21 and p27 while decreased CDK2 and cyclin D1 steady-state

protein levels (Fig 4B and 4C).

Effect of DEA on cytoprotective kinase signaling pathways

ERK promotes cell proliferation, differentiation and survival, while Akt is considered as a

major cell and tissue protecting pathway. Therefore, we wanted to know whether DEA affected

activation of these kinases. To this end, we determined phosphorylation status of Akt, ERK1/2

in B16-F10 cells treated with 0–10 μM DEA by using phosphorylation specific primary anti-

bodies and immunoblotting. As we found, DEA did not affect Akt or ERK1/2 steady-state pro-

tein level at either concentration used. However, there was a concentration-dependent down-

regulation of Akt Ser473 phoshorylation upon DEA treatment (Fig 5A and 5B). Basically, iden-

tical results were found for ERK1/2 (Fig 5A and 5B).

Effect of DEA on lung metastasis formation in an in vivo experimental

model

To evaluate the effect of DEA on metastasis formation, we used an in vivo lung metastasis

model. Murine melanoma B16-F10 cells were injected into the lateral tail vein of 6-weeks-old

Fig 2. Effect of DEA on colony formation of B16-F10 murine melanoma cells. For the assay the cells were exposed to

increasing concentrations of DEA for 7 days. The results are presented as representative images (A) and as a bar diagram (B).

Controls were treated with vehicle (0.2% DMSO). The results are mean ± SD of three independent experiments performed in at

least quadruplicate. Data were analyzed using ANOVA with Dunett post hoc test. �� p� 0.01 and ��� p� 0.001 compared to the

control group.

https://doi.org/10.1371/journal.pone.0239088.g002
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male C57BL/6 mice then they were divided into two groups (6 mice/group). Intraperitoneal

administration of 25 mg/kg DEA or vehicle control was started 24 hours after tumor cell

administration, and was repeated every third day. At the 16th day of the experiment, the ani-

mals were sacrificed and the lungs were removed for analysis. The lungs were weighted and

lung mass index was calculated (Fig 6A). After the lungs were fixed in 4% formalin and photo-

graphed (Fig 6B) and the number of tumor nodules on the lungs’ surface was also determined

(Fig 6C). Accordingly, DEA treatment diminished lungs mass index and the number of tumor

nodules (Fig 6A and 6C).

Additionally, histopathological analysis was performed by an expert who was blind to the

experiment on lung tissue sections after hematoxylin and eosin staining. There were mela-

noma cells with poliedric morphology with a great amount of melanin content as cytoplasm

granules or in a perinuclear distribution. Additionally, aberrant nodular proliferation in bron-

cho-alveolar regions characteristic of epithelial melanoma was observed in all sections (Fig

7A–7D). However, there was a marked difference in tumor nodule pattern distribution and

concentration between untreated and DEA treated animals. In the vehicle treated group, the

nodules were of considerable size and were distributed in all part of the lung parenchyma (Fig

Fig 3. Effect of DEA on activation of apoptosis in B16-F10 cells. After subjected to 24 hours treatment with increasing

concentrations of DEA the cells were stained with the Muse™ Annexin V & Dead Cell Reagent and measured on the Muse™ Cell

Analyzer. (A) The bar chart shows the percent distribution of living (dark gray bars), early apoptotic (striped bars), late apoptotic

(white bars) and total apoptotic cells (light gray bars). Controls were treated with vehicle (0.2% DMSO). (B) Immunoblot analysis

on total cell lysates was performed using antibodies against Bax, Bcl-2, PARP-1, caspase 3 and cleaved caspase 3. The results of the

immunoblot analysis and the densitometric analysis of the immunoblots are presented in panels B and C. The experiments were

repeated three times in at least quadruplicate, and the results are expressed as the mean ± SD. Data were analyzed using ANOVA

with Dunett post hoc test (A) and with Mann-Whitney U test (C). � p� 0.05, �� p� 0.01 and ��� p� 0.001 compared to the

corresponding control group.

https://doi.org/10.1371/journal.pone.0239088.g003
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7A and 7B). In contrast, in the DEA group (Fig 7C and 7D), the tumor nodules were much

smaller in size and were organized in a predominantly peripheral distribution (Fig 7C and

7D). To quantify the morphological observations, image analysis with the Pannoramic Viewer

Imaging System was performed on randomly selected sections (6 per lungs), and tumor area

as the percentage of lung section area was calculated. As we found, the tumor area was signifi-

cantly decreased in the lung tissue of DEA vs. vehicle treated animals (Fig 7E). These results

are in complete accordance with those of the macroscopic observations (Fig 6) and indicate

that DEA can inhibit melanoma tumor metastasis in vivo.

Discussion

Previously, we demonstrated that DEA significantly inhibited the proliferation and viability of

T24 human transitional cell bladder carcinoma and HeLa human cervical cancer cell lines [12,

13]. It mitigated colony formation in vitro, as well as it induced apoptosis and G0/G1 phase

cell cycle arrest in a dose-dependent manner [12, 13], exactly as it did in the present study in

mouse B16-F10 melanoma cells (Figs 1–4). In vitro antiproliferative and apoptosis-promoting

properties of a drug represent a rather poor translational value for its potentiality in human

Fig 4. Effect of DEA on the cell cycle in B16-F10 melanoma cells. The cells were treated with different concentrations of

DEA (0, 5 and 10 μM) for 24 hours. Controls were treated with vehicle (0.2% DMSO). Then they were harvested, fixed with

ethanol and stained with propidium iodide. DNA content was determined by Muse™ Cell Analyzer. The results are presented

as a bar diagram, percentage of cells in G0/G1 (dark grey bars), S (striped bars) and G2/M phases (white bars) of the cell cycle

(A). Proteins from parallel cells were extracted for immunoblot analysis performed by using antibodies specific to p53, p21,

p27, CDK2 and cylcin D1. GAPDH was used as a loading control. The results are presented as representative immunoblots (B)

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

performed in at least quadruplicate. Data were analyzed using ANOVA with Dunett post hoc test (A) and with Mann-

Whitney U test (C). � p� 0.05, �� p� 0.01 and ��� p� 0.001 compared to the corresponding control group.

https://doi.org/10.1371/journal.pone.0239088.g004
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Fig 5. Effect of various DEA concentrations on the activation of cytoprotective signaling kinases in B16-F10 cells. Total cell

extracts were analyzed by immunoblotting 24 hours after the DEA treatments. Activation of Akt and ERK1/2 as well as equal protein

loading was confirmed by kinase specific primary antibodies: anti-Akt (t-Akt), anti-phospho-Akt (p-Akt), anti-ERK1/2 (t-ERK1/2)

and, anti-phospho-ERK1/2 (p-ERK1/2). The figure shows the results of the immunoblots (A) and the densitometric analysis (B) of

three independent experiments. Data are expressed as the mean ± SD, and presented as arbitrary unit. Data were analyzed using

Mann-Whitney U test. ��� p� 0.001 compared to the control group.

https://doi.org/10.1371/journal.pone.0239088.g005

Fig 6. Effect of DEA on lung metastasis formation in vivo. Lung metastasis in C57BL/6 mice was induced by injecting

B16-F10 cells into the lateral tail vein. Control animals received vehicle control (100 μl 0.9% saline solution containing 10%

ethanol) 24 hours after the administration of the B16 F10 cells, while the DEA group was treated with 25 mg/kg DEA

intraperitoneally (6 mice/group). Treatment was repeated every third day. At the 16th day, the mice were sacrificed, the

lungs were dissected, photographed and their mass was measured. Representative photos (A) of lungs of control and DEA

treated animals are presented. Lung mass index (B) and the number of tumor nodules on the on lungs’ surface (C) are

presented as bar diagrams, mean ± SD. Data were analyzed using Mann-Whitney U test. ��� p� 0.001 compared to

control group.

https://doi.org/10.1371/journal.pone.0239088.g006
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cancer therapy. On the other hand, a uniform effect on three very different, highly proliferative

cell lines indicate that DEA interferes with fundamental survival promoting processes likely

present in most cancer cell lines of different tissue and species origin.

A defective apoptosis signaling pathway has been considered a major cause of chemoresis-

tance in melanoma. High expression of Bcl-2 is correlated with resistance to chemotherapy in

human melanomas and other tumors [26]. Furthermore, in wild-type p53 expressing mela-

noma cell lines such as B16-F10, cytostatic agents induce G1 arrest and down-regulation of

Bcl-2 [27–29]. In a complete agreement with this view, we found DEA to act as an apoptosis-

stimulating factor for the melanoma cells presumably via upregulation of p53 and Bax, and

downregulation of Bcl-2 (Figs 3 and 4). The resulting apoptosis likely involved mitochondrial

mechanisms leading to caspase 3 activation as it was evidenced by cleavage of caspase 3 and its

downstream target PARP-1 (Fig 3).

Fig 7. Histopathology analysis on lung tissue of mice injected with B16-F10 melanoma cells. Lungs of B16-F10 injected animals

treated with vehicle control or 25mg/kg DEA every third day for 16 days were fixed in neutral buffered formalin, sectioned and

stained with hematoxylin and eosin. Representative sections (A-D) demonstrate darkly stained tumor nodules (arrows). Metastasis

formation was quantitatively assessed by determining the tumor area (E) as percentage of the total lung section area, means ± SD

from 6 randomly selected section per lung by using the Pannoramic Viewer Imaging System. Data were analyzed using Mann-

Whitney U test. � p� 0.05 compared to control.

https://doi.org/10.1371/journal.pone.0239088.g007
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A number of evidence indicates that G1/G0 arrest occurs during the early steps of apoptosis

in different cancer types following cytostatic treatment [30, 31]. For melanomas, regulators of

the cell cycle’s G1 phase transition such as D and E type cyclins, CDK4/6, CDK inhibitors

including p16 and p14, and retinoblastoma protein were suggested as diagnostic tools or thera-

peutic targets [13, 32–34]. Accordingly, we determined DEA’s effect on the cell cycle as well as

on the metastasis inducer markers cyclin D1 and CDK2 [13, 35], the tumor suppressor p53

[36], and the cell cycle inhibitors p21 and p27 [37]. As we found, in a concentration dependent

manner, DEA increased number of cells in the G0/G1 phase that was accompanied by reduced

steady state levels of cyclin D1 and CDK2, and increased levels of p21, p27 and p53 (Fig 4).

Because the p53 gene is not mutated in B16-F10 cells [27, 28], the observed induction of G1

phase arrest by DEA was likely mediated through p21, in a p53-dependent fashion.

Sustained activation of intracellular prosurvival signaling cascades such as the phosphatidy-

linositol 3-kinase/Akt pathway has been showed to significantly enhance cancer progression.

Akt promotes cell survival and proliferation by suppressing apoptosis and stimulating cell

cycle advancement [38, 39]. Progression and malignancy of various tumors is often associated

with the constitutive activation of Akt [38, 40], which inactivates many proapoptotic proteins

by phosphorylation [39]. The invasiveness of melanoma cells and their ability to form metasta-

ses may be related to the frequently observed high basal activity of Akt in these cells [41]. Our

group showed that the high basal levels of active, phosphorylated Akt [38, 42] was decreased

dose dependently by DEA treatment in B16-F10 cells (Fig 5), a highly invasive variant of B16

murine melanoma. This decrease in the activation of Akt may contribute to the effects of DEA

on the cell cycle (Fig 4) and apoptosis (Fig 3).

The ERK pathway participates in the phosphorylation over 250 cellular substrates [43]

thereby regulating various cellular processes such as cell adhesion, cell cycle progression,

migration, survival, differentiation, metabolism, proliferation, and transcription [44]. Its acti-

vation was reported to induce cell cycle entry and G1 progression by upregulating proliferative

transcription factors [45] and downregulating antiproliferative genes [46]. Accordingly, in

melanomas, apoptotic resistance and metastatic property was reported to be associated with

ERK pathway activation [47, 48]. Similarly to Akt, we observed a high basal level of activated

ERK1/2 in the B16-F10 melanoma cell line that was diminished by DEA treatment in a dose

dependent manner again without affecting total ERK1/2 steady-state level (Fig 5). Like in the

case of Akt, attenuation of ERK1/2 activation could likely contribute to DEA’s effect on cell

cycle (Fig 4) and apoptosis (Fig 3).

Metastasis is fundamental property of malignant cancer cells by which a certain cancer

spreads from the location at which a tumor first arises to distant locations in the body [49, 50].

Cancer recurrence by metastasis is responsible for about 90% of mortality in cancer patients

[51] and is currently a main target for cancer therapy. Metastasizing proceeds in a series of

sequential steps including invasion, intravasation, survival and translocation in the circulation

system, extravasation and survival in a new organ [52]. Within its limitations, the B16-F10

lung metastasis model [53] mimics all but the first two steps of this process. During the period

of 16 days, the B16-F10 injected into tail vein of the animals formed a number of large tumor

loci in the lungs (Fig 6) that occupied about 30% of tissue area in the lungs sections (Fig 7).

Both number and size of the tumor loci were reduced by DEA (Figs 6 and 7) indicating that

the drug has potentiality in reducing in vivo metastasis formation. However, the B16-F10 cells

are of mouse tissue culture and not of human primary tumor origin. Additionally, they have

been selected for their metastasizing property, and therefore have low immunogenicity [54].

Accordingly, further studies are needed preferably by using primary human melanomas to

establish DEA’s potentiality in the therapy of metastatic melanomas.
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Conclusion

In this study, we provided in vitro and in vivo experimental evidences for DEA’s potentiality in

the therapy of metastatic melanomas. Since DEA is the major metabolite of amiodarone, a

worldwide used antiarrhythmic drug, safety concerns could be resolved more easily for it than

for a novel pharmacological agent.
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Abstract: Novel compounds significantly interfering with the mitochondrial energy production may
have therapeutic value in triple-negative breast cancer (TNBC). This criterion is clearly fulfilled by
desethylamiodarone (DEA), which is a major metabolite of amiodarone, a widely used antiarrhyth-
mic drug, since the DEA previously demonstrated anti-neoplastic, anti-metastasizing, and direct
mitochondrial effects in B16F10 melanoma cells. Additionally, the more than fifty years of clinical
experience with amiodarone should answer most of the safety concerns about DEA. Accordingly, in
the present study, we investigated DEA’s potential in TNBC by using a TN and a hormone receptor
positive (HR+) BC cell line. DEA reduced the viability, colony formation, and invasive growth of the
4T1 cell line and led to a higher extent of the MCF-7 cell line. It lowered mitochondrial transmembrane
potential and induced mitochondrial fragmentation. On the other hand, DEA failed to significantly
affect various parameters of the cellular energy metabolism as determined by a Seahorse live cell
respirometer. Cyclooxygenase 2 (COX-2), which was upregulated by DEA in the TNBC cell line only,
accounted for most of 4T1’s DEA resistance, which was counteracted by the selective COX-2 inhibitor
celecoxib. All these data indicate that DEA may have potentiality in the therapy of TNBC.

Keywords: amiodarone; apoptosis; colony formation; invasive growth; Akt pathway; ∆Ψm; therapy
resistance; mitochondrial fragmentation; Seahorse

1. Introduction

Breast cancer (BC) is the most frequent cancer type in women and the second primary
cause of cancer-related death worldwide. Triple-negative (TN) form of the disease rep-
resents about 10–20% of all BC cases. Although of heterogeneous phenotype, TNBC is
characterized by the lack of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor (HER)2/neu gene amplification. TNBC patients typically
present at a younger age a larger average tumor size, higher grade, and higher rates of
lymph node positivity compared to patients with ER/PR-positive tumors [1]. Due to these
features, TNBCs do not respond or became resistant to targeted therapies and, accordingly,
have poor prognosis [2]. Furthermore, a progressive drug resistance leading to the for-
mation of non-responding metastases often limits the systemic therapy [3,4]. Taxane- and
anthracycline-based treatment represent the mainstream of TNBC chemotherapy, although
optimization of the protocols is yet to be accomplished [4]. Previous studies suggest that
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there is a correlation between inflammation and tumor formation [5], and intensive re-
search is trying to uncover the complex interaction between breast cancer and the immune
system [6,7].

Cyclooxygenase-2 (COX-2) is an inducible form of the enzyme that catalyzes the syn-
thesis of prostanoids, including prostaglandin E2 (PGE2), a major mediator of inflammation
and angiogenesis. COX-2 is overexpressed in cancer cells and is associated with progressive
tumor growth and resistance of cancer cells to conventional chemotherapy and radiation [8].
Furthermore, elevated expression of the COX-2 gene and activation of the COX-2/matrix
metalloproteinase 1 pathway was implicated in brain metastasis formation of BC [9,10].
According to the current view, conventional chemotherapy and radiotherapy selects resis-
tant cancer cells that are able to reinitiate tumor growth. There is compelling evidence of
an active proliferative response, driven by increased COX-2 expression and PGE2 release,
which contributes to the repopulation of the tumor and the resulting poor outcome for
the patients [8]. Recent in vitro and in vivo pre-clinical studies have demonstrated that
COX-2 overexpression plays a key role in tumor resistance by stimulating epithelial cell
proliferation and angiogenesis, increasing multidrug resistance, and enhancing cell motility
and invasion [8,11–14]. In TNBC, elevated COX-2 expression promotes stemness, indicating
COX-2 as a potential therapeutic target [15]. However, clinical studies utilizing selective
COX-2 inhibitors such as celecoxib in BC patients provided conflicting results indicating
that molecular mechanisms associated with tumor development influenced the resistance
to COX-2 inhibitors [16].

Based on their central role in metabolism and cell death regulation, mitochondria have
emerged as novel anti-cancer therapeutic targets [17]. Mitochondria constitute a central
hub in intermediary metabolism, are responsible for the majority of ATP synthesis, and
regulate cell death via signaling molecules and the release of pro-apoptotic intermembrane
proteins [18,19]. Cancer cells tend to use glycolysis for energy production even in the
presence of sufficient oxygen supply to preserve intermediates for biosynthetic purpose [20].
However, cancers of the most aggressive phenotype such as drug-resistant and stem
cancer cells rely on oxidative phosphorylation for energy production and reprogram their
metabolism to meet the challenges of fast proliferation [17,20]. Accordingly, drugs that
interfere with the mitochondrial functions disrupt this delicately balanced reprogrammed
metabolism to an extent that is incompatible with survival and thus have strong potential
in anti-cancer therapy [17,21].

Recent clinical trials combine immunotherapy with the traditional chemotherapy to
combat therapy resistance [22]; however, effective management of TNBC patients remains
a challenge in the clinical practice. On the other hand, the introduction of new drugs into
the clinical practice is much delayed by the very lengthy safety protocols, which can be
significantly shortened by repositioning a drug already approved for human therapy [23].
Desethylamiodarone (DEA) is the major metabolite of amiodarone (AM), an antiarrhyth-
mic agent widely used in various life-threatening ventricular tachyarrhythmias. During
antiarrhythmic therapy, AM accumulates rapidly in the lipophilic tissues, together with
DEA [24], which is generated from the mother compound by the liver. Therapeutic AM
plasma concentration is limited to 5.7 µM [25], since therapy-restricting side effects [26]
develop in most cases at higher plasma concentrations. However, the accumulation of AM
and DEA in tissues can result in concentrations exceeding the plasma concentration 100
to 1000 times [25]. Unlike AM, DEA is quite stable in the body, and it is eliminated with a
half-life of about 40 days [27]. Except for the adipose tissue, its tissue accumulation exceeds
that of AM [24,28,29]. However, at concentrations observable at therapeutic AM doses [24],
DEA does not have therapy restricting side effects [30], which may hinder its introduction
into clinical studies.

DEA’s accumulative and toxic properties suggested that it might have an anti-neoplastic
potentiality. Furthermore, there is a vast clinical experience with the safety features of
DEA gathered during the more than 50 years of AM’s therapeutic use [26]. That is, if
DEA exerted a sufficiently effective anti-neoplastic effect at concentrations not exceeding
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those existing during AM therapy, it could be a readily available tool in cancer therapy.
Previously, we reported DEA’s cytotoxicity in the bladder, cervix, and melanoma cell lines
and its metastasis-limiting properties in a rodent lung metastasis model [31–33]. Fur-
thermore, by using the B16F10 melanoma cell line, we demonstrated that DEA affected
mitochondrial processes in live cells [34] similarly as it did previously in isolated liver and
heart mitochondria [35]. A uniform anti-neoplastic effect on three very different, highly
proliferative cell lines indicated that DEA interferes with fundamental survival-promoting
processes likely present in most cancer cell lines of different tissue and species of origin. In
the present report, we studied the anti-neoplastic and mitochondrial effects of DEA and
combined the cytotoxic effect of DEA and the selective COX-2 inhibitor celecoxib on a TN
line in comparison with a hormone receptor positive (HR+) BC line to identify potential
differences in DEA’s molecular mechanisms in these two cancer types.

2. Results
2.1. DEA Induced Apoptotic Cell Death in BC Cell Lines

Previously, DEA demonstrated signs of anti-neoplastic potentiality in various cancer
cell lines [31–33], including therapy-resistant lines such as T24 [32] and B16F10 [33]. Accord-
ingly, we assessed its effect on the cell death process of the TN 4T1 BC line in comparison
with the HR+ MCF-7 line of the less aggressive cancerous phenotype [36]. We used flow
cytometry with the Muse™ Annexin V & Dead Cell Assay kit to investigate the mode of
DEA-induced cell death. The assay utilizes cell surface annexin V binding that measures
the appearance of phosphatidylserine on the external surface of the plasma membrane,
which is a marker of apoptosis. A dead cell marker, 7-aminoactinomycin D (7-AAD), was
also used as an indicator of cell membrane structural integrity. Late apoptosis is demon-
strated by double positivity. We treated the cells with 5 and 10 µM DEA for 24 h before the
flow cytometry analysis. In a concentration-dependent way, DEA induced early, then late
apoptosis (Figure 1). At the lower DEA concentration, the rate of early apoptosis exceeded
that of the late; however, at the higher drug concentration, late apoptosis predominated in
both BC cell lines (Figure 1). However, we found a total apoptosis rate of 28.18 ± 6.34% for
5 and 56.05 ± 5.12% for 10 µM DEA in the 4T1 cell line in contrast to the apoptosis rates
of 71.14 ± 6.39% for 5 and 78.94 ± 4.77% for 10 µM DEA observed in the MCF-7 cell line
(Figure 1), indicating that MCF-7 cells were more sensitive toward DEA treatment than the
4T1 cells.
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Figure 1. Effect of DEA on the apoptosis in BC cell lines. We treated MCF-7 and 4T1 cells with 5 or
10 µM DEA for 24 h before determining the type of cell death by flow cytometry using the Muse™
Annexin V & Dead Cell Assay kit. The results are presented as representative dot plots (A) and bar
diagrams (B) of three independent experiments. The bars (B) indicate the sum of early (dark bars)
and late (light bars) apoptosis expressed as percentage of the total cell number, mean ± SD of three
independent experiments running in at least quadruplicate parallels. Controls were treated with
vehicle (0.2% DMSO). * significant difference from the control (p < 0.05). # significant difference from
the MCF-7 parallel (p < 0.05).

2.2. DEA Mitigated Invasive Growth of BC Cell Lines

Cell migration, an important aspect of cancer invasiveness, is often assessed by means
of the wound-healing assay [37]. Accordingly, we inflicted a wound into semi-confluent
monolayers of MCF-7 and 4T1 cells and treated them by 0, 5, or 10 µM DEA for 12 h. In
accordance with its more malignant phenotype [38], cell migration of the TNBC cells was
more intense, resulting in almost complete closing of the wound within 12 h, while the
HR+ BC cell line achieved an about 40% healing during the same time. Ten µM DEA
treatment completely prevented wound healing in the 4T1cell line, while it caused wound
exacerbation due to killing cells at the wound edge in the MCF-7 cell line (Figure 2). At the
concentration of 5 µM, DEA treatment induced a less pronounced effect on wound healing
as it did at 10 µM (Figure 2).

To supplement the wound-healing assay, we assessed the invasive growth of the MCF-
7 and 4T1 cells using an xCelligence Real-Time Cell Analysis (RTCA) system. The cells
were cultured in the presence of 0, 5, or 10 µM DEA for 24 h and the cell index proportional
to invasive growth of the cells was monitored in real time. DEA decreased invasive growth
in a concentration-dependent manner in both MCF-7 and 4T1 cells (Figure 3). Similarly to
the results of the wound-healing experiment, MCF-7 was more sensitive to the drug than
4T1 (Figure 3).
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Figure 2. Effect of DEA on wound healing in BC cell lines. We inflicted a wound into semi-confluent
cultures of MCF-7 and 4T1 cells, and treated them with 0, 5, or 10 µM DEA for 12 h. The data are
presented as representative images of the wounds taken at 0, 6, and 12 h and the wound area is the
percentage of untreated plates at the 0 h time-point; results are the mean ± SD of two independent
experiments running in duplicates. * significant difference from the untreated control (p < 0.05).
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Figure 3. Effect of DEA on invasive growth of BC lines. MCF-7 and 4T1 cells were cultured in the
presence of 0 (red line), 5 µM (green line), or 10 µM (blue line) DEA for 24 h, while the cell index
was monitored by an RTCA system every 5 min. The results are presented as original recordings,
mean ± SD of two independent experiments running in triplicates.

2.3. DEA Differentially Modulated Regulators and Markers of the Cell Death Process in the BC
Cell Lines

To gain greater insight into the apoptosis pathway induced by DEA, we analyzed Akt
activation, protein levels of Bcl-2 family members including pro-apoptotic Bad and Bax and
antiapoptotic Bcl-2, and the caspase-3 cleavage and caspase-3-mediated cleavage of PARP,
which are all reporters of the mitochondrial apoptotic pathway. As shown in Figure 4,
the Akt phosphorylation at Ser473 decreased in a concentration-dependent manner, while
the total Akt remained constant. This was accompanied by a significant decrease in the
phosphorylation level of Bad at Ser136, while the overall level of Bad protein remained
constant in both cell lines. We also found that DEA indeed resulted in a dose-dependent
increase in the amount of p53 protein in 4T1 cells (Figure 4). We also measured a significant
increase in Bax levels while Bcl-2 levels decreased (Figure 4). Furthermore, we found that
DEA treatment led to an increase in the amount of a 19 kDa caspase-3 cleavage intermediate
as well as cleaved poly (ADP-ribose) polymerase (PARP) (Figure 4). Taken together, these
data demonstrate that cytotoxic effects of DEA on MCF-7 and 4T1 cells are due to the
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activation, at least partially, of two apoptotic pathways, the PI3K/Akt pathway and the
mitochondrial pathway.
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Figure 4. Effect of DEA on steady-state level of regulator and marker proteins of the cell death process
in the BC cell lines. We evaluated the steady-state levels of p-Akt, Akt, p-Bad, Bad, Bcl-2, Bax, p53,
PARP-1, caspase 3, cleaved caspase 3, and COX-2 in the MCF-7 and 4T1 cells treated with 0, 5, or
10 µM DEA by immunoblot analysis. Results are presented as representative immunoblots and pixel
densities of the bands, mean ± SD of three independent experiments. * Significant difference from
the control (p < 0.05). Additional representative immunoblots for p-Akt, Akt, p-Bad, Bad, Bcl-2, Bax,
PARP-1, and COX-2 are presented in Supplementary Figure S1.

A differential expression of the therapy-resistance- and metastasis-promoting COX-
2 gene among BC cell lines of various phenotypes has been reported previously [39].
Accordingly, we studied DEA’s effect on COX-2 protein levels in the 4T1 and MCF-7cell
lines. In agreement with previous data [39], we detected considerable steady-state COX-2
levels in the TN BC cell line, while it was just above the detection limit in the HR+ one
(Figure 3). Additionally, DEA increased the COX-2 level in a concentration-dependent way
in the TN 4T1 cell line only (Figure 4).

2.4. DEA Caused the Loss of Mitochondrial Membrane Potential (∆Ψm)

Intact ∆Ψm is pivotal for cellular survival due to its essential role in ATP synthesis, in
providing the driving force for the transport of ions and proteins, and in mitochondrial
quality control [40]. Therefore, we determined the effect of DEA on the ∆Ψm of BC cells by
using the positively charged fluorescent mitochondrial dye, JC-1. When the ∆Ψm is normal,
the dye accumulates in the mitochondria and forms J-aggregates that emit red fluorescence
upon excitation. The aggregates disassemble, leaving green fluorescent monomers as the
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∆Ψm decreases, and the fluorescence disappears upon complete mitochondrial depolariza-
tion. We treated the MCF-7 and 4T1 BC cell lines for 3 h with 0, 5, or 10 µM DEA, before
loading them with JC-1 and taking fluorescent microscopy images. At the concentration of
10 µM, the drug significantly depolarized the mitochondria in both BC cell lines, while 5 µM
DEA did not have a considerable effect on the ∆Ψm during the 3 h treatment (Figure 5).
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Figure 5. Effect of DEA on ∆Ψm in BC cell lines. MCF-7 and 4T1 BC lines were treated with 0, 5, or
10 µM DEA for 3 h before loading them with JC-1 dye and taking microscopy images. The data are
presented as representative merged images of the control and 10 µM DEA treated cells in the red and
green channels, and as a percentage of the total fluorescence intensity in the bar diagram. Results
are mean ± SD of three independent experiments. * significant difference from the untreated control
(p < 0.05).

2.5. DEA Induced Mitochondrial Fragmentation in BC Cell Lines

Healthy ∆Ψm is required for the mitochondrial fusion; therefore, compromised ∆Ψm
often results in mitochondrial fragmentation. We studied the effect of DEA on mitochon-
drial network dynamics by fluorescent microscopy after loading the cells with MitoTracker
Red to visualize the mitochondria. The MCF-7 and 4T1 cells were treated with 0, 5, or
10 µM of DEA for 3 h before the assessment of mitochondrial fragmentation. Similarly, as it
did in melanoma cells previously [34], DEA treatment caused mitochondrial fragmentation
in both BC cell lines in a concentration-dependent manner (Figure 6A).
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Figure 6. Effect of DEA on mitochondrial network dynamics in BC cell lines. MCF-7 and 4T1 cells
were treated with 0, 5, or 10 µM DEA for 3 h before loading them with MitoTracker Red dye and
taking microscopy images. Mitochondrial fragmentation was determined as described in [41]. The
data are presented as representative images and as percentage of fragmented mitochondria (A),
mean ± SD of three independent experiments. Additional representative images are presented
in Supplementary Figure S2. Separately, homogenates of identically treated cells were subjected
to immunoblot analysis (B). The data are presented as representative immunoblots and as pixel
densities of the bands, mean ± SD of three independent experiments. * significant difference from
the untreated control (p < 0.05); # significant difference from the MCF-7cells (p < 0.05).

Recently, a link has been established between the proliferation of cancer cells and
mitochondrial fragmentation [42]. Accordingly, we performed immunoblot analysis of
the proteins involved in the regulation of mitochondrial fusion and fission [43] from
homogenates of BC cells treated identically to the fragmentation experiment in separate
plates. In both BC cell lines, the DEA treatment increased the steady-state level of fusion-
associated protein optic atrophy 1 (OPA1), but it decreased mitofusin (Mfn) 1 and 2 in
4T1 cells (Figure 6B). However, it increased the steady-state level of fission-associated
proteins such as dynamin-related protein 1 (DRP1) and mitochondrial fission 1 protein
(Fis1) (Figure 6B).
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2.6. DEA Impeded Mitochondrial Energy Production in the BC Cell Lines

To determine the effect of DEA treatment on the energy metabolism of the BC cell lines,
we used a live cell respirometer to measure the cellular oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), which are indicators of oxidative and fermentative
ATP production, respectively. We treated the MCF-7 and 4T1 cells with 0, 5, or 10 µM DEA
for 6 h before the bioenergetics assay. Parallel to OCR, ECAR was also monitored, and the
instrument calculated multiple parameters of cellular energy metabolism from the original
recordings (Figure 7). At the concentration of 10 µM, DEA significantly decreased basal
respiration, maximal respiration, non-mitochondrial oxygen consumption, mitochondrial
ATP production, coupling efficiency, and spare respiratory capacity in both BC cell lines
(Figure 6). Five µM DEA increased the proton leak in both cell lines (Figure 7). On the other
hand, DEA did not affect ECAR (Figure 7), indicating that the drug did not interfere with
the glycolytic machinery in either BC cell line.
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Figure 7. Effect of DEA on energy metabolism of the BC cell lines. MCF-7 (light bars) and 4T1 (dark
bars) BC cells were treated with 0 (filled circles), 5 (triangles), or 10 µM DEA (open circles) for 6 h
before monitoring OCR and ECAR for 75 min. The FoF1 ATP synthase inhibitor oligomycin, the
uncoupler FCCP, and the respiratory inhibitors rotenone and antimycin A were added at 15, 35,
and 55 min of the respiratory measurement. OCR recordings. Data are presented as representative
original recordings, and as parameters, means ± SD of three independent experiments running in
two replicates. OCR and ECAR data were normalized to mg protein content. * significant difference
from the untreated control (p < 0.05).
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2.7. COX-2 Inhibition Potentiated DEA’s Anti-Neoplastic Effect in the TN BC Cell Line

Elevated expression of COX-2—associated with progressive tumor growth and re-
sistance [8]—may have accounted for the increased resistance to DEA treatment of 4T1
TNBC cells compared to the HR+ MCF-7 cells. To test this possibility, we treated both
cell lines with 0–15 µM of DEA for 24 h in the presence and absence of 20 µM of the
COX-2 inhibitor celecoxib before measuring the viability of the cells using the sulforho-
damine B (SRB) assay. The SRB assay is based on protein content rather than metabolic
activity. Therefore, it is recommended for determining the cytotoxicity of substances that
can have mitochondrial effects [44]. DEA reduced the viability of both BC lines in a time
and concentration-dependent way (Figure 8A). However, as expected, the viability loss
caused by DEA treatment was higher for the MCF-7 than for the 4T1 cell line (Figure 7A),
indicating a higher treatment sensitivity for the former cell line. However, when COX-2
was inhibited by celecoxib, DEA’s effect on the viability of 4T1 cells was significantly more
pronounced (Figure 8B) in contrast to MCF-7 cells (Supplementary Figure S3), suggesting
that COX-2 activation may have contributed to the resistance of 4T1 cells to DEA treatment.
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Figure 8. Effect of DEA on the viability of BC cell lines. (A): We treated MCF-7 (dark bars) and
4T1 (light bars) cells with 0 to 15 µM DEA for 24 h. (B): We treated 4T1 cells with 0 to 12.5 µM
DEA in the absence (light bars) or presence (dark bars) of 20 µM celecoxib for 24 h. Viabilities were
assessed using the SRB assay and were presented as percent of the untreated control, means ± SD of
three independent experiments performed in at least quadruplicates. * significant difference from
the untreated control (p < 0.05); # significant difference from the MCF-7 cells parallel (p < 0.05);
§ significant difference from the no celecoxib parallel (p < 0.05).

Colony formation assay utilizes lower drug concentrations and longer exposure times;
therefore, it represents a situation more similar to the therapeutic one than the viability
studies. Accordingly, we tested the effect of COX-2 inhibition on DEA’s anti-neoplastic
effect using this method, too. We treated the MCF-7 and 4T1 cells with 0 to 2 µM DEA in the
presence or absence of 5 µM celecoxib for 7 days before quantifying colony formation. Even
at the concentration of 1 µM, DEA significantly suppressed colony formation in both cell
lines (Figure 9). The TNBC line 4T1 demonstrated higher resistance against the treatment,
since 2 µM DEA almost eradicated MCF-7 colony formation while it induced about a 50%
decrease only in the formation of 4T1 colonies (Figure 9). However, as in the case of the
viability study (Figure 8), 5 µM celecoxib augmented the effect of DEA on the 4T1 cells, and
the combined treatment decreased colony formation in this cell line close to the level of the
one observed in the MCF-7 line (Figure 9). In contrast, celecoxib did not affect DEA’s effect
on MCF-7 colony formation (Figure 9).
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3. Discussion

Targeting tumor metabolism seems an evident possibility, since aggressive cancers have
a delicately balanced metabolism, which answers the seemingly impossible challenge of rapid
proliferation in an environment of low oxygen and nutrient availability [45]. Mitochondria
actively participate in all stages of cancer development from carcinogenesis via tumor survival
and therapy resistance to metastasis formation [46,47], and most cancer types of high clinical
grade rely on mitochondrial ATP synthesis for energy production [48,49]. Accordingly, drugs
that significantly interfere with mitochondrial energy production may have therapeutic value
in these tumors [50]. Based on its mitochondrial effects in B16F10 melanoma cells [34],
DEA fulfills this criterion. Furthermore, and in agreement with our previous results on
T24 bladder and HeLa cervix carcinomas and B16F10 melanoma [31–33], DEA at low µM
concentrations reduced the viability of the BC cell lines MCF-7 and 4T1 in a concentration-
and time-dependent manner (Figure 8A). However, in vitro cell culture experiments translate
very poorly to human studies; therefore, the therapeutic dose of DEA should be determined in
future animal experiments. Accordingly, the mouse 4T1 rather than the human MDA-MB-231
TNBC cell line was used in the present study.

Mitochondria regulate cellular survival via ATP production, reactive oxygen species
(ROS) generation, and the intrinsic apoptotic pathway [51]. These pathways mutually
regulate each other. The oxidative phosphorylation produces most of the cellular ATP, and
it is one of the major source of ROS [52]. On the other hand, apoptosis depends on ATP as
an energy source, while the energy shortage results in ∆Ψm loss, which initiates apoptosis
via the release of pro-apoptotic intermembrane proteins, such as cytochrome c, apoptosis-
inducing factor, and endonuclease G [53]. DEA induced predominantly apoptotic cell death
in both BC cell lines (Figures 1 and 4), which was demonstrated by fluorescent staining of



Int. J. Mol. Sci. 2022, 23, 1544 13 of 20

the phosphatidylserine residues in the outer face of the cell membrane (Figure 1), decrease
in the Bcl-2/Bax ratio, activation of caspase 3, and cleavage of PARP-1 (Figure 4); all of
them are hallmarks of apoptosis [54]. In agreement with its TN phenotype [36], the 4T1 cell
line demonstrated higher resistance against DEA treatment than the HR+ MCF-7 cell line
in these experiments (Figures 1–4 and Figure 8A).

The proliferation rate and formation of brain, liver, and lungs metastases are much
higher in the TN than in other types of BC [55]. In full agreement with these data, we found
that 4T1 cells were more resistant toward DEA treatment than the MCF-7 cells in colony
formation (Figure 9) and invasive growth (Figures 2 and 3) experiments, too. Additionally,
the findings showed that DEA decreased colony formation below 50% of the control at a
concentration of 2 µM during a seven-day exposure (Figure 9), and at 10 µM, it abolished
invasive growth (Figure 2) during a 12 h treatment, indicating that DEA’s therapeutic
concentration (to be determined in vivo) may not exceed the DEA concentrations, which
were observed during human AM therapy [24].

Constant proliferation under chronic ischemic conditions put an extra metabolic bur-
den on cancer cells. They have to fine-tune their metabolism to meet this challenge [52,56],
which makes them vulnerable against drugs that interfere with their metabolism [52].
DEA may represent such a drug candidate, since it decreased the ∆Ψm in a concentration-
dependent manner in both BC cell lines (Figure 5) similarly as it did in isolated liver and
rat mitochondria [35] and in the B16F10 melanoma line [34].

One of the essential roles of the ∆Ψm in cellular survival is the regulation of mito-
chondrial network dynamics that have a role in mitochondrial biogenesis and quality
control, retrograde signaling, and meeting cellular energy and metabolic demands [57,58].
Mitochondrial fusion and fission processes are mediated by large GTPases; Mfn 1 and 2
and OPA1 for the fusion and Drp1 for the fission [21]. The latter is regulated by phospho-
rylation and recruited to the mitochondria by Fis1 [21]. Balance of the fusion and fission
processes is maintained by intracellular signaling [58], but the fusion is prevented when the
∆Ψm is too low [57,58]. Therefore, in many cancer types such as in astrocytomas, prostate
cancers, and breast, colon, and hepatocellular carcinomas, mitochondrial fragmentation
is a common feature [59,60]. Fragmented mitochondria are more prone to damage and
readily eliminated by mitophagy, leading to a reduced mitochondrial copy number [21].
DEA induced fragmentation of the mitochondria in both BC cell lines (Figure 6) that could
contribute to its anti-neoplastic properties. Since DEA depolarized the ∆Ψm (Figure 5), it
seems logical that the DEA-induced mitochondrial fragmentation was caused by inhibiting
fusion that was supported by the release of OPA1 in the case of B16F10 melanoma pre-
viously [34]. In contrast, in the BC cell lines, mitochondrial fragmentation seemed to be
caused by promoting fission, as it was supported by the increased Drp1 expression that was
accompanied by its decreased inhibitory phosphorylation (Figure 6). It seems likely that
DEA interacted with a yet to be identified regulatory element located to the mitochondria
and induced mitochondrial fragmentation by shifting the balance of fusion and fission.
DEA’s target has to be localized to the mitochondria, since DEA induced mitochondrial
fission in isolated, Percoll gradient-purified mitochondria [35].

Prolonged activation of intracellular pro-survival signaling cascades, such as the
phosphatidylinositol 3-kinase–Akt pathway, has been shown to significantly enhance
cancer progression. Akt promotes cell survival and proliferation by suppressing apoptosis
and stimulating cell cycle advancement [61,62]. The poor prognosis of various tumors is
often associated with the constitutive activation of Akt [61,63], which phosphorylates and
thereby inactivates pro-apoptotic proteins such as Bad [62]. Accordingly, dysregulation
of the Akt signaling pathway is one of the most frequent oncogenic aberrations of TNBC
too [64]. We demonstrated that Akt activation [61,65] was reduced dose dependently
by DEA treatment in both BC cell lines. Additionally, in the HR+ MCF-7 cell line, the
level of phosphorylated Akt that is the baseline activation of Akt was significantly lower
than in the TN 4T1 cell line (Figure 4). The decreased Akt activation together with the
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aforementioned compromised mitochondrial functions may account for the differential
apoptosis-promoting effect of DEA among the BC cell lines investigated (Figure 1).

Inflammatory cells and inflammatory cell mediators are prominent components of the
microenvironment of tumors [14]. One of the most important immunomodulatory agents
found in tumors is COX-2. It is associated with indicators of poor prognosis such as lymph
node metastasis, poor differentiation, and large tumor size [66–68], making COX-2 the
most commonly studied anti-inflammatory target in cancer therapy. The selective COX-2
inhibitor celecoxib in monotherapy and in combination with aromatase inhibitors proved
to be effective in metastatic breast cancer by reducing breast tumor size and area [16,69]. In
recent decades, COX-2 overexpression has been implicated in therapy resistance of various
human cancers, including breast cancer [70–73]. Although hardly expressed in healthy
tissues, COX-2 is highly inducible and can be rapidly upregulated in response to various
pro-inflammatory agents, including cytokines, mitogens, and tumor promoters [74]. In
agreement with these findings, COX-2 level was hardly detectable in the MCF-7 cells, and
it was not affected by DEA treatment, while the metastatic 4T1 cell line expressed COX-2,
which was elevated by DEA treatment in a concentration-dependent manner (Figure 4).
Since the upregulation of COX-2 has been implicated in cancer therapy resistance [8], the
latter result raised the possibility that DEA decreased its own anti-neoplastic effects in the
4T1 cell line, thereby creating the difference between the two BC cell lines in response to
DEA treatment. Indeed, celecoxib potentiated DEA’s effect on viability (Figure 8B) and
colony formation (Figure 9) of the 4T1 cells only. Recent studies demonstrated that during
radiotherapy-induced apoptosis, caspase 3 activation led to COX-2-mediated production
of prostaglandin E2, eventually resulting in treatment resistance [75]. DEA treatment led to
caspase 3 activation in both BC cell lines (Figure 4) but upregulation of COX-2 expression
in the 4T1 cell line only (Figure 4). It is likely that the DEA-induced caspase 3-assisted
mitochondrial apoptosis (Figure 4) resulted in COX-2-mediated resistance in the 4T1 cell
line, which expressed it. Accordingly, the difference in COX-2 expression accounted for,
at least partially, the differential anti-neoplastic effects of DEA. These results also suggest
that co-treatment with COX-2 inhibitors can increase the efficacy of DEA and significantly
reduce therapy resistance.

4. Conclusions

Regardless of the mechanism, the available data indicate that DEA by interacting with
a mitochondrially localized target or targets can modulate mitochondrial functions and
definitely can induce the predominantly apoptotic cell death of BC cells. Although less
effectively than in the HR+ BC line, DEA at low micromolar concentrations exerted effective
anti-neoplastic effects in the highly treatment-resistant 4T1 TNBC cells line. Furthermore,
COX-2 upregulation accounted for most of the DEA resistance by the 4T1 line that was
counteracted by inhibiting COX-2’s enzymatic activity. Accordingly, considering that
within the suggested safety limits, the drug does not have therapy-restricting side effects,
the safety concerns might not hinder the introduction of DEA into clinical studies.

5. Materials and Methods
5.1. Materials

DEA was kindly donated by Professor Andras Varro (Department of Pharmacology
and Pharmacotherapy, University of Szeged, Szeged, Hungary). All other materials if not
indicated otherwise were from Sigma-Aldrich (St. Louis, MI, USA). All antibodies were
from Cell Signaling Technology (Beverly, MA, USA). The following primary antibodies were
used: anti-OPA1, anti-Mfn1, anti-Mfn2, anti-Drp1, anti-phospho-Drp1(Ser637), ant-Fis1,
anti-Akt, anti-p-Akt, anti-Bad, anti-p-Bad, anti-Bax, anti-Bcl-2, anti-PARP, anti-caspase-3,
anti-p53, anti-COX-2 (1:500 dilution), anti-actin (1:2000 dilution).
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5.2. Cell Cultures

MCF-7 and 4T1 cell lines were from the American Type Culture Collection (Manassas,
VA, USA). Both cell lines were split twice a week and were maintained as monolayer
adherent cultures under standard conditions (5% CO2, 37 ◦C). MCF-7 cells were cultured in
RPMI 1640 media supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin–
streptomycin mixture (Life Technologies, Darmstadt, Germany). 4T1 cells were cultured
in RPMI 1640 media supplemented with 10% FBS, 1% penicillin–streptomycin mixture,
glucose, pyruvate, and sodium bicarbonate.

5.3. Cell Viability Assay

MCF-7 and 4T1 cells were seeded in 96-well plates in quintuplicates at a density of
104 cells, respectively. After an overnight acclimation, the cells were treated with 0 to
15 µM DEA for 24 or 48 h; then, the cells were rinsed with phosphate-buffered saline
(PBS) and were fixed in 100 µL of chilled 10% trichloroacetic acid solution. Following
30 min incubation at 4 ◦C, the plates were rinsed five times with distilled water and then
were dried overnight at room temperature. Then, 70 µL of 0.4% SRB (Sigma-Aldrich, St.
Louis, MI, USA) prepared in 1% acetic acid were added to each well for 30 min at room
temperature. Afterwards, the solution was discarded, and the plates were washed five
times with 1% acetic acid and were dried at room temperature for 3 h. Then, 200 µL of a
10 mM tris(hydroxymethyl)aminomethane base was added to each well, and the plates
were agitated at room temperature on a plate shaker for 30 min to solubilize the bound
SRB. Absorbance was measured simultaneously at 560 and 600 nm with a GloMax®-Multi
Instrument (Promega, Madison, WI, USA). Optical density (OD)600 was subtracted as a
background from the OD560. The experiments were repeated five times.

5.4. Apoptosis Assay

To detect live, early apoptotic, late apoptotic,a and dead cells, a MUSE Annexin V &
Dead Cell Kit (Luminex Corporation, Austin, TX, USA) was used. The experiments were
carried out according to the manufacturer’s protocol. MCF-7 and 4T1 cells were plated at a
starting density of 105 cells/well into 6-well plates and were treated for 24 h with 0, 5, or
10 µM DEA. After the treatment, the cells were harvested and were diluted in their medium.
Then, 100 µL Annexin V reagent was added to the samples (100 µL), which was followed
by 20 min incubation in a dark room at room temperature. Five thousand single-cell events
were measured per sample using a MUSE Cell Analyzer device.

5.5. Bioenergetics Assay

OCR and ECAR were monitored by an Agilent Seahorse XFp Analyzer (Agilent, Santa
Clara, CA, USA). MCF-7 and 4T1 cells were seeded into XFp cell culture 8-well miniplates at a
starting density of 3 × 104 cells/well. After overnight incubation, the cells were treated with 0,
5, or 10 µM DEA for 6 h. After the treatment, the medium was replaced to Seahorse XF assay
Medium (Agilent, Santa Clara, CA, USA) pH 7.4 supplemented with 10 mM glucose, 1 mM
pyruvate, and 2 mM glutamine. For the measurement, we used the following inhibitors: 1 µM
of oligomycin, 1 µM of FCCP, and 1 µM of rotenone/antimycin A. After monitoring 15 min of
basal respiration, the FoF1 ATPase inhibitor oligomycin was added to the system to assess
ATP production. After another 20 min of recording, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) was added that uncouples respiration and ATP synthesis, allowing
the assessment of maximal respiration. After 20 min of further recording, the Complex I and
Complex III inhibitor rotenone and antimycin A were administered to inhibit mitochondrial
respiration completely for calculating proton leak and non-mitochondrial oxygen consump-
tion. Non-cellular oxygen consumption was assessed in 2 wells running without cells and was
subtracted from the corresponding OCR value. The OCR and ECAR data were normalized to
the mg protein content determined by using a DC Protein Assay kit (Bio-Rad, Hercules, CA,
USA). No other data correction was applied.
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5.6. Immunoblot Analysis

MCF-7 and 4T1 cells were seeded in 10 cm plates at a starting density of 106 cells/plate,
were cultured overnight, and then were treated with 0, 5, or 10 µM DEA for 24 h. The cells
were harvested in a chilled lysis buffer containing 0.5 mM sodium–metavanadate, 1 mM
ethylenediamine–tetraacetic acid, and protease and phosphatase inhibitor cocktails (1:200).
After boiling, the cell lysates were subjected to 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis; then, the proteins were transferred to nitrocellulose membranes. After
blocking the membranes in 5% bovine serum albumin (BSA) for 1.5 h at room temperature,
they were exposed to primary antibodies diluted in blocking solution at 4 ◦C overnight. Ap-
propriate horseradish peroxidase-conjugated secondary antibodies were used at a dilution
of 1:5000 (anti-mouse and anti-rabbit IgGs; Sigma-Aldrich, St. Louis, MI, USA). Chemi-
luminescence generated by applying the WesternBright ECL HRP substrate (Advansta,
San Jose, CA, USA) was measured using an Azure 300 (Azure Biosystems, Dublin, CA,
USA) high-resolution imaging system. Pixel volumes of the bands were determined using
ImageJ software. For membrane stripping and re-probing, the membranes were washed
in a stripping buffer containing 0.1 M glycine and 5 M MgCl2 (pH 2.8) for 30 min at room
temperature. After washing and blocking, the membranes were re-probed.

5.7. Colony Formation Assay

MCF-7 and 4T1 cells were plated at a starting density of 500 cells/well into 6-well
plates. After culturing overnight, the cells were treated with 0–2 µM DEA for 7 days. Then,
the cells were washed with PBS (Biowest, Nuaille, France) and stained with 0.1% Coomassie
Brilliant blue R 250 (Merck KGaA, Darmstadt, Germany) in 30% methanol and 10% acetic
acid. Using ImageJ software, scanned colonies were quantified.

5.8. Migration Assay

To assess cell motility, we used the wound-healing assay. MCF-7 and 4T1 cells were
seeded into flat-bottom 6-well plates, and they were cultured to form a sub-confluent
monolayer. Then, a wound was inflicted into the cell layer by using a sterile 200 µL pipette
tip, and the cells were treated with 0, 5, or 10 µM DEA for up to 12 h. The wounds were
imaged at 0, 6, and 12 h by an EVOS microscope (Thermo Scientific Hungary, Budapest,
Hungary) at 4× magnification. The distance differences were measured using ImageJ
software. The experiment was repeated twice in duplicates.

5.9. Measurement of Invasive Growth

MCF7 and 4T1 cells were seeded at a starting density of 9 × 103/well and 5 × 103/well,
respectively, in an electronic microtiter plate (E-Plate®) (ACEA Biosciences, San Diego, CA,
USA). The cells were cultured for 24 h before they were treated with 0, 5, or 10 µM DEA for
24 h, during which the impedance was measured every 5 min. The xCELLigence Real-Time
Cell Analysis (RTCA) device (ACEA Biosciences, San Diego, CA, USA) was used according
to the manufacturer’s protocol. The instrument was placed in a humidified incubator at
37 ◦C and 5% CO2. These experiments were repeated twice running in three parallels.

5.10. ∆Ψm Assay

We used the membrane potential-dependent fluorescent dye, JC-1 (Sigma-Aldrich) at
the final concentration of 1 µM for determining the ∆Ψm. MCF-7 and 4T1 cells were seeded
on glass coverslips and cultured at least overnight before experiments. After subjecting the
cells to the appropriate treatment (as indicated in the figure legend), coverslips were rinsed
twice in PBS, and cells were incubated in phosphate-buffer containing JC-1 (5 mg/mL)
stain for 30 min in a CO2 incubator at 37 ◦C. Images were taken with a Nikon microscope
(Inverted Microscope Eclipse Ti-U Instruction, Auro-Science Ltd., Budapest, Hungary)
equipped with a SPOT RT3 2Mp Monochrome camera including SPOT Advanced software,
using a 20× objective. The same microscopic field was first imaged using the red channel
followed by the green channels, and the resulting images were merged by Adobe Photoshop
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7.0. In control experiments, we did not observe considerable bleed-through between the red
and green channels. The same calibration parameters were applied for the batch of images
obtained from the same experiment. For quantification, the ImageJ software was used after
converting the images to grayscale. All experiments were performed in triplicate.

5.11. Analysis of Mitochondrial Network Dynamics

MCF-7 and 4T1 cells were seeded in ultrathin-bottomed 96-well plates and were cul-
tured overnight. The cells were treated as indicated in the figure legends, were rinsed twice
in PBS, and were incubated in PBS containing 20 nM of MitoTracker Red for 30 min in a
CO2 incubator at 37 ◦C. Fluorescence images were taken via a 60× Plan Apo Lambda objec-
tive of an ImageXpress Micro 4 High-Content Imaging System (Bioscience Ltd., Budapest,
Hungary). Image analysis for mitochondrial fragmentation was performed by MetaXpress
High-Content Image Acquisition and Analysis Software as described [41]. Mitochondria
shorter than 2 µm were considered as fragmented, while those longer than 5 µm were
considered as filamentous. All experiments were performed in triplicates.

5.12. Statistical Analysis

Results are shown as means ± standard deviation (SD). ANOVA using the post
hoc Dunnett test (single way or two-ways) was employed to calculate the concentration-
dependent effects of DEA in each experiment. Statistical analyses were performed using
IBM SPSS Statistics v20.0. Differences were regarded as significant at p < 0.05.
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