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1. ABBREVIATIONS 

 

ANOVA                             analysis of variance 

ATP                                adenosine triphosphate 

Bad                              Bcl-2 antagonist of cell death 

Bcl-2                               pro-apoptotic B-cell lymphoma 2 

BRCA    breast cancer susceptibility gene 

carboxy-H2DCFDA       6-carboxy-2',7'-dichlorodihydrofluorescein diacetate 

CDK                                cyclin-dependent kinase 

CREB                              cyclic AMP response element-binding protein 

ECAR                                  extracellular acidification rate 

ER                                   estrogen receptor 

ETC                                 electron transport chain 

FBS                                     fetal bovine serum 

FCCP                                  carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

FDA    Food and Drug Administration 

FITC                                fluorescein isothiocyanate 

GSK3                              glycogen synthase kinase-3 

HER2                              human epidermal growth factor 2 

HIF    hypoxia-inducible factor 

HKII                                hexokinase II 

HO-5114                           hexadecyl (1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) 

 diphenyl phosphonium bromide 

HR                                   hormone receptor 

IARC                               International Agency for Research on Cancer 

IKK                                  IκB kinase 

IRS-1                              insulin-receptor substrate-1 

JC-1                                    5,5′,6,6′-tetrachloro-1,1′,3,3′tetraethylbenzimidazolylcarbocyanine iodide 

KO                                  gene knockout 

mito-CP                        mito-carboxy proxyl 

mTOR                            mammalian target of rapamycin 

MTT                               3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

NAC                               n-acetyl cysteine 

NF-κB                            nuclear factor kappa-light-chain-enhancer of activated B cells 
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OCR                                    oxygen consumption rate 

PARP                             poly (ADP-ribose) polymerase 

PBS                                 phosphate buffered saline 

PDK1                              phosphoinositide-dependent kinase-1 

PDK2                              phosphoinositide-dependent kinase-2 

PI                                    propidium iodide 

PI-3,4,5-P3                   phosphatidylinositol-3,4,5-trisphosphate 

PI-4,5-P2                      phosphatidylinositol-4,5-bisphosphate 

PI3K                               phosphatidylinositol 3-kinase 

PKB                                protein kinase B 

PR                                   progesterone receptor 

PS                                   phosphatidylserine 

PTEN                              phosphatase and tensin homolog 

RTCA                                  xCELLigence Real-Time Cell Analysis 

ROS                                reactive oxygen species 

SEM                                   standard error of mean 

SRB                              sulforhodamine B 

TCA                                trichloroacetic acid 

TNBC                             triple-negative breast cancer 

TPP                                 triphenylphosphonium 

VDAC                             voltage-dependent anion channel 

VEGF                             vascular endothelial growth factor 
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2. INTRODUCTION 

 

Cancer is a leading cause of death worldwide. Based on the GLOBOCAN 2020 estimates of 

cancer incidence and mortality produced by the International Agency for Research on Cancer 

(IARC): Worldwide, approximately 19.3 million new cancer cases and 10 million cancer deaths 

occured in 2020. 

In healthy tissues organized signal transduction keeps cell division and apoptosis in balance to 

maintain the normal function of organs. On the contrary, cancer cells grow and proliferate, 

while they ignore signals that stop dividing in healthy cells or ignore signals that cause 

programmed cell death. Cancer is a disease in which some of the body’s cells grow 

uncontrollably forming a malignant tumor. This is possible through the aberrant modification 

of their secondary signal transduction pathways. While healthy cells stop growing when they 

encounter other cells, cancer cells can invade nearby areas and spread to other areas of the body. 

Furthermore, cancerous nodules can express vascular endothelial growth factors (VEGF) that 

develop blood vessels to grow toward tumors. These blood vessels supply tumors with oxygen 

and nutrients and remove waste products from tumors, also enabling tumors to rapidly increase 

in size. When a malignant tumor reaches the fascia and grows out of it, it can spread to other 

parts of the body. Hence it can invade the vascular system and through the bloodstream some 

tumorparts can reach other organs forming secondary tumors. 

 

2.1 Steps of tumor formation 

In 1988 Bert Vogelstein’s studies of various stages of colorectal cancers led him to propose a 

specific model for human tumorigenesis. He suggested that ‘cancer is caused by sequential 

mutations of specific oncogenes and tumor suppressor genes’ (Fearon ER 1987, Fearon ER 

1990, Vogelstein B 1988). According to clinical and histopathological studies most malignant 

colorectal tumors (carcinomas) were previously monoclonal benign tumors (adenomas) (Fearon 

ER 1990; Fearon ER 1987) derived from a single pocket of epithelial stem cells through clonal 

expansion. (Healthy colonic epithelium is polyclonal, having arisen from numerous stem cells.) 

Thus, tumor progenitor pockets are mostly a group of monoclonal cells, however later further 

mutations may occur leading to variable genetic features of tumor cells (Ponder BA 1986). 

To understand the molecular basis for clonal expansion, we need to study the somatic alterations 

present at various stages of colorectal tumor formation. Neoplastic alteration provides the cell 

proliferation advantage, allowing it to outgrow other neoplastic cells within the tissue to become 

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000407582&version=Patient&language=en
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the predominant cell type constituting the neoplasm. The genetic alteration in neoplastic cells 

or individual tumor arises coincidentally and may grow further in addition with another changes 

that manisfest selective growth advantage. However, the same genetic alteration may be 

presented in many different tumors too (Greaves M 2012).  

Generally speaking the first step of carcinogenesis is called initiation. During initiation tumor 

suppressor gene(s) are losing their function due to KO mutation (Scott RE 1984). The most 

important tumor suppressor gene is p53. However by the time, later or even preceding initiation 

the promotion can occur. During promotion proto-oncogenes gain oncogen activating 

mutations, which cause constitutive active overexpression of those genes, for example Ras, 

Myc, Myb oncogenes. These key gene expressions are also induced by chemical carcinogens 

(Budan F 2008, Budan F 2009). 

Mutated p53 in mice (Jenkins JR 1984, Eliyahu D 1984, Parada LF 1984; Hinds P 1989) can 

cooperate with Ras to transform primary rodent cells in vitro, even though the rat cells express 

wild-type p53 too. Therefore, at the cellular level, p53 gene mutations function as dominant 

negative (Herskowitz I 1987) rather than recessive mutations. This dominant negative effect is 

explained by oligomerization of the p53 gene products (Eliyahu D 1988, Kraiss S 1988) while 

a mutant p53 gene product may inactivate the wild-type gene product by distorting its function 

(Eliyahu D 1988). 

Mitochondrial pathway, as the central executioner of apoptosis, can be hindered by the 

overexpression of the Bcl-2 protein family that controls mitochondrial membrane 

permeabilization. Also in the absence of tumor suppressor protein p53 the mitochondrial 

apoptosis is reduced (Estaquier J 2012). Those two antiapoptotic mutations are also important 

in the malignant process. 

Ultimately, if initiation and promotion occurs in the same cell, then that cell gains the ability to 

form malignant tumors. This process develops according to the aforementioned further steps, 

namely progression, invasion and metastasis formation (Fearon ER 1990). 

Immune evasion develops during tumor progression. Inflammatory biomarkers are playing a 

crucial role in this process as well as further mutations of cell surface biomarkers (Gonzalez H 

2018). 

In summary, in each cancer development both clonal expansion and several mutations take part 

in malignant transformation, which are corresponding to aberrant secondary signal transduction 

pathways of an initialized cell. Therefore several therapeutic approaches may be applied, 

theoretically by influencing each signal transductor factor to normalize cell functions. 
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2.2 Breast cancer statistics 

Previously, lung cancer was the most commonly diagnosed cancer, but it was surpassed by 

female breast cancer this year with 2.3 million new cases. Although lung cancer remained the 

leading cause of cancer death with 18 % of the total cancer deaths, female breast cancer 

increased to 6.9 % (Sung H 2021). Worldwide, breast cancer is the most common cancer in 

women, accounting for about 30 % of female cancers and has a 15 % mortality-to-incidence 

ratio (Loibl S 2021, Waks AG 2019).  

In total, over 1 800 000 cancer cases was estimated for the year 2020 in the USA, from that the 

more than 279 000 characterized as breast cancer. The expected number of cancer deaths was 

estimated to be above 606 000, where breast cancer accounts for more than 42 000 deaths 

(Siegel RL 2020). 

In Hungary approximately 32 000 people died of cancer in 2020. From that around 2 000 was 

caused by breast cancer. With this number it is the second most common cancer death in the 

country after lung cancer. There are around 8 000 new cases each year (GLOBOCAN 2020 

pdf).  

Breast cancer incidence is higher in high-income regions (highest in Western Europe and the 

US) than in lower income regions (lowest in Africa and Asia). These data reflect the use of 

breast cancer screening and the higher prevalence of breast cancer risk factors which includes 

obesity, alcohol intake, low physical activity, smoking, use of menopausal hormone therapy, 

high total lifetime number of menstrual cycles and use of oral contraceptives (Torre LA, 2016). 

Although the trend line of the incidence is rising or stable in different countries, mortality rates 

have been decreasing in many high-income regions since 1990, but it continues to increase in 

lower-income countries. It is likely due to the fact that in high-income countries there are an 

increased awareness and screening possibilities which means an early diagnosis, but in low-

income regions breast cancer is often diagnosed at a later stage due to limited access to early 

detection program and treatment and for this reason, it is associated with poorer survival 

(Allemani C 2015).  

The 5-year survival rate varies from 80 % or more in developed countries, while in low-income 

regions it can be less than 40 %. Survival rate is also influenced by the stage of the cancer, the 

age of the patient and the early detection as well (Maajani K 2019).  

In general, a significant increase in breast cancer mortality rate in the world during the past 25 

years occured due to increase in incidence and prevalence of this cancer. The increasing trend 

is an alarm for health policy makers in all countries, especially in developing countries and low-
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income regions which experienced sharp slopes of breast cancer mortality rate (Azamjah, 

2019). 

 

2.3 Molecular pathology of breast cancer 

Breast cancer classification systems have been based on histopathological assessment but 

nowadays these systems are augmented with the status of estrogen receptor (ER) and 

progesterone receptor (PR) expression and human growth factor receptor 2 (HER2) 

amplification (Vuong D 2014).  

ER, PR and HER2 are the only three biomarkers used in routine pathological assessment of 

breast cancer. ER was identified in the 1960s and its status has been used since the mid-1970s 

to predict tumor responsiveness to endocrine therapy. Estrogen acts through its receptor and 

starts a cascade which ends in the dimerisation and translocation of estrogen responsive 

elements in gene promoter regions and modulates transcription thereby it can enhance cell 

survival and proliferation. Growth factors such as HER2 and cyclin/CDK complexes influence 

the action of ER. ER positive (ER+) tumors account for about 75 % of all breast cancer cases 

(Voung D 2014, Rakha EA 2010). 

As PR is an estrogen-regulated gene, its expression indicates a functioning ER pathway. PR+ 

tumors account for 55-65 % of breast cancer cases and around 40 % of ER+ tumors are PR 

negative (PR-) (Rakha EA 2010).  

Tumors with expression of either ER or PR in at least 1 % of tumor cells are categorized as 

hormone receptor positive (HR+) (Hammond ME 2010). The molecular pathogenesis of HR+ 

breast cancer is mediated by ER which activates oncogenic growth pathways (for example 

phosphatidylinositol 3-kinase (PI3K) - protein kinase B (Akt) pathway, extracellular-signal-

regulated kinase (ERK) signaling pathway) (Chen GG 2008, Collins P 1999). HR+ represents 

about 70 % of all cases (Waks AG 2019). 

HER2 is a transmembrane receptor tyrosine kinase in the epidermal growth factor (EGF) 

receptor family. HER2 signaling activates different pathways such as the RAS pathway, the 

PI3K-Akt pathway and mitogen-activated protein kinase (MAPK) pathway, indicating the 

activation of proliferation, cell survival and metastasis (Harbeck 2019). HER2 protein occurs 

with an amplified gene pattern in 15 – 20 % of the cases (Waks AG 2019). HER2 amplification 

was associated with disease relapse as a predictor of poor prognosis (Rakha EA 2010), but since 

the development of anti-HER2 targeted therapy, HER2+ cases show better prognosis 

(Buonomo OC 2017). About half of HER2+ tumors are also HR+ (Waks AG 2019).  
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Triple negative breast cancer (TNBC) is characterized by the lack of expression of ER, PR and 

HER2 genes and it represents about 15 % of all cases (Yao H 2017). TNBC is associated with 

poorer prognosis and limited targeted therapeutic options compared to the HR+ subtype 

(Masoud V 2017). Nevertheless nowadays, according to my best knowledge, the molecular 

pathogenesis of TNBC is poorly understood. 

 

2.4 Treatment options of breast cancer 

Management of early (nonmetastatic) and advanced (metastatic) breast cancer are different 

(Waks AG 2019). In case of the former, women who are deemed operable undergo surgery. 

Therapeutic options are based on tumor burden and subtype (Harbeck N 2019). The primary 

systemic therapy for HR+/HER2- breast cancer is endocrine therapy for 5 years. Tamoxifen has 

been the gold standard for endocrine treatment for more than 25 years. It is a selective estrogen 

receptor modulator that inhibits the binding of estrogen to its receptor. Aromatase inhibitors are 

also applied, they act by inhibiting the conversion of androgens to estrogen (Joshi H 2018). In 

some cases endocrine therapy is augmented with chemotherapy. Anthracycline-taxane 

sequence or docetaxel and cyclophosphamide are the options. Triple-negative breast cancer is 

treated with chemotherapy only, with anthracycline and taxanes, with or without carboplatin 

(Loibl S 2021). In the management of HER2+ breast cancer most patients receive trastuzumab 

plus pertuzumab, in addition to doxorubicin-cyclophosphamide followed by taxane, or in 

addition to docetaxel-carboplatin. Trastuzumab and pertuzumab are monoclonal antibodies. 

The former targets the extracellular domain of HER2, the latter the HER2 dimerization domain. 

Radiation therapy can be part of the treatment, it may be delivered to the whole breast, a portion 

of the breast, the chest wall and the regional lymph nodes (Harbeck N 2019, Loibl S 2021, 

Waks AG 2019). 

Management options for metastatic HR+/HER2- breast cancer are endocrine therapy 

incorporated with cyclin-dependent kinase (CDK) 4/6 inhibitors and if resistance develops 

chemotherapy is applied. In metastatic triple-negative breast cancer the only option is 

chemotherapy if patients don't have germline BRCA1/2 mutations. PARP inhibitors are 

additional therapy options in HR+/HER2- and triple-negative breast cancer patients with 

BRCA1/2 mutations. In HER2+ metastatic breast cancer it is crucial to continue blocking the 

HER2 pathway with trastuzumab and pertuzumab and chemotherapy is also part of the 

treatment (Maughan KL 2010, Harbeck 2019). 
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2.5 PARP inhibition and olaparib 

The first poly(ADP-ribose) polymerase enzyme was discovered over 50 years ago. By 1980 it 

was known that PARP-1 is activated by DNA damage and has an important role in the repair 

of DNA single-strand breaks (SSB) via the base-excision repair/single-strand break repair 

(BER/SSBR) pathway (Benjamin RC 1980, Drew Y 2015). Today 17 members of the PARP 

family are known and in DNA repair PARP-1 and PARP-2 play crucial roles. Beside DNA 

repair they have essential functions in replication, gene expression and maintenance of genomic 

instability (Drew Y 2015).  

PARP catalyzes the transfer of ADP-ribose of NAD+ to a wide range of proteins. Nowadays 

more than 30 substrates of PARP have been identified. It binds to specific DNA sequences, and 

by self-ADP-ribosylation, it recruits repair machinery to the site of DNA damage (Morales J 

2014).  

The development of PARP inhibitors started in the 1980s with 3-aminobenzamide (3-AB) 

(Purnell MR 1980). The first idea was to use it as a chemosensitizer with methylating agent and 

expecting an enhanced cytotoxic effect (Durkacz 1980). Olaparib (Lynparza) is the most widely 

used PARP inhibitor in clinical therapy nowadays. In 2014 the Food and Drug Administration 

(FDA) approved its application as a single agent in the treatment of germline breast cancer 

susceptibility gene (BRCA)-mutated advanced ovarian cancer that has received three or more 

prior lines of chemotherapy. In 2018 olaparib was approved for the treatment of germline 

BRCA-mutated metastatic breast cancer. In 2019 the PARP inhibitor was approved for the 

maintenance treatment of adults with germline BRCA-mutated metastatic pancreatic 

adenocarcinoma (Turk AA 2018). 

The reason for using a PARP inhibitor for BRCA-mutated cancer is that in cells lacking 

homologous recombination repair (HRR) - those with BRCA mutations - DNA breaks will be 

left unrepaired if PARP inhibitor is applied resulting in cell death. However in cells with 

functional HRR PARP inhibition won’t result in cell death (Drew Y 2015). 

 

2.6 Platinum analogs including oxaliplatin 

Cisplatin, carboplatin and oxaliplatin are the currently used platinum analogs in chemotherapy. 

Cisplatin was discovered through an observation that neutral platinum complexes inhibited 

division and filamentous growth of Escherichia coli (Rosenberg B 1965). FDA approval of 

cisplatin was given in 1978 for the treatment of advanced testicular, ovarian and bladder 

cancers. Later studies showed that this platinum compound has major antitumor activity in a 
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broad range of tumors, including cervix, head and neck, non-small cell and small cell lung 

cancer (Riddell IA 2018). However there are certain toxic side effects of cisplatin including 

nephrotoxicity, ototoxicity, peripheral sensory neuropathy and nerve dysfunction (Dasari S 

2014). 

Several platinum agents were synthesized and investigated to develop less toxic compounds. A 

second-generation platinum agent, carboplatin was approved by the FDA in 1989, and similarly 

to cisplatin, it is used in the treatment of a wide range of tumors including bladder cancer, breast 

cancer, ovarian cancer and non-small cell and small cell lung cancer. Carboplatin exhibits less 

renal toxicity compared to cisplatin, but it has other side effects: myelosuppression and hepatic 

dysfunction (Ho GY 2016, Riddell IA 2018).  

To reduce the toxicity even more other platinum compounds were synthesized and researched. 

Oxaliplatin, a third-generation platinum analog, was approved by the FDA in 2002 in the 

therapy of metastatic colorectal cancer (Wheate NJ 2010). Studies prior showed that colon 

cancer didn’t respond to cisplatin treatment, however response to oxaliplatin was significantly 

higher (de Gramont A 2000). Other clinical applications of oxaliplatin are in the treatment of 

gastroesophageal cancer and pancreatic cancer. Side effects of oxaliplatin include 

myelosuppression and peripheral sensory neuropathy. The mechanism of action and clinical 

pharmacology of oxaliplatin are identical to those of cisplatin and carboplatin, however tumors 

that are resistant to cisplatin and carboplatin are not resistant to oxaliplatin. This might explain 

its effect in the treatment of colorectal cancer (Riddell IA 2018). 

Their mechanism of action: once inside the cell these compounds are transported into the 

nucleus or the mitochondria (Jamieson ER 1999) where they bind at the most nucleophilic sites 

on DNA and distort and unwind the duplex DNA, triggering cell death (Todd RC 2009).  Beside 

the inhibition of DNA synthesis they can bind to cytoplasmic and nuclear proteins as well, 

contributing to their cytotoxic effects (Riddell IA 2018). 

 

2.7 Phosphatidylinositol 3-kinase/Akt pathway and PI3K inhibitor LY294002 

The phosphatidylinositol 3-kinase (PI3K) signaling pathway plays a key role in the regulation 

of cell survival and proliferation and they are also involved in differentiation and intracellular 

trafficking (Grandage VL 2005, Yuan TL 2008). Phosphatidylinositol 3-kinases belong to the 

lipid kinase family. They can phosphorylate inositol ring 3'-OH group in inositol phospholipids. 

Class Ia PI3Ks consist of a catalytic subunit and an adaptor/regulatory subunit. While class Ia 

PI3Ks are activated by receptors with protein kinase activity, class Ib PI3Ks are activated by 
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receptors coupled with G proteins. Upon activation by growth factor stimulation class Ia 

proteins catalyze the formation of phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P3), a 

secondary messenger molecule from phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2). 

Phosphoinositide-dependent kinase-1 (PDK1) and protein kinase B (PKB/Akt) are recruited by 

PI-3,4,5-P3 to the membrane (Vara JAF 2004). PDK1 and PDK2 activate Akt by 

phosphorylation of threonine 308 and serine 473 (Anderson KE 2003). Akt is translocated to 

the nucleus, where many of its substrates are present (Meier R 1999). 

Akt inactivates pro-apoptotic B-cell lymphoma 2 (Bcl-2) family member Bad, procaspase-9, 

which is an initiator caspase in the apoptosis and Forkhead family of transcription factors that 

induce the expression of pro-apoptotic factors (e.g. Fas ligand). In addition, Akt activates 

transcription factor cyclic AMP response element-binding protein (CREB), IκB kinase (IKK) - 

thereby inducing NF-κB transcriptional activity, which leads to the activation of transcription 

of different survival genes. P21 and P27 are also phosphorylated by Akt, resulting in the 

inhibition of their antiproliferative activity. Other targets of Akt include glycogen synthase 

kinase-3 (GSK3), insulin-receptor substrate-1 (IRS-1) and mammalian target of rapamycin 

(mTOR). 

In recent years, alteration in the PI3K/Akt pathway have been found in a large number of human 

cancers either with the overexpression of cell surface receptors, or their constitutive activation, 

thereby the downstream signaling of this pathway being activated as a result (Blume-Jensen P 

2001, Osaki M 2004). One of the studied examples is the tyrosine kinase receptor erbB2 (also 

known as HER2) is overexpressed in many cancers, including breast cancer. Based on the 

research of Zhou et al. erbB2-erbB3 dimers activate PI3K/Akt pathway in tumor cells (Blume-

Jensen P 2001, Zhou BP 2000).  

Gene mutations of PIK3CA (Samuels Y 2004), gene amplification of Akt2 (Bellacosa A 1995), 

overexpression of Akt3 mRNA  (Nakatani K 1999) and overexpression of Akt isoforms was 

demonstrated in breast cancer (Vivanco I 2002). Mutation of PTEN, a PI-3,4,5-P3 phosphatase 

which negatively regulates the PI3K/Akt pathway has also been promoted in breast cancer 

(Osaki M 2004). 

Uncontrolled activation of Akt can lead to cancer development (Osaki M 2004) and there is 

strong evidence that the activation of PI3K/Akt pathway is related to tumor cell resistance in 

chemotherapy and radiation therapy. Thus, inhibiting Akt activation has a potential therapeutic 

value (Vara JAF 2004).  
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There are several drugs targeting PI3K/Akt pathway related molecules focusing on either 

upstream targets like EGFR or HER-2/Neu, downstream targets like mTOR or focus on PI3K 

(Vara JAF 2004).  

A naturally occurring bioflavonoid, quercetin was found to inhibit PI3K, however it also 

inhibits other kinases for example phosphatidylinositol 4-kinase and several tyrosine and 

serine/threonine kinases. Analogs of quercetin have been synthesized and evaluated for their 

ability to inhibit PI3K. LY294002 was found to selectively inhibit PI3K and it has a 2.7-fold 

greater potency than quercetin (Vlahos CJ 1993). 

 

2.8 Targeting the mitochondria 

Mitochondria have become novel targets for anti-cancer strategies, one of the main reasons is 

that mitochondrial metabolism is a key player in the development and progression of cancer as 

well as in metastasis (Dong L 2020). In the 1920s, Otto Warburg and colleagues observed the 

common features of cancer cells’ altered metabolism: increased glucose uptake and 

fermentation of glucose to lactate, even in the presence of oxygen (Warburg O 1925, Liberti 

MV 2016). Warburg later postulated that cancer originates from irreversible injury to 

respiration followed by an increase in glycolysis to replace ATP loss due to defective oxidative 

phosphorylation (Warburg O 1956).  

However, oxidative phosphorylation has been recently recognized to play an important role in 

oncogenesis. Recent studies demonstrated that the mitochondria of cancer cells can alternate 

between glycolysis and oxidative phosphorylation to meet the metabolic demands of the cell 

and to promote survival (Dong L 2020). The only tumor cells shown to exhibit mitochondrial 

dysfunction are those that have mutations in the citric acid cycle enzymes succinate 

dehydrogenase or fumarate hydratase (Weinberg F 2010). 

Although, through aerobic glycolysis the rate of glucose metabolism is higher than by lactate 

production, the anaerobic processes occur 10-100 times faster (Liberti MV 2016), which gives 

an advantage when competing for shared and limited energy resources. By switching between 

aerobic and anaerobic glycolysis tumor cells adapt fast to the changes in the microenvironment 

(Pfeiffer T 2001). 

Based on the above mentioned findings, targeting the mitochondria shows great promise to 

enhance the efficiency of anti-cancer drugs. Additionally, targeting the mitochondria could 

mitigate treatment resistance, another crucial factor of today’s anti-cancer therapy. 
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Mitochondria-targeted nanocarriers and drugs conjugated to mitochondria-targeting ligands are 

the most common approaches (Battogtokh G 2018). 

Targeting mitochondrial metabolism includes blocking the electron transport chain (ETC), 

citric acid cycle and oxidative phosphorylation (Dong L 2020). ETC inhibitors include 

metformin and tamoxifen. The anti-diabetic drug metformin has shown anti-cancer properties 

by inhibiting the mitochondrial respiratory complex I and mitochondrial ATP production 

(Weinberg SE 2015, Wheaton WW 2014), while tamoxifen suppresses mitochondrial complex 

I-dependent respiration (Jordan VC 1993). 

Glutamine plays an important role in replenishing the citric acid cycle intermediates and thereby 

utilizing them for biosynthesis in cancer cells (Hensley CT 2013). Many cancers show addiction 

to glutamine. To inhibit its catabolism, specific glutaminase inhibitors were developed, such as 

tetrahydrobenzo derivative 968 (Wang JB 2010). Isocitrate dehydrogenase 1 and 2 catalyze the 

conversion of isocitrate to alpha-ketoglutarate. In multiple cancers, both enzymes have been 

found mutated, they can be potential targets for anti-cancer therapy (Weinberg SE 2015). 

Inhibitors of the enzymes include dichloroacetate and AGI-5198 (Golub D 2019, Chitneni SK 

2018).  

FV-429, a hexokinase inhibitor, induced apoptosis in cancer cells not only by inhibiting 

glycolysis, but by disrupting mitochondrial function. Hexokinase II (HKII) is overexpressed in 

cancer cells and can bind to the voltage-dependent anion channel (VDAC) on the mitochondrial 

outer membrane, thereby eliciting anti-apoptotic effects. Hexokinase II inhibition interferes 

with the HKII-VDAC interaction, which leads to mitochondria-mediated apoptosis (Dong L 

2019). 

A new perspective of antioxidant design was to transport them directly into the mitochondria, 

as more than 95 % of cellular ROS are derived from there. However, for conventional 

antioxidants it is difficult to enter mitochondria and reach the main parts of ROS sites (Wang 

JY 2020, Sheu SS 2005). To achieve mitochondrial targeting, antioxidants were linked to 

lipophilic cations (triphenylphosphonium, rhodamine 123) and peptides (mitochondria-

penetrating peptide, mitochondria-targeting sequence peptide) (Wang JY 2020, Battogtokh G 

2018).  
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2.9 Lipophilic cations as mitochondria-specific delivery molecules 

The advantageous structure of triphenylphosphonium (TPP) has been freqently used in the 

design of mitochondria-targeted compounds. As TPP is a lipophilic cation, its delocalized 

positive charge enables the agent to easily permeate lipid bilayers. This is a serious advantage 

when compared to the transport of hydrophobic compounds, that need tissue-specific carriers. 

Depending on the mitochondrial membrane potential (−150 to −180 mV) lipophilic cations can 

achieve efficient uptake and accumulation several hundredfold within the mitochondria 

(Murphy MP 1997, Smith RA 2003). Selective targeting can be accomplished: cancer cells have 

higher mitochondrial membrane potential (ΔΨm) than non-cancer cells, also ΔΨm of cancer 

cells is higher compared to their own cytosol (Zielonka J 2017). After administration, more than 

90% of the intracellular lipophilic cations were found to be located in the mitochondria (Smith 

RA 2003). After oral administration the uptake of TPP-based drugs by the mitochondria was 

fast and organ-selective; they accumulated within the heart, skeletal muscle, liver, and brain of 

mice (Smith RA 2003, Porteous CM 2021). By dose determination, it should be taken into 

consideration that lipophilic cations are toxic at high concentrations, because ATP synthesis is 

disrupted by excessive uptake of the compound by the mitochondria (Smith RA 2003).  

A well-known TPP conjugated compound is Mito-carboxy proxyl (Mito-CP). This TPP 

conjugated superoxide dismutase mimetic was the first mitochondria-targeted nitroxide 

compound. It was used for studying the role of the mitochondrial superoxide in cancer cell 

proliferation (Dhanasekaran A 2005). While in various cancer cells, including breast cancer, 

the cytotoxic effect of Mito-CP was observed, it didn’t markedly affect non-cancerous cells 

(Cheng G 2012, Boyle KA 2018). Recently, a novel component-derivative of Mito-CP, a 

pyrroline nitroxide attached dyphenylphosphine compound, hexadecyl (1-oxyl-2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) diphenyl phosphonium bromide (HO-5114), was 

synthesized with promising cytotoxic effect (Isbera M 2021). 

 

2.10 Triple-negative breast cancer and its possible mitochondrial targeting 

Recently, the bioenergetics of cancer cells is receiving increased interest among researchers in 

the field (Schulze A 2012, Reda A 2019). Breast cancer cells have profound bioenergetic, 

histological, and genetic differences compared to normal cells (Reda A 2019). A recent study 

showed that inhibiting glycolysis in hormone-responsive breast cancer cells (MCF7) and triple-

negative breast cancer cells (MDA-MB-231) had different outcome. The metabolic adaptations 

of TNBC cells to glycolytic inhibition surpassed that of MCF7 cells. Beside lower apoptotic 
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rate, greater respiratory capacity and less proton leak was also characteristic for MDA-MB-231 

cells. As TNBC cells possess tightly coupled mitochondria, targeting only the glycolysis might 

not be an effective strategy. These results suggest that the mitochondrial aid-in-reserve must be 

selectively blocked to achieve greater cytotoxic effect (Reda A 2019).  

It is well known that triple-negative breast cancer is associated with a poor prognosis and 

limited therapeutic options and because mitochondria play pivotal roles in early relapse and the 

metastatic spread of TNBC the development of novel therapeutic means is needed (Collignon 

J 2016). 
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3. OBJECTIVES 
 

In this study, we investigated the response of different types of breast cancer cell lines to: 

 

- a combination of conventional chemotherapeutic agent and synthetic lethality-based 

therapeutic compound supplemented with Akt inhibition to prevent undesired 

cytoprotective effects of the latter. We used the TNBC cell line MDA-MB-231 and 

estrogen and progesterone receptor-positive cell line MCF7, and treated these with the 

third-generation platinum compound oxaliplatin, the PARP inhibitor olaparib and the 

PI3K inhibitor LY294002. The triple combination of them is warranted to be examined 

in vitro to improve further the chemotherapeutic strategies. If in this experiment proper 

anti-cancer effects can be presented it will pave the way towards in vivo experiments, 

in order to develop new human chemotherapeutic protocols to improve oncological 

therapies. 

 

- a novel component-derivative of Mito-CP, a pyrroline nitroxide attached 

dyphenylphosphine compound, HO-5114. Our goal was to investigate whether the 

mitochondrial effects of HO-5114 could participate in its cytotoxic and antiproliferative 

effects. In these experiments MDA-MB-231 and MCF7 cells were used. Based on the 

results of the study, in vivo research could be added to investigate the toxicity and anti-

neoplastic effect of HO-5114 in vivo.  
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3. MATERIALS AND METHODS 

 

3.1 Reagents 

Olaparib(4-(3-{[4-(Cyclopropylcarbonyl)-1-piperazinyl]carbonyl}-4-fluorobenzyl)-1(2H)-

phthalazinone) was purchased from MedChemExpress (Monmouth Junction, NJ, United 

States). It was dissolved in dimethyl sulfoxide (DMSO) before treatment and for each treatment 

a new solution was made. 

Oxaliplatin([SP-4-2-(1R-trans)]-(1,2-Cyclohexanediamine-N,N′)[ethanedioata(2--)-

O,O’]platinum) was purchased from Accord Healthcare (Munich, Germany). Akt pathway 

inhibitor LY294002 (2-(Morpholin-4-yl)-8-phenyl-4H-1-benzopyran-4-one) was purchased 

from Selleckchem (Houston, Texas, USA). Hexadecyl (1-oxyl-2,2,5,5-tetramethyl-2,5-

dihydro-1H-pyrrol-3-yl) diphenyl phosphonium bromide (HO-5114) was synthesized and 

purified by Prof. Tamás Kálai and Mostafa Isbera (Department of Organic and Pharmacological 

Chemistry, Medical School, University of Pécs, Hungary). All other reagents were of the 

highest purity commercially available. Chemical structures of the above-mentioned reagents 

can be seen on Figure 1. Structures were designed using Chemspace software (Chemspace US 

Inc, Monmouth Junction, New Jersey, USA). 

 
Figure 1. Chemical structure of olaparib (A), oxaliplatin (B), LY294002 (C) and HO-5114 (D) 
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3.2 Cell Cultures 

MCF7 (ER+, PR+, HER2-) and MDA-MB-231 (TNBC) cell lines were purchased from 

American Type Culture Collection (Manassas, VA, USA). Cells were grown and maintained in 

a humidified incubator at 37 °C with 5 % CO2. Estrogen and progesterone receptor-positive 

MCF7 cells were cultured in RPMI (Biosera, Nuaille, France) supplemented with 10 % fetal 

bovine serum (FBS). Triple-negative MDA-MB-231 cells were cultured in DMEM Low 

Glucose (Biosera, Nuaille, France) augmented with 10 % FBS (Thermo Fisher, Life 

Technologies, Milan, Italy). 

 

3.3 Survival Assay 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to 

examine cell viability. The assay is dependent on the ability of viable cells to metabolise a 

water-soluble tetrazolium salt into a water-insoluble formazan product. This reaction is 

catalyzed by mitochondrial reductase enzyme (Twentyman PR, 1987). Formazan is then 

solubilized and the concentration determined by optical density at 570 nm. The result is a 

sensitive assay with excellent linearity up to ∼106 cells per well (Kumar P, 2018). 

Cells were seeded at a density of 3 × 103/well in 96-well cell culture plates for 24 h before 

treatment. After 72 h treatment using olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 

µM), and their combination, the medium was replaced containing 0.5 % MTT substrate (100 

µL/well). After 2 h incubation at 37 °C the medium was discarded and DMSO was added (100 

µL/well). Given the purple color of the soluble formazan product, absorbance was measured at 

570 nm using the GloMax®-Multi Instrument (Promega, Madison, WI, United States). 

 

3.4 SRB Viability Assay 

The sulforhodamine B (SRB) assay can be used to measure drug-induced cytotoxicity. The 

principle of the assay is based on the ability of the protein dye sulforhodamine B to bind 

electrostatically and pH dependent on protein basic amino acid residues of trichloroacetic acid-

fixed cells. Under mild acidic conditions it binds to and under mild basic conditions it can be 

extracted from cells and solubilized for measurement (Voigt W, 2005). 

Cells were seeded at a density of an 8 × 103/well in 96-well cell culture plates 24 h before the 

treatment. After 24 h of treatment with 1, 2.5, 5, or 10 µM of HO-5114, 1 mM n-acetyl cysteine 

(NAC), a common ROS scavenger and their combination, the medium was discarded, and the 
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cells were washed with phosphate buffered saline (PBS; Biowest, Nuaille, France) and fixed in 

100 µL of a cold 10 % trichloroacetic acid (TCA) solution (Sigma-Aldrich Co., Budapest, 

Hungary) for 30 min at 4 °C. After TCA was discarded, the cells were washed with a 1 % acetic 

acid solution (Sigma-Aldrich Co., Budapest, Hungary) and dried overnight at room 

temperature. The next day, 70 µL 0.1 % sulforhodamine B (SRB) (Sigma-Aldrich Co., 

Budapest, Hungary) in a 1 % acetic acid solution was added to the wells for 20 min at room 

temperature. The plates were washed 5 times with a 1 % acetic acid solution and dried for at 

least 2 h. Added to the cell was 200 µL of a 10 mM TRIS solution (Sigma-Aldrich Co., 

Budapest, Hungary) and the samples were incubated at room temperature on a plate shaker for 

3 h. Absorbance was measured at 560 and 600 nm simultaneously using the GloMax®-Multi 

Instrument (Promega, Madison, WI, USA). OD600 was subtracted as the background from the 

OD560 values. 

 

3.5 Apoptosis Assay using MUSE Cell Analyzer 

Live, early apoptotic, late apoptotic and dead cells were quantified using the MUSE Annexin 

V and Dead Cell Kit (Luminex Corporation, Austin, Texas, United States). The experiment was 

carried out according to the manufacturer’s instructions. Cells were cultured in 6-well plates 

(1.5 × 105/well) and treated with olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 µM) 

and their combination for 72 h. After the treatment cells were collected and diluted in their 

medium to a concentration of 5 × 105/mL. Twenty minutes incubation in the dark at room 

temperature followed the addition of 100 µL Annexin V reagent. The calcium binding protein, 

Annexin V can bind to phosphatidylserine (PS), which is normally restricted to the inner leaflet 

of the plasma membrane and is, therefore, only exposed to the cell cytoplasm. During apoptosis 

PS becomes exposed on the outer leaflet of the plasma membrane and Annexin V can bind to 

it (Crowley LC, 2016). Annexin V-FITC positive cells were considered as apoptotic (early and 

late apoptotic) and were expressed as % of the total cell number examined. The MUSE Cell 

Analyzer device was used to assess the samples and 5000 single cell events were measured per 

sample. 

 

3.6 Flow Cytometric Analysis of Cell Death 

A flow cytometry analysis was applied to quantify the ratio of live, early apoptotic, and late 

apoptotic/dead cell populations. The cells were seeded into 6-well plates at a starting density of 

105/well 24 h before they were treated with 1, 2.5, 5, or 10 µM of HO-5114 for 24 h. The FITC-
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Annexin V Apoptosis Detection Kit with propidium iodide (PI) (BioLegend, San Diego, CA, 

USA) was used to label cells according to the manufacturer’s instructions. While Annexin V 

binds phosphatidylserine, PI is a fluorochrome that binds and labels nucleic acids (Crowley LC, 

2016, Riccardi C 2006). The samples were measured with a SONY SH800 Cell Sorter (SONY 

Biotechnology, San Jose, CA, USA). Debris and aggregates had been eliminated by gating, and 

at least 20000 single cell events were acquired per sample. The analysis was carried out with 

Cell Sorter Software (SONY Biotechnology, San Jose, CA, USA). Double negative (Annexin 

V−/PI−) cells were considered live. Annexin V positive (Annexin V+/PI−) and double positive 

(Annexin V+/PI+) cells were identified as early and late apoptotic, respectively. PI positive 

(Annexin V−/PI+) necrotic cells were not detected. They were likely eliminated during the 

washing steps prior to staining. 

 

3.7 Measurement of reactive oxygen species generation 

To measure reactive oxygen species (ROS) production, cells were plated (3 × 103/well) in wells 

of a 96-well plate, were cultured for 24 h and then they were treated for 72 h with olaparib (2 

µM), oxaliplatin (25 µM) and LY294002 (1 µM), and their combination. The medium was 

replaced by Krebs-Henseleit solution containing 2 % FBS and 2 µM carboxy-H2DCFDA 

(Thermo scientific, Waltham, MA, United States). After 30 min incubation, ROS generation 

was measured using GloMax®-Multi Instrument (Promega, Madison, WI, United States) at 

respective excitation/emission wavelengths of 490/530 nm. 

For the HO-5114 treatment, the cells were seeded at a starting density of 1.5 × 104/well into 96-

well plates and were cultured for 24 h. The cells were treated with 1, 2.5, 5, 10, or 20 µM of 

HO-5114 in a Krebs-Henseleit solution supplemented with 10 % FBS and containing 

dihydrorhodamine 123 (Sigma-Aldrich Co., Budapest, Hungary). The assay is based on 

measuring the fluorescence of rhodamine 123 produced quantitatively from its non-fluorescent 

reduced form by the cellular ROS. ROS generation was monitored from 0 min until 4 h using 

the GloMax®-Multi Instrument (Promega, Madison, WI, USA) at respective 

excitation/emission wavelengths of 490/525 nm. 

 

3.8 Cell Cycle Analysis 

Cells were cultured in 6-well plates (1.5 × 105/well) 24 h before treatment, and were treated 

with olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 µM), and their combination, for 

72 h. To assess cell cycle, flow cytometry analysis was applied. In brief, cells were harvested, 
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washed with Dulbecco’s phosphate-buffered saline (DPBS) (Biosera, Nuaille, France) and 

fixed with 70 % ethanol (Molar Chemicals Kft., Halasztelek, Hungary) at 4 °C overnight. After 

fixation, the cells were centrifuged and washed twice with DPBS. Aliquots of cells (0.5 ×106) 

were stained with 500 µl propidium iodide (PI) (Merck KGaA, Darmstadt, Germany)/RNAse 

A (Thermo scientific, Waltham, MA, United States) solution containing 0.02 mg/mL PI and 10 

µg/mL RNAse A in PBS-0.1 % Triton-X 100 (Sigma, St. Louis, MO, United States). SONY 

SH800 Cell Sorter (SONY Biotechnology, San Jose, CA, United States) was used to measure 

fluorescent intensities. Debris and aggregates had been discriminated by gating, and at least 

5000 single cell events were measured per sample. Data were analyzed and cell-cycle 

distributions were determined using ModFit LT (Verity software House, Topsham, ME, United 

States) software. 

 

3.9 Measurement of Mitochondrial Bioenergetics 

To analyze respiratory and glycolytic energy production, oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) were measured simultaneously by a Seahorse XFp 

Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). The cells were 

plated at a starting density of 1.5 × 104/well into Seahorse XFp Cell Culture Miniplates 24 h 

before treatment. The medium was replaced by the Seahorse XF Assay Media (pH 7.4) 

containing 10 mM glucose, 2 mM L-glutamine, and 1 mM pyruvate. After measuring the basal 

respiration for 18 min, HO-5114 was added to the medium at a final concentration of 1 or 2.5 

µM and 1 mM NAC and the cells were further incubated for 4 h. In the final 75 min of 

incubation, recording of OCR and ECAR was resumed, and the following modulators were 

injected sequentially: oligomycin (1.5 µM final concentration), FCCP (1 µM final 

concentration), and rotenone and antimycin A (0.5 µM final concentration each). The OCR and 

ECAR data were normalized to total cellular protein, which was determined by the Micro BCA 

Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). 

 

3.10 Measurement of Mitochondrial Membrane Potential 

The cells were seeded to glass coverslips in 6-well plates at a starting density of 1.5 × 105 

cells/well and were cultured for 24 h. They were treated with 1 and 2.5 µM HO-5114 for 1 or 

2.5 h for the MCF7 or MDA-MB-231 lines, respectively. After treatment, the cells were washed 

in PBS and incubated for 15 min at 37 °C in a modified Krebs-Henseleit solution containing 

100 ng/mL of the cationic carbocyanine dye JC-1 (5,5′,6,6′-tetrachloro-
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1,1′,3,3′tetraethylbenzimidazolylcarbocyanine iodide). Following incubation, the cells were 

washed once with a modified Krebs-Henseleit solution and then visualized by a Nikon Eclipse 

Ti-U fluorescent microscope equipped with a Spot RT3 camera using a 20× objective lens and 

epifluorescence illumination. The same microscopic fields were imaged with a 490 nm 

bandpass excitation and >590 nm (red) or <546 nm (green) emission filters, consecutively. For 

quantifying red and green fluorescent intensities, their respective greyscale images were 

normalized to three randomly chosen spots of their backgrounds. Red and green fluorescent 

intensities were calculated as the percentage of their sum. 

 

3.11 Colony Formation Assay 

The cells were seeded at a starting density of 2 × 103/well into 6-well plates and were cultured 

for 24 h before they were exposed to 50, 75, 100, or 250 nM of HO-5114 for seven days. For 

olaparib, oxaliplatin and LY294002 treatment, cell density was 3 × 103/well at the seeding and 

cells were cultured for 24 h before treatment. After 14 days of treatment with 2 µM olaparib, 

25 µM oxaliplatin and 1 µM LY294002, alone and in combination, the cells were washed with 

PBS and were stained with 0.1 % Coomassie Brilliant blue R 250 (Merck KGaA, Darmstadt, 

Germany) in 30 % methanol (Sigma-Aldrich Co., Budapest, Hungary) and 10 % acetic acid. 

The tissue culture plates were imaged using a GE Healthcare ImageScanner II (AP Hungary 

Co., Budapest, Hungary) set for 600 dpi. The colonies were quantified using ImageJ software. 

 

3.12 Measurement of Invasive Growth 

To monitor the effects of olaparib, oxaliplatin, LY294002 and HO-5114 on the growth of MCF7 

and MDA-MB-231 cells, we used the xCELLigence system that allows for the real-time, 

quantitative analysis of adherent cells. The measurement method is based on the use of 

electronic microtiter plates (E-Plate®), in the xCELLigence Real-Time Cell Analysis (RTCA) 

device (ACEA Biosciences, San Diego, CA, USA). The instrument measures electron flow 

transmitted between gold microelectrodes fused to the bottom surface of a microtiter plate in 

the presence of an electrically conductive culturing medium. Adherent cells cultured in the 

plates change the impedance expressed as arbitrary units called the cell index, the magnitude 

of which is dependent on number, morphology, size, and attachment properties of the cells 

(Hamidi H 2017). 

The instrument was placed in a humidified incubator at 37 °C and 5 % CO2. Cells were seeded 

at the starting density of 1 × 103/well and were cultured for 24 h. Then, the cells were exposed 
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to 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002, alone and in combination and 75, 

100, and 250 nM HO-5114 for seven days in the E-Plate®, during which the impedance was 

measured each hour. 

 

3.13 Statistical Analysis 

The results are presented as the mean and the correlated standard error of the mean (SEM) of 

at least three independent experiments. The statistical differences between the groups were 

analyzed by a one-way ANOVA with the Tukey post-hoc test using OriginPro® software 

(Originlab Corp., Northampton, MA, USA). The differences among the groups were regarded 

as significant at p < 0.05. 
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4. RESULTS I - Olaparib, oxaliplatin, LY294002 and their combination treatment on 

MDA-MB-231 and MCF7 cells 

 

4.1 Effect of olaparib, oxaliplatin and LY294002 on cell viability 

To determine the effect of olaparib, oxaliplatin and LY294002 alone and in combination on the 

viability of MDA-MB-231 and MCF7 cells, MTT assay was performed. As shown in Figure 

2A,C, the PARP inhibitor olaparib alone did not decrease viability significantly in either cell 

line. The viability of MDA-MB-231 reached more than 90 % and for the MCF7 cells this value 

was over 80 %. However, the platinum drug oxaliplatin reduced viability of the TNBC line 

MDA-MB-231 to approximately 60 %  substantially and, more pronouncedly, the estrogen and 

progesterone receptor-positive non-TNBC line MCF7 where viable cell make up around 40 %. 

Although there are several articles implying synergy between PARP inhibitors and platinum 

compounds (Cseh AM 2019, Mann M 2019, Rottenberg S 2008) our results show that olaparib 

and oxaliplatin had neither a synergistic, nor an additive effect at the applied concentrations, 

since their combination caused about the same extent of cell death as oxaliplatin alone (Figure 

2).  

More than 95 % of MDA-MB-231 cells were viable after LY294002 treatment, indicating that 

the TNBC cells were resistant to the Akt pathway inhibitor (Figure 2B).  

In contrast, LY294002 caused a significant amount of cell death (~50 %) in the MCF7 cell line 

(Figure 2D). While the cytotoxic effect of oxaliplatin was enhanced by LY294002 in both cell 

lines, this effect was not observed in the olaparib treatment. Furthermore, addition of the PARP 

inhibitor to the co-treatment of oxaliplatin and LY294002 didn’t increase cell death in MDA-

MB-231 and MCF7 (Figure 2B,D). 
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Figure 2. The effects of Ola, Oxa and LY on the viability of TNBC MDA-MB-231 (A,B) and non-TNBC MCF7 
(C,D) cells were evaluated by MTT assay. Cells were treated with 2 µM olaparib, 25 µM oxaliplatin, 1 µM 
LY294002 alone and in combination for 72 h. Data are shown as mean ± SEM of at least three separate 
experiments. * p < 0.05 compared with the untreated cells. Ola—olaparib; Oxa—oxaliplatin; LY—LY294002; 
TNBC—triple-negative breast cancer; MTT-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
 
4.2 Effect of olaparib, oxaliplatin and LY294002 on cell death processes 

Flow cytometry was performed to examine which type of cell death olaparib, oxaliplatin and 

LY294002 elicited. Flow cytometric measurements were performed after double-staining the 

treated cells with fluorescently labelled Annexin V and propidium iodide, to demonstrate 

apoptosis and necrosis, respectively. We found that less than 5% of cell death caused by the 

compounds investigated was necrotic, and most of the dying cells were in their early apoptotic 

stage under the experimental conditions we used (Figure 3). The olaparib treatment did not 

generate apoptosis in the breast cancer cell lines, as live cell ratio of both cells was 

approximately 82 % (Figure 3A,C). Oxaliplatin significantly increased early apoptosis in both 

cell lines, late apoptosis also increased in MDA-MB-231 and MCF7 cells, significantly in the 

MCF7 cells (Figure 3A, C). LY294002 alone caused about the same level of apoptosis in both 

cell lines as olaparib did (Figure 3C,D). On the other hand, treatment of the cells with 

LY294002 together with olaparib, oxaliplatin or their combination did not significantly change 
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the distribution of cells among live, early, and late apoptotic populations in either of the cell 

lines (Figure 3C,D). 

Figure 3. The effects of Ola, Oxa and LY on MDA-MB-231 (A,B) and MCF7 (C,D) cell apoptosis were detected 
by MUSE Cell Analyzer using MUSE Annexin V and Dead Cell Kit after 72 h treatment with 2 µM olaparib, 25 
µM oxaliplatin, 1 µM LY294002 alone and in combination. Results are shown as mean ±SEM of at least three 
separate experiments. * p < 0.05 compared with the untreated cells. Ola—olaparib; Oxa—oxaliplatin; LY—
LY294002. 
 

4.3 Effect of olaparib, oxaliplatin and Akt pathway inhibitor on ROS production 

The ROS generation capacity of olaparib, oxaliplatin and LY294002 was measured using a 

carboxy-H2DCFDA assay. ROS can oxidize the non-fluorescent dye yielding its fluorescent 

form, which intensity can be measured. Marked differences were found between MDA-MB-

231 (Figure 4A,B) and MCF7 (Figure 4C,D) lines among the treatment groups. Olaparib 

increased ROS production in MCF7 cells, although the effect did not reach a statistically 

significant level (Figure 4C). In contrast, the drug did not induce any ROS production in MDA-

MB-231 cells (Figure 4A). Oxaliplatin caused significant ROS production in the triple-negative 

breast cancer cells which was enhanced by olaparib co-treatment, although olaparib’s 

enhancing effect did not reach a statistically significant level (Figure 4A). The Akt pathway 

inhibitor did not affect ROS production either alone or in any combination with olaparib and 
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oxaliplatin (Figure 4B). On the other hand, oxaliplatin did not affect ROS production of MCF7 

cells and attenuated ROS production induced either by olaparib (Figure 4C), LY294002, or 

their combination (Figure 4D). However, these negative effects of oxaliplatin did not reach a 

statistically significant level. The Akt pathway inhibitor alone induced a similar level of ROS 

production in MCF7 cells as that caused by olaparib (Figure 4D). 

Figure 4. Effects of Ola, Oxa and LY on ROS production by MDA-MB-231 (A,B) and MCF7 (C,D) cells treated 
with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002. Results are shown as mean ±SEM of at least three 
separate experiments. *p < 0.05 compared with the untreated cells. Ola—olaparib; Oxa—oxaliplatin; LY—
LY294002.  
 
4.4 Effect of olaparib, oxaliplatin and Akt pathway inhibitor on the cell cycle 

Flow cytometry was used to determine which cell cycle phase the cells had reached after 

treatment with different combinations of olaparib, oxaliplatin and LY294002. The distribution 

of control MDA-MB-231 cells among G1, S and G2/M phases was 55.57%, 22.8% and 21.63%, 

respectively, which was not affected by the PARP inhibitor olaparib (Figure 5A,C), the Akt 

pathway inhibitor LY294002, or their combination (Figure 5B,D). In contrast, oxaliplatin 

treatment arrested the cells in the S phase of their cycle (Figure 5C) which was not affected by 

olaparib co-treatment (Figure 5C). However, LY294002 co-treatment attenuated oxaliplatin’s 
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arresting effect, which was further reduced when olaparib was included in the combination 

treatment (Figure 5D). 

The cell cycle phase distribution of control MCF7 cells was slightly different from that of 

MDA-MB-231 cells. Approximately 51.26% of control cells were in G1; 28.64% in S and 

20.1% were in G2/M phase (Figure 5E,G). As with the MDA-MB-231 line, oxaliplatin arrested 

MCF7 cells in the S phase of their cycle (Figure 5G) and olaparib co-treatment did not have 

any further effect on it (Figure 5G). However, the PARP inhibitor increased the number of 

G2/M phase cells at the expense of S phase, although this effect did not reach a statistically 

significant level (Figure 5G). Additionally, LY294002 significantly enhanced the number of 

G1-phase cells at the expense of S and G2/M phase cells. This effect was not affected by 

olaparib co-treatment but was significantly counteracted by oxaliplatin (Figure 5H). 
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Figure 5. Flow cytometry analysis of MDA-MB-231 (A–D) and MCF7 (E–H) cell-cycle distribution. Cells were 
cultured and treated for 72 h with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002 alone and in combination. 
The cell-cycle distribution was determined with propidium iodide staining. The histograms show cell-cycle phases 
of control cells (A,E) and cells treated with combination of olaparib, oxaliplatin and LY294002 (B,F). The bar 
charts represent effect of single and combined treatment on cell cycle phase distribution (C,D,G,H). Results are 
expressed as mean ±SEM of at least three separate experiments. * p < 0.05 compared with the untreated cells.  
 
4.5 Effect of olaparib, oxaliplatin and Akt pathway inhibitor on colony formation 

Colony formation assay was performed to assess cellular proliferation capacity. Olaparib and 

oxaliplatin significantly decreased colony numbers of both cell lines, although the non-TNBC 

line MCF7 was more sensitive to the cytostatic drugs than the TNBC line MDA-MB-231 

(Figure 6A,C). Furthermore, oxaliplatin attenuated colony formation to a much greater extent 

than olaparib did (Figure 6A,C). A combination of olaparib and oxaliplatin caused a similar 

decrease in colony formation as oxaliplatin did alone (Figure 6A,C), indicating a lack of 

synergy, even additivity, between the two substances. LY294002 alone decreased colony 

formation to about the same extent as olaparib did in MDA-MB-231 cells (Figure 6A,B). In 

case of MCF7 cells LY294002 caused an even greater decrease in colony numbers compared 

to olaparib treatment (Figure 6C,D). The PARP inhibitor and to a greater extent, oxaliplatin 

both augmented the Akt pathway inhibitor’s effect on colony formation (Figure 6B,D). Again, 
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the combination of olaparib and oxaliplatin had about the same effect as the latter alone (Figure 

6B,D). 

Figure 6. Effects of Ola, Oxa and LY on colony formation by MDA-MB-231 (A,B) and MCF7 (C,D) cells. Cells 
were seeded in six-well plates and after one day treated with 2 µM olaparib, 25 µM oxaliplatin, 1 µM LY294002 
alone and in combination. Cells were treated for 14 days before being stained with Coomassie Blue. Results are 
shown as mean ± SEM of at least three separate experiments. * p < 0.05. Ola—olaparib; Oxa—oxaliplatin; LY—
LY294002 
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4.6 Effect of olaparib and oxaliplatin on invasive growth 

Invasive growth of the cell lines was assessed by the xCelligence Real-Time Cell Analysis 

(RTCA) system. As with the colony formation experiments, olaparib and, to a much greater 

extent, oxaliplatin decreased invasive growth in both cell lines (Figure 7). Again, MCF7 line 

was more sensitive to the PARP inhibitor and to the cytostatic drugs than MDA-MB-231, and 

combination of the two drugs had about the same effect as oxaliplatin alone had (Figure 7). 

 

Figure 7. Effect of olaparib and oxaliplatin on invasive growth of MDA-MB-231 (A) and MCF7 (B) cells treated 
with 2 µM olaparib and 25 µM oxaliplatin. Line A—control, Line B—2 µM olaparib treatment, Line C—25 µM 
oxaliplatin treatment, Line D—combination treatment.  
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4.7 Effect of olaparib, oxaliplatin and Akt pathway inhibitor on invasive growth 

The Akt pathway inhibitor decreased invasive growth, and its effect on MCF7 cells was more 

pronounced than on MDA-MB-231 cells (Figure 8). Both olaparib and oxaliplatin treatment 

augmented LY294002′s effect, decreasing invasive growth to the detection limit (Figure 8). 

 

Figure 8. Effects of olaparib, oxaliplatin and LY294002 on invasive growth of MDA-MB-231 (A) and MCF7 (B) 
cells treated with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002. Line A—control, Line B—1 µM 
LY294002 treatment, Line C—2 µM olaparib and 25 µM oxaliplatin, Line D—combination treatment of 1 µM 
LY294002, 2 µM olaparib and 25 µM oxaliplatin.  
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5. DISCUSSION AND CONCLUSION I 

 

Several studies have reported the synergistic effect of PARP inhibitors and chemotherapeutic 

platinum agents in various tumors. Olaparib and platinum compound carboplatin have been 

found to have modest activity in patients with sporadic TNBC (Lee JM 2017). Combination of 

PARP inhibitor PJ34 and anti-neoplastic agent cisplatin has been found to have cytotoxic 

synergy in non-small-cell lung-cancer line A549 (Michels J 2013). Furthermore, PJ34 enhanced 

the proliferation suppressive effect of cisplatin in liver-cancer cell line HepG2 (Huang SH 

2008). The importance of the PI3K/Akt pathway in therapy resistance has been highlighted, 

demonstrating that its activation results in decreased sensitivity to chemotherapeutic agents 

(Komeili-Movahhed T 2015). Furthermore, PI3K/Akt pathway inhibitors have been known to 

cause more favorable outcomes when co-administered with usual anti-cancer drugs (Imai Y 

2012). To provide experimental support for the rationale of combination therapy in TNBC, 

Zhao et al. investigated various combinations of olaparib, carboplatin and buparlisib, a pan-

PI3K inhibitor in two human TNBC lines and a HR+ breast-cancer line (Zhao H 2018). By 

using a calculation (Chou C 2010) based on the median-effect equation, they found a synergistic 

cytostatic effect of the combination therapy in TNBC lines but not in the HR+ line (Zhao H 

2018). We approached the question of synergy from a practical point of view. Instead of 

determining dose-response effects, we used single, therapeutically relevant concentrations of 

each drug, and applied these individually and in all possible combinations in experiments on 

viability, type of cell death, ROS production, cell-cycle phase, colony formation and invasive 

growth. 

We found that 72 h of olaparib treatment decreased viability of MCF7 cells to a much greater 

extent than that of MDA-MB-231 cells (Figure 2). Elevated PARP-1 expressions have been 

reported in a wide range of human cancers including breast cancer, and an especially high 

PARP-1 expression has been found in TNBC which can explain our results (Cseh AM 2019). 

Furthermore, in complete agreement with our data, other studies have found the cytotoxic effect 

of oxaliplatin to be higher in MCF7 than in TNBC cells (Movahhed-Komeili T 2015). Several 

studies have reported the synergistic cytostatic effect of PARP inhibitors and platinum agents 

(Lee JM 2017, Michels J 2015, Huang SH 2008), and one study reported synergism in combined 

therapy comprising olaparib, carboplatin and the PI3K inhibitor buparlisib in TNBC lines but 

not in a HR+ breast-cancer line (Zhao H 2018). In contrast, under our experimental conditions, 

olaparib did not enhance the cytotoxic properties of oxaliplatin (Figure 2), and we could not 

detect synergism, nor even an additive effect between these two drugs. The PI3K inhibitor 
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LY294002 decreased viability of the TNBC but not the HR+ line when combined with olaparib, 

oxaliplatin or both. However, these effects did not reach a statistically significant level (Figure 

2). These data compellingly indicate that, at therapeutically relevant concentrations, 

cytotoxicity of the platinum compound dominated that of the PARP inhibitor and the PI3K 

inhibitor. At lower platinum compound and higher concentrations of PARP and PI3K a 

synergistic effect likely appears and a regression-based model could indicate an overall synergy 

that may explain the conflict between our results (Figure 2) and the findings of others (Lee JM 

2017, Michels J 2015, Huang SH 2008, Zhao H 2018). Additionally, platinum compounds 

induce ROS production (Stankovic JSK 2020) and PARP inhibitors are known to protect 

against oxidative stress (Cseh AM 2019), which could explain the absence of synergy between 

the PARP inhibitor and the platinum agent that we observed. Accordingly, blocking the 

PI3K/Akt pathway by the PI3K inhibitor LY294002 increased the cytotoxicity of olaparib and 

oxaliplatin co-treatment, although the effect did not reach a statistically significant level (Figure 

2). 

We found that olaparib and oxaliplatin killed MDA-MB-231 and MCF7 cells predominantly 

by apoptosis (Figure 3). The apoptosis resistance of the two cell lines is different. MDA-MB-

231 line has high levels of mutant p53 (Hui L 2006), whereas MCF7 line has wild-type p53 

(Robinson BW 2001). Additionally, TNBC cells have 10-fold greater phospholipase D (PLD) 

activity than MCF7 cells. Mutant p53 and elevated PLD activity play a significant role in the 

survival of cancer cells and can contribute to the suppression of apoptosis (Hui L 2006). 

Nevertheless, the effect of the various treatments on distribution among live, early and late-

apoptotic populations was similar in both cell lines (Figure 3). In this respect it is worth noting 

that the washing steps before and after the staining procedure remove most non-adherent cells, 

and the flow cytometry method used to determine the type of cell death analyses stained cells 

only, regardless of the original cell number and their sensitivity to the various treatments. 

Among other mechanisms, ROS-mediated processes play a prominent role in remodelling 

cancer phenotypes resistant to apoptosis which acquire enhanced metastatic properties (Godet 

I 2019). In solid tumors, hypoxia and the resulting hypoxia-inducible factor (HIF)-1α mediated 

metabolic plasticity play a pivotal role in malignant transformation (Schito L 2016). However, 

in cell culturing conditions, uniform oxygen partial pressure and practically inexhaustible 

extracellular fuel supply obscure these processes. Accordingly, we studied ROS production 

which reflects metabolic plasticity (Ward PS 2012) and is compatible with cell culturing 

conditions. Increased ROS production by the platinum compounds (Stankovic JSK 2020) could 

induce DNA breaks that may accumulate when PARP is inhibited leading to cell death. Such a 
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mechanism could account for the observed synergism between platinum compounds and PARP 

inhibitors (Lee JM 2017, Michels J 2015, Huang SH 2008). In complete agreement with the 

literature, we found that oxaliplatin- but not olaparib or the Akt pathway inhibitor LY294002- 

induced ROS formation in the TNBC MDA-MB-231 line and LY294002, but olaparib did not 

augment oxaliplatin’s effect (Figure 4). On the other hand, the treatments alone or in 

combination failed to induce significant ROS production in the non-TNBC MCF7 line (Figure 

4). However, increased vulnerability of MCF7 cells to the treatments resulted in a death rate, 

compared to that of MDA-MB-231 cells (Figure 2), leaving fewer surviving cells to produce 

ROS. Furthermore, MCF7 cells could produce less ROS as they represent an earlier stage of 

metabolic transformation than the TNBC MDA-MB-231 cell line does (Reda A 2019). 

Combination of these and possibly other factors could account for the observed difference 

between the cell lines. 

Centrosome amplification occurring in the S phase of the cell cycle, is known to be associated 

with malignant transformation in various tissue types. Centrosome amplification is regarded as 

a marker for aggressiveness, even with invasive breast and prostate cancers (Ogden A 2013). 

Accordingly, we expected to find that the MDA-MB-231line had a higher percentage of cells 

in the S phase of their cycle than the MCF7 cells. However, we observed the opposite trend in 

the two cell lines (Figure 5C vs. Figure 5G) indicates that other factors, probably 

synchronization of cell cycles due to passages during culturing (Golubev A 2012) dominated 

centrosome amplification in determining the distribution of cell-cycle phases in these two breast 

cancer cell lines. In both cell lines, although to a different extent, oxaliplatin arrested most of 

the cells in their S phase, and this was not affected by olaparib co-treatment (Figure 5C,G). 

These data are consistent with the DNA crosslinking effect of the platinum compound, which 

prevents cells from crossing the G2 checkpoint. 

The TNBC cell line MDA-MB-231 represents a more aggressive, apoptosis- and therapy-

resistant phenotype than the non-TNBC MCF7 line does. As measures of this aggressiveness, 

we assessed colony formation (Figure 6) and invasive growth (Figure 7 and Figure 8). These 

data were completely consistent with the results for viability (Figure 1), with the literature and 

with the aforementioned view about aggressiveness of the two cell lines. They provide two 

additional experimental evidence for the lack of synergy between olaparib and oxaliplatin 

(Figure 6, Figure 7 and Figure 8). Furthermore, they indicate (Figure 6B,D) that Akt pathway 

inhibition could be advantageous in combined therapy with PARP inhibitors, as it blocks their 

Akt-mediated cytoprotective effects (Gallyas F Jr 2020). 



38 
 

In conclusion, we provided experimental evidence for the lack of synergy between olaparib, a 

PARP inhibitor widely used in cancer therapy, and oxaliplatin, a third-generation platinum 

compound. These results are in conflict with the findings of others (Lee JM 2017, Michels J 

2015, Huang SH 2008, Zhao H 2018), probably because, at therapeutically realistic 

concentrations, the cytostatic effect of the platinum compound dominates that of the PARP 

inhibitor. We have also demonstrated the advantage of using an Akt pathway inhibitor to 

augment the cytostatic properties of the platinum compound and/or to prevent the 

cytoprotective effects of PARP inhibition. Furthermore, we have shown the therapy resistance 

of the TNBC line MDA-MB-231 over the estrogen- and progesterone receptor-positive line 

MCF7, although we failed to advance our understanding of differences in sensitivity to 

chemotherapy among different types of breast cancers. 
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6. RESULTS II - Treatment of MDA-MB-231 and MCF7 cells with novel mitochondria-

targeted pyrroline nitroxide HO-5114 

 

6.1 Effect of HO-5114 on cell viability 

To assess its anti-neoplastic potential, TNBC MDA-MB-231 and HR+BC MCF7 cells were 

treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 and 48 h and then determined their viability 

using the sulforhodamine B (SRB) assay. The SRB assay measures protein content that is 

considered to be more proportional to the cell count than metabolic activity, which can under- 

or over-estimate the cell count if the studied substance inhibits or uncouples mitochondrial 

oxidative phosphorylation (Vichai V 2006). HO-5114 decreased viability in both breast cancer 

lines in a concentration- and time-dependent manner (Figure 9) and significant differences 

could be observed between 24 and 48 h treatment in both cell lines except in 10 µM treatment, 

where viability was below 10 % after 24 h. In agreement with the view that TNBC is more 

chemotherapy-resistant than HR+BC, the MDA-MB-231 cells were more resistant against HO-

5114 treatment than the MCF7 cells (Figure 9). 

 

Figure 9. Effect of HO-5114 on the viability of human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells 
were treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 or 48 h, and then the viability was determined by the SRB 
assay. Data are shown as mean ± standard error of the mean (SEM) of at least three independent experiments 
running in three parallels each. * p < 0.05 compared to the cells treated for 24 h. 
 
 
 
6.2 Determination of the type of HO-5114-induced cell death 

The type of HO-5114-induced cell death was determined using flow cytometry. The cells were 

treated exactly as for the viability measurement for 24 h, and then they were double-stained 

with fluorescein isothiocyanate (FITC) conjugated Annexin V and propidium iodide (PI). The 
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latter enters the cell if the plasma membrane is disrupted, binds to the double-stranded DNA, 

and becomes intensely fluorescent, indicating necrosis. The former binds to phosphatidylserine, 

a marker of apoptosis when it is on the plasma membrane’s outer layer. Double positivity 

indicates late apoptotic/dead cells. In MCF7 cells, HO-5114 treatment increased the ratio of 

early—and to a much higher extent—late apoptotic/dead cells on the expense of live cells in a 

concentration-dependent manner in the whole concentration range tested (Figure 10a,c). In 

contrast, <5 µM concentrations of HO-5114 did not have a significant effect on the MDA-MB-

231 cells; however, 10 µM of HO-5114 had a pronounced effect. It lowered the live cell ratio 

to 25% while increasing the ratio of early and late apoptotic/dead cells to 10% and 65%, 

respectively (Figure 10b,d). 
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Figure 10. Effect of HO-5114 on the apoptosis of human breast cancer lines. MCF7 (a,c) and MDA-MB-231 (b,d) 
cells were treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 h, and then the cells were double-stained with FITC-
Annexin V and PI and were exposed to a flow cytometry analysis. Dot plots (a,b) show the distribution of early 
apoptotic, late apoptotic, and live cells (Q1, Q2 and Q3 quadrants, respectively). Bar charts (c,d) represent the 
results of at least three independent experiments. The results are shown as mean ± SEM. * p < 0.05 compared to 
the untreated cells.  
 

6.3 Effect of HO-5114 on reactive oxygen species generation 

In many cases, anti-neoplastic agents induce ROS production in cancer cells (Ghoneum A 

2020). Accordingly, we studied HO-5114-induced ROS production in human breast cancer 

lines using the dihydrorhodamine 123 assay after 4 h treatment. At a 10 µM concentration, 

which lowered the viability of both human cancer lines to less than 10% of that of the untreated 

control, HO-5114 caused ROS production to the extent of about 1.7 and 2 times of the untreated 

control in the TNBC and HR+BC lines, respectively (Figure 11). Treatment with lower 

concentrations of HO-5114 that still induced a massive decrease in the viability of both cell 

lines caused no or only slight cellular ROS production (Figure 11), suggesting that the induction 

of oxidative stress was unlikely involved among the mechanisms of HO-5114′s cytotoxicity. 
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Increasing HO-5114′s concentration to 20 µM elevated ROS production proportionally in both 

cell lines (Figure 11), indicating that ROS production was likely far from the saturation level 

under these conditions. 

Figure 11. Effect of HO-5114 on cellular ROS production in human breast cancer lines. MCF7 (a) and MDA-
MB-231 (b) cells were treated with 1, 2.5, 5, 10 or 20 µM HO-5114 for 4 h, and then ROS accumulation was 
assessed by the quantitative formation of fluorescent rhodamine 123 oxidized by the ROS from its non-fluorescent 
reduced precursor. The results are shown as mean ± SEM of at least three independent experiments. * p < 0.05 
compared to the untreated cells.  
 
To investigate the role of oxidative stress induction in the anti-neoplastic effect of HO-5114, 

we studied how an antioxidant affects HO-5114′s cytotoxicity in BC cells. To this end, we 

treated the MCF7 and MDA-MB-231 cells with 1, 2.5, 5 or 10 µM HO-5114 for 24 h in the 

presence or absence of 1 mM N-acetylcysteine (NAC) and then measured the viability using 

the SRB assay. We could not observe any effect of NAC on HO-5114′s cytotoxicity in the case 

of the HR+BC line MCF-7 (Figure 12a). In contrast, in the TNBC line MDA-MB-231, NAC 

significantly increased the viability of the control cells as well as the cells treated with up to 5 

µM HO-5114; however, at a 10 µM HO-5114 concentration, there was no difference in viability 

between cells treated in the presence and absence of NAC (Figure 12b). 

 

 

https://www.mdpi.com/1422-0067/22/16/9016/htm#fig_body_display_ijms-22-09016-f004
https://www.mdpi.com/1422-0067/22/16/9016/htm#fig_body_display_ijms-22-09016-f004
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Figure 12. Effect of NAC on HO-5114′s cytotoxicity in human breast cancer lines. MCF7 (a) and MDA-MB-231 
(b) cells were treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 h in the absence or presence of 1 mM NAC, and 
then the viability was determined using the SRB assay. Data are shown as mean ± SEM of at least three 
independent experiments running in three parallels each. * p < 0.05 compared to the cells untreated with NAC. 
 
6.4 Effect of HO-5114 on ΔΨm 

HO-5114 is targeted to the mitochondria due to its diphenyl phosphonium component. 

Therefore, we studied whether it affects ΔΨm by measuring the JC-1 fluorescence. Based on 

its cationic properties, JC-1 is taken up by the mitochondria in a ΔΨm-dependent manner. In 

healthy mitochondria, it forms red fluorescent J-aggregates. Mitochondrial damage results in 

decreased ΔΨm, leading to a lower accumulation of JC-1 in the form of green fluorescent 

monomers, while the fluorescence disappears when the ΔΨm dissipates completely. After 

merely a 1 h treatment, HO-5114 at the concentration of 1 µM caused a significant drop in the 

ΔΨm of MCF7 cells, while increasing the drug’s concentration to 2.5 µM resulted in a massive 

ΔΨm loss indicated by the almost complete disappearance of the red fluorescence of JC-1 

(Figure 13a,c). The MDA-MB-231 line was more resistant to HO-5114; the same 

concentrations triggered basically the same changes in the ΔΨm that were observed for the 

MCF7 cells, but it necessitated 2.5 h of treatment rather than 1 h only (Figure 13b,d). 

 



44 
 

Figure 13. Effect of HO-5114 on the viability of human breast cancer lines. MCF7 (a,c) and MDA-MB-231 (b,d) 
cells were treated with 1 or 2.5 µM HO-5114 for 1 (a,c) or 2.5 (b,d) h, and then ΔΨm was assessed by fluorescence 
microscopy after loading the cells with the lipophilic, cationic fluorescent dye, JC-1. Red and green fluorescence 
indicates normal and depolarized ΔΨm, respectively. Representative merged images of the same field acquired 
from the microscope’s red and green channels separately are presented (a,b). Quantitative assessment of ΔΨm, 
(c,d) 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. * p < 0.05 compared to the untreated cells.  
 
6.5 Effect of HO-5114 on mitochondrial energy production 

Due to the increasing importance of energy metabolism among the pathomechanisms of cancer 

(Dong L 2019), we studied the effect of HO-5114 on the mitochondrial energy production of 

MDA-MB-231 and MCF7 lines using the Seahorse XFp Cell Mito Stress Test Kit. The device 

simultaneously measures the real-time cellular oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR), indicators of mitochondrial respiration and aerobic 

glycolysis, respectively. The cells were treated with 1 or 2.5 µM HO-5114 for 4 h, while OCR 

and ECAR were monitored during the last 75 min of treatment. Basal respiration was recorded 
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for 15 min (Figure 14a; 1), and then the FoF1 ATPase inhibitor oligomycin was administered 

to assess ATP production (Figure 14a; 4). After another 20 min of recording, mitochondrial 

electron transport and ATP synthesis were uncoupled from each other by adding carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) to determine maximal respiration 

(Figure 14a; 3). After an additional further 20 min of recording, mitochondrial respiration was 

blocked by adding rotenone and antimycin A, inhibitors of Complex I and III of the 

mitochondrial respiratory chain, to determine proton leak and non-mitochondrial oxygen 

consumption (Figure 14a; 2 and 5). 
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Figure 14. Effect of HO-5114 on the energy metabolism of human breast cancer lines. The cells were treated with 
1 or 2.5 µM HO-5114 for 4 h, while OCR and ECAR were monitored during the last 75 min of treatment. 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 in the MCF7 line. 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) OCR recordings in 
the MDA-MB-231 line. (c–i) Parameters derived from (a,b); for explanation, see the text and (a). (c) Non-
mitochondrial oxygen consumption. (d) Basal respiration. (e) Maximal respiration. (f) Proton leak. (g) 
Mitochondrial ATP production. (h) Spare respiratory capacity. (i) Coupling efficiency. (j) ECAR recordings in 
the MCF7 line. (k) ECAR recordings in the MDA-MB-231 line. OCR and ECAR data were normalized to mg 
protein content and presented as means ± standard deviation (SD) of three independent experiments running in 
two parallels. * p < 0.05 compared to the untreated cells.  
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From the recorded raw data (Figure 14a,b), the Seahorse instrument generated multiple 

parameters of cellular energy metabolism (Figure 14c–i) that were all diminished by HO-5114 

treatment except the proton leak, which was not affected in either cell line (Figure 14f). 

Furthermore, coupling efficiency that indicates how tightly respiration is coupled to ATP 

synthesis was not affected in the MCF7 line but was decreased in the MDA-MB-231 line 

(Figure 14i). The parameters of cellular energy metabolism associated with mitochondrial 

oxygen consumption, such as basal respiration, maximal respiration, and ATP production, were 

lower in the TNBC cells than in the HR+BC cells. Furthermore, 1 and 2.5 μM HO-5114 

decreased these parameters to about the same extent for the latter cell line, while it affected 

them in a concentration-dependent manner for the former (Figure 14d,e,g). Administration of 

the ATP synthase inhibitor oligomycin diminished OCR, which was accompanied by an 

elevation in ECAR in both cell lines (Figure 14j,k). HO-5114 at a concentration of 1 and 2.5 

μM reduced ECAR to about the same extent in the MCF7 line, while it increased and decreased 

ECAR compared to the untreated control at 1 and 2.5 μM, respectively (Figure 14j,k). 

Similar to the viability studies, we investigated the effect of NAC on the energy metabolism of 

untreated and HO-5114-treated BC cells. To this end, we included 1 mM NAC in a set of HO-

5114-treated cells throughout the experiment. In the presence of NAC, the effect of HO-5114 

on all parameters of cellular energy metabolism except the proton leak was reversed, in a higher 

extent for the MDA-MB-231 line than for the MCF7 line (Figure 15). In the MCF7 cells, HO-

5114 decreased the proton leak that was further decreased in the presence of NAC. In contrast, 

HO-5114 increased the proton leak of the MDA-MB-231 cells that was further increased in the 

presence of NAC (Figure 15f). 
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Figure 15. Effect of HO-5114 and NAC on the energy metabolism of human breast cancer lines. The cells were 
treated with 2.5 µM HO-5114 in the presence (blue line) and absence (red line) of 1 mM NAC for 4 h, while OCR 
and ECAR were monitored during the last 75 min of treatment. 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 in the MCF7 line. 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) OCR recordings in the MDA-MB-231 line. (c–i) Parameters 
derived from (a,b); for explanation, see the text and (a). (c) Non-mitochondrial oxygen consumption. (d) Basal 
respiration. (e) Maximal respiration. (f) Proton leak. (g) Mitochondrial ATP production. (h) Spare respiratory 
capacity. (i) Coupling efficiency. (j) ECAR recordings in the MCF7 line. (k) ECAR recordings in the MDA-MB-
231 line. OCR and ECAR data were normalized to mg protein content and presented as means ± SD of three 
independent experiments running in two parallels. * p < 0.05 compared to the untreated cells.  
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6.6 Effect of HO-5114 on colony formation 

A colony formation assay was performed to assess the proliferation capacity of MCF7 and 

MDA-MB-231 cells treated with different concentrations of HO-5114. The cells were cultured 

in the presence of 50, 75, 100 or 250 nM of HO-5114 for seven days, and then the colonies 

were stained and counted. The drug effectively reduced colony formation in a concentration-

dependent manner in both cell lines (Figure 16). Interestingly, the TNBC line was more 

sensitive to the treatment than the HR+BC line; 250 nM HO-5114 completely eradicated the 

MDA-MB-231 cells, while it allowed the survival of about 10 colonies of MCF7 cells (Figure 

16). 

Figure 16. Effect of HO-5114 on the colony formation of human breast cancer lines. MCF7 (a) and MDA-MB-
231 (b) cells were cultured in the presence of 0, 50, 75, 100 or 250 nM of HO-5114 for seven days and then were 
stained with Coomassie Blue, and the colonies were counted. The results are shown as mean ± SEM of at least 
three independent experiments. * p < 0.05 compared to the untreated cells.  
 

6.7 Effect of HO-5114 on invasive growth 

Cell proliferation, migration, and invasion are important in understanding tumor progression 

and metastasis formation (Dowling CM 2014). We used the xCELLigence Real-Time Cell 

Analysis method to assess the effect of HO-5114 on the invasive growth characteristics of 

MCF7 and MDA-MB-231 cells. The instrument measures electron flow transmitted between 

gold microelectrodes fused to the bottom surface of a microtiter plate in the presence of an 

electrically conductive culturing medium. Adherent cells cultured in the plates change the 

impedance expressed as arbitrary units called the cell index, the magnitude of which is 

dependent on number, morphology, size, and attachment properties of the cells. The cells were 

cultured in the presence of 75, 100 or 250 nM of HO-5114 for seven days, while the cell index 
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was monitored in real-time. The drug effectively reduced the cell index in a concentration-

dependent manner in both cell lines (Figure 17). At the highest concentration (250 nM), HO-

5114 decreased invasive growth close to the detection limit in both cell lines. Similar to the 

colony formation experiments, the TNBC line was more sensitive to the treatment than the 

HR+BC line (Figure 17). 

 

Figure 17. Effect of HO-5114 on the invasive growth of human breast cancer lines. MCF7 (a) and MDA-MB-231 
(b) cells were cultured in the presence of 0 (line A), 75 (line B), 100 (line C), or 250 (line D) nM of HO-5114 for 
seven days, while the cell index was monitored in real-time. The results are shown as mean ± SEM of at least three 
independent experiments. * p < 0.05 compared to the untreated cells.  
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7. DISCUSSION AND CONCLUSION II 

 

TNBC is considered to have a poorer prognosis and a more limited targeted therapy repertoire 

than the HR+ subtype (Masoud V 2017). Additionally, the energy metabolism of the two breast 

cancer subtypes differs profoundly, which is indicated by the opposite effect of mitochondrial 

rescue on glycolytically inhibited HR+BC and TNBC cells; it is negative for the former and 

positive for the latter (Reda A 2019). Accordingly, mitochondria-targeted compounds that 

compromise mitochondrial energy production may prove effective in the therapy of TNBC 

(Cheng G 2012). Mito-CP was reported to deplete the cellular ATP level, to inhibit 

mitochondrial oxygen consumption, to affect mitochondrial morphology, and to dissipate ΔΨm 

(Boyle KA 2018). As a component-derivative of Mito-CP (Isbera M 2021), HO-5114 was 

expected to have similar mitochondrial effects. The drug exceeded these expectations because 

10 µM of HO-5114 suppressed viability to about the same extent as 50 µM Mito-CP during a 

24 h exposure (Isbera M 2021). In complete agreement with these previous results, in the 

present study, we found that even 1 µM of HO-5114 decreased the viability of both human 

breast cancer lines by more than 35%, while it almost completely suppressed it at a 10 µM 

concentration (Figure 9). At a longer exposure time (48 h), the drug’s anti-proliferative effect 

became more pronounced in both the HR+ and the TNBC lines (Figure 9). 

Mitochondria affect cancer cell survival through at least three major mechanisms: energy 

production, the intrinsic apoptotic pathway, and ROS generation (Guerra F 2017). These three 

pathways are interrelated because apoptosis is an energy-dependent process, while energy 

shortage and the resulting decrease in ΔΨm leads to the release of pro-apoptotic intermembrane 

proteins, such as cytochrome c, an apoptosis-inducing factor, and endonuclease G (Burke PJ 

2017). ROS damages the mitochondrial electron-transport chain and thus the ATP production, 

while the compromised electron-transport chain produces more ROS (Weinberg F 2010). ROS 

activates apoptosis via damaging macromolecules and interfering with the pro-apoptotic 

signaling pathways (Redza-Dutordoir M 2016). This explains why a substantial induction of 

apoptosis after a 24 h exposure to 10 µM of HO-5114 in the TNBC line was observed, while 

lower concentrations of the drug were ineffective in this respect (Figure 10b). In contrast, and 

in full agreement with the widely accepted view that TNBC is more apoptosis-resistant than 

HR+BC (Collignon J 2016), even 1 µM of HO-5114 induced massive apoptosis in the MCF7 

line (Figure 10a). 

ROS participates in mediating cancer phenotype remodeling that manifests in apoptosis 

resistance and increased metastatic properties (Godet I 2019). The chronic hypoxia prevalent 
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in solid tumors results in the constant activation of the HIF1α transcription factor that induces 

a malignant transformation associated metabolic remodeling (Schito L 2016); however, we 

found a very similar extent of HO-5114-induced ROS formation in the MCF7 and MDA-MB-

231 lines (Figure 11), although the latter represents a higher stage of metabolic transformation 

than the former (Godet I 2019). The moderate increase in ROS accumulation in response to an 

increased HO-5114 concentration to 20 µM (Figure 11) also indicated that ROS production in 

the BC lines was insensitive to HO-5114 treatment, contrary to the expectation. The difference 

in conditions between solid tumors and the cell culture, where uniform oxygen and fuel supply 

is provided, may account for the discrepancy between the expected and observed ROS 

production. Elevated ROS production is considered to be necessary for survival and growth of 

TNBC cells in vitro (Sarmiento-Salinas FL 2019), therefore, antioxidants are expected to hinder 

their survival (Kwon Y 2021). However, we found that the antioxidant NAC increased the 

viability of control MDA-MB-231, while it did not affect MCF7 cells, indicating a higher ROS 

level that impeded proliferation in the former (Figure 12). The viability promoting effect of 

NAC overcompensated for the cytotoxic effect of HO-5114 at the concentration of up to 5 µM, 

but at 10 µM, it failed to do so (Figure 12b). The absence of NAC’s effect on HO-5114′s 

cytotoxicity in the HR+BC line (Figure 12a) indicated not only a reduced chronic oxidative 

stress in it compared to the TNBC line but also suggested differences in metabolic 

reprogramming between the two BC cell lines (Martínez-Reyes I 2021). 

The driving force for ATP synthesis is provided by ΔΨm; however, it has additional essential 

roles, such as transporting nuclearly encoded mitochondrial proteins (Neupert W 2007), 

transporting K+, Ca2+, and Mg2+ (Zorova LD 2018), generating ROS (Korshunov SS 1997), 

mitochondrial quality control (Srinivasan S 2017), and the regulation of pro-apoptotic 

intermembrane protein release (Green DR 1998, Tait SW 2013, Fatokun AA 2014). Cell 

survival essentially relies on the maintenance of ΔΨm. Accordingly, in ischemic situations, the 

FoF1 ATPase can operate in reverse mode and consume ATP to maintain ΔΨm to rescue the 

cell. The ATP is supplied by the substrate-level phosphorylation of non-glucose substrates 

under these conditions; however, considering the amount of the available non-glucose substrate 

pool, this survival attempt is often futile (Baxter P 2014, Chinopoulos C 2018, Chinopoulos 

2020). In solid tumors, the cancer cells must adapt their metabolism to the chronic hypoxia and 

partially ischemic situation (Weinberg SE 2015, Ashley N 2009). In contrast to ROS induction, 

we observed a very sensitive response of ΔΨm loss to HO-5114 treatment. Even 1 µM of the 

drug induced significant changes in ΔΨm during as short a treatment as 1 h for the MCF7 line 

and 2.5 h for the MDA-MB-231 line (Figure 13). 
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Cancer cells face a double challenge in producing enough energy and a sufficient metabolic 

intermediate for proliferation in a predominantly hypoxic and partially ischemic environment 

(Bennett NK 2020). Mostly, they rely on glycolysis rather than mitochondrial oxidative 

phosphorylation, even if sufficient oxygen is available for the latter (Warburg O 1956). 

Accordingly, increased glucose uptake is a characteristic feature of tumors that is used to 

identify them by 18F-deoxyglucose positron emission tomography (Gatenby RA 2004, Kroemer 

G 2008) for diagnostic purposes. On the other hand, the most malignant cancer types, such as 

metastatic tumor cells, therapy-resistant tumor cells, and cancer stem cells, rely on 

mitochondrial ATP synthesis (LeBleu VS 2014, Lin CS 2018). The survival, proliferation, and 

metastasis of these cells depend on the oxidative phosphorylation and form the basis of their 

therapy resistance (Hirpara J 2019, Zhang G 2016). Accordingly, for the most malignant cancer 

types, oxidative phosphorylation is an emerging therapeutic target (Ashton TM 2018), and 

drugs significantly affecting tumor cell metabolism may have therapeutic value (Weinberg SE 

2015). Considering its effects on energy metabolism in human breast cancer lines, HO-5114 

fulfills this criterion. At a 1 and 2.5 µM concentration, it significantly diminished all OCR-

related parameters in both cell lines except coupling efficiency (Figure 14). HO-5114 at a 2.5 

µM concentration reduced ATP production that could contribute to the drug’s anti-metastatic 

property. In complete agreement with its effect on the viability of BC lines, NAC counteracted 

the inhibitory effect of HO-5114 on the various parameters of cellular energy metabolism 

except the proton leak (Figure 15). These data support the conclusion that HO-5114 affects the 

energy metabolism of the BC lines. The proton leak can indicate damage to the mitochondrial 

respiratory chain or regulation of mitochondrial ATP synthesis via uncoupling proteins (UCPs) 

(Baffy G 2017). Indeed, the role of UCP2 in regulating the balance between substrate-level and 

oxidative phosphorylation has recently been reported (Vozza A 2014). We found that both BC 

lines increased ECAR, i.e., substrate-level phosphorylation when oxidative ATP production 

was blocked by oligomycin (Figure 14 and Figure 15). ECAR in the MDA-MB-231 line even 

returned to its initial rate when the oxidative phosphorylation was uncoupled by FCCP (Figure 

14 and Figure 15), demonstrating that the balance between the two ATP producing machinery 

is more responsive in the TN than in the HR+BC cells. 

The hormone receptor status determines the cell proliferation, differentiation, and cancer 

progression properties of breast cancers (Karamanou K 2020). Accordingly, the MDA-MB-231 

line represents a more aggressive, apoptosis- and therapy-resistant phenotype than the HR+ 

MCF7 line. The results of the aforementioned experiments that involved 1–24 h exposure to 

HO-5114 were in line with this view; however, in the colony formation (Figure 16) and invasive 
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growth (Figure 17) experiments, where the cells were exposed to a 50–250 nM concentration 

of the drug for seven days, MDA-MB-231 proved to be more sensitive to the treatment than the 

MCF7 line. The reason for this difference in sensitivity to HO-5114 treatment between short- 

and long-term exposure is not clear based on the experiments. 

In conclusion, all data acquired in this study indicated that HO-5114 had a robust anti-neoplastic 

effect on cultured BC cells. Furthermore, resistance to HO-5114 treatment did not differ 

markedly between the HR+ and TNBC lines. The latter even seemed to be more sensitive to the 

drug in models involving long-term treatment; however, in vitro cell culture effects translate 

poorly to human therapy. Accordingly, to establish the therapeutic potentiality of HO-5114, 

follow up experiments have to be performed in animal models for determining its in vivo 

toxicity and anti-neoplastic effectiveness. 
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8. SUMMARY 

 

Breast cancer is a major cause of death among women worldwide. Therapeutic options have 

broadened in the last decades, however there is a subtype of breast cancer which doesn’t have 

targeted therapy. Triple-negative breast cancer is an aggressive phenotype with poorer 

prognosis.  

In the first part of the study olaparib, oxaliplatin and PI3K inhibitors and their combination 

were examined. Olaparib is a frequently used PARP inhibitor for patients with BRCA mutations 

while oxaliplatin is a third generation platinum agent. Previous studies showed synergy of 

PARP inhibitors with platinum compounds, giving us the idea to investigate their effects on the 

two cell lines.  In this study estrogen receptor-positive and progesterone receptor-positive 

MCF7 cells and triple-negative MDA-MB-231 cells were used to investigate their response to 

a new combination of drugs and to a novel Mito-CP derivative.  The combination of these two 

compounds were augmented by PI3K inhibitor LY294002 to enhance the cytotoxic effect of 

oxaliplatin and to prevent the cytoprotective effect of olaparib. However our findings show a 

lack of synergy between them.  

Therefore, in the second part of the study the novel Mito-CP derivative, HO-5114 was under 

investigation. There is a growing interest in targeting the mitochondria, as they are recognized 

targets for treating aggressive, metastatic and chemoresistant tumors. Mito-CP showed 

cytotoxic properties in various cancer cells, including breast cancer. Our study confirmed a 

significant anti-neoplastic effect of HO-5114 in both cell lines, interestingly the TNBC cell line 

was more sensitive to long-term treatment than the HR+ cell line. 
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Abstract: Triple-negative breast cancer (TNBC) has a poor prognosis as the therapy has several
limitations, most importantly, treatment resistance. In this study we examined the different responses
of triple-negative breast cancer line MDA-MB-231 and hormone receptor-positive breast cancer line
MCF7 to a combined treatment including olaparib, a poly-(ADP ribose) polymerase (PARP) inhibitor,
oxaliplatin, a third-generation platinum compound and LY294002, an Akt pathway inhibitor. We
applied the drugs in a single, therapeutically relevant concentration individually and in all possible
combinations, and we assessed the viability, type of cell death, reactive oxygen species production,
cell-cycle phases, colony formation and invasive growth. In agreement with the literature, the
MDA-MB-231 cells were more treatment resistant than the MCF7 cells. However, and in contrast
with the findings of others, we detected no synergistic effect between olaparib and oxaliplatin,
and we found that the Akt pathway inhibitor augmented the cytostatic properties of the platinum
compound and/or prevented the cytoprotective effects of PARP inhibition. Our results suggest that,
at therapeutically relevant concentrations, the cytotoxicity of the platinum compound dominated
over that of the PARP inhibitor and the PI3K inhibitor, even though a regression-based model could
have indicated an overall synergy at lower and/or higher concentrations.

Keywords: olaparib; oxaliplatin; Akt pathway inhibitor; TNBC; MCF7

1. Introduction

In terms of incidence, breast cancer is the leading cancer type among women [1]. It
is a heterogenous and hormone-dependent disease [2]; approximately 65–75% of cases
are hormone receptor-positive (HR+; estrogen receptor-positive or progesterone receptor-
positive) [3], while 15–20% are human epidermal growth-factor receptor 2 (HER2)- pos-
itive [4]. The triple-negative subtype (TNBC) represents 15% of all cases [5]. For HR+
and/or HER2+ breast cancers, targeted therapies are available. These include biological
and/or hormonal therapy, in which the overexpressed or overactivated molecules are
blocked specifically; in the case of HER2+ breast cancer, Herceptin is a widely used mon-
oclonal antibody which binds to HER2, blocking its downstream signalling; in hormone
receptor-positive breast cancer, tamoxifen is a regularly used selective estrogen receptor
modulator of anti-oestrogenic effects [6]. In contrast, the treatment protocol for TNBC is
mainly limited to chemotherapy. Besides the limited therapy options, recurrent tumor
resistance and poor prognoses are emerging challenges [7] in TNBC.

The agents used in chemotherapy are rather non-selective as it has been demonstrated
by platinum-based substances, which have been in clinical use for decades [8]. Their
cytotoxicity is based on the formation of platinum-DNA adducts, leading to double-strand
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DNA breaks and eventually cell death [8,9]. Cisplatin and carboplatin are widely used
platinum-based agents in the treatment of non-small-cell lung cancer, and breast, ovarian
and testicular cancer [10]. One major limiting factor in their therapeutic use is the possibility
that the cancer cells develop intrinsic or acquired resistance to the treatment [8,11]. Oxali-
platin is a third-generation platinum compound. One of its benefits is decreased mutagenic
activity compared to cisplatin and carboplatin, and it is often effective in cisplatin-resistant
tumors [8,9]. It has been approved by the FDA for treatment of colorectal cancer [12], and it
has the potential to replace other platinum compounds in therapy for other types of cancer
including TNBC.

The nuclear Poly(ADP-ribose) polymerase (PARP) enzymes found in all nucleated
cells are a family of enzymes involved mainly in DNA repair, namely in base excision and
nucleotide excision repair. PARP-1 catalyses transfer of ADP-ribose of NAD+ to a wide
range of proteins. It binds to specific DNA sequences, and by self-ADP-ribosylation, it
recruits repair machinery to the site of DNA damage [13]. PARP inhibition is cytotoxic in
germline mutated BRCA1 and BRCA2 ovarian and breast cancer [14]. Olaparib is the most
widely used PARP inhibitor in clinical therapy nowadays. It has been approved for the
treatment of BRCA 1/2 mutated ovarian and metastatic breast cancer [15].

The PI3K/Akt/mTOR pathway play an important role in carcinogenesis and apoptosis
resistance, promoting tumor growth and proliferation, and the activation of phosphatidyl-
inositol 3-kinase (PI3K) has been associated with endocrine resistance, a major problem
in the treatment of breast cancer [16–18]. Recently, based on the outcome of the phase III
SOLAR-1 clinical trial (NCT02437318), the Food and Drug Administration approved (in
combination with fulvestrant, an estrogen receptor antagonist) the PI3K p110α-isoform-
specific inhibitor, alpelisib for use in the treatment of HR+/HER2- metastatic breast can-
cer. However, combination of isoform-specific PI3K inhibitors with immune checkpoint-,
receptor- or enzyme inhibitors, including PARP inhibitors, could extend their therapeutic
use to HER2+ or triple-negative breast cancers [19].

Combination chemotherapy was introduced more than 40 years ago [20]. Many DNA
adduct-forming metallodrugs, in combination with other drugs of different molecular
action, such as inhibition of protein synthesis or DNA repair mechanisms, can increase their
therapeutic efficacy over monotherapy and can overcome chemotherapy resistance [21].
Several preclinical studies found a synergistic effect between platinum drugs and PARP
inhibitors. However, experimental design, data acquisition and interpretation of preclinical
and especially clinical studies are prone to errors and pitfalls which undermine certainty of
this synergy [22]. Even the protective effect of PARP inhibitors against oxidative stress may
impede this synergy, since oxidative stress contributes to the therapeutic effect of platinum
drugs [23].

Accordingly, the present study aimed to investigate the response of TNBC line MDA-
MB-231 versus HR+ breast cancer line MCF7 in a combined treatment comprising oxali-
platin, olaparib and LY294002 treatment.

2. Results
2.1. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on Cell Viability

An MTT assay was performed to determine the effect of olaparib, oxaliplatin and
LY294002 alone and in combination on MDA-MB-231 and MCF7 cells. As shown in Figure
1A,C, olaparib alone did not decrease viability significantly in either cell line. However,
oxaliplatin reduced viability of the TNBC line MDA-MB-231 substantially and, more pro-
nouncedly, the estrogen and progesterone receptor-positive non-TNBC line MCF7. Our
results show that olaparib and oxaliplatin had neither a synergistic, nor an additive effect
at the applied concentrations, since their combination caused about the same extent of
cell death as oxaliplatin alone (Figure 1). The MDA-MB-231 cells were resistant to treat-
ment with the Akt pathway inhibitor LY294002 (Figure 1B). In contrast, LY294002 caused
about the same extent of cell death in the MCF7 cell line as oxaliplatin did (Figure 1D).
Furthermore, LY294002 enhanced the effect of oxaliplatin but not that of olaparib on both
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MDA-MB-231 and MCF7 cells. Additionally olaparib did not add to the effect of LY294002
and oxaliplatin (Figure 1B,D).
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Figure 1. The effects of Ola, Oxa and LY on the viability of TNBC MDA-MB-231 (A,B) and non-TNBC MCF7 (C,D) cells
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2.2. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on Cell Death Processes

We investigated which type of cell death LY294002, olaparib and oxaliplatin elicited by
flow cytometry after double-staining the treated cells with fluorescently labelled Annexin V
and propidium iodide, to demonstrate apoptosis and necrosis, respectively. We found that
less than 5% of cell death caused by the compounds investigated was necrotic, and most of
the dying cells were in their early apoptotic stage under the experimental conditions we
used (Figure 2). Olaparib did not induce apoptosis in MDA-MB-231 and MCF7 cells, while
oxaliplatin increased early and late apoptosis in both cell lines (Figure 2). The Akt pathway
inhibitor LY294002 alone caused about the same level of apoptosis in both cell lines as
oxaliplatin did (Figure 2C,D). On the other hand, treatment of the cells with LY294002
together with olaparib, oxaliplatin or their combination did not significantly change the
distribution of cells among live, early, and late apoptotic populations in either of the cell
lines (Figure 2C,D).



Int. J. Mol. Sci. 2021, 22, 2056 4 of 15Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 2. The effects of Ola, Oxa and LY on MDA-MB-231 (A,B) and MCF7 (C,D) cell apoptosis were detected by MUSE 
Cell Analyzer using MUSE Annexin V and Dead Cell Kit after 72 h treatment with 2 µM olaparib, 25 µM oxaliplatin, 1 µM 
LY294002 alone and in combination. Results are shown as mean ±SEM of at least three separate experiments. * p < 0.05 
compared with the untreated cells. Ola—olaparib; Oxa—oxaliplatin; LY—LY294002. 

2.3. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on ROS Production 
The reactive oxygen species (ROS) production capacity of olaparib, oxaliplatin and 

Akt pathway inhibitor LY294002 was measured using a carboxy-H2DCFDA assay. This 
assay measures fluorescence intensity of H2DCFDA, a fluorescent redox dye oxidized by 
the ROS from its non-fluorescent reduced form. We found marked differences between 
MDA-MB-231 (Figure 3A,B) and MCF7 (Figure 3C,D) lines among the treatment groups. 
The PARP inhibitor increased ROS production in MCF7 cells, although the effect did not 
reach a statistically significt level (Figure 3C). In contrast, the drug did not induce any 
ROS production in MDA-MB-231 cells (Figure 3A). Oxaliplatin caused significant ROS 
production in the triple-negative breast cancer cells which was enhanced by olaparib co-
treatment, although olaparib’s enhancing effect did not reach a statistically significt level 
(Figure 3A). The Akt pathway inhibitor did not affect ROS production either alone or in 
any combination with olaparib and oxaliplatin (Figure 3B). On the other hand, oxaliplatin 
did not affect ROS production of MCF7 cells and attenuated ROS production induced ei-
ther by olaparib (Figure 3C), LY294002, or their combination (Figure 3D). However, these 
negative effects of oxaliplatin did not reach a statistically significant level. The Akt path-
way inhibitor alone induced a similar level of ROS production in MCF7 cells as that 
caused by olaparib (Figure 3D). 
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compared with the untreated cells. Ola—olaparib; Oxa—oxaliplatin; LY—LY294002.

2.3. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on ROS Production

The reactive oxygen species (ROS) production capacity of olaparib, oxaliplatin and
Akt pathway inhibitor LY294002 was measured using a carboxy-H2DCFDA assay. This
assay measures fluorescence intensity of H2DCFDA, a fluorescent redox dye oxidized by
the ROS from its non-fluorescent reduced form. We found marked differences between
MDA-MB-231 (Figure 3A,B) and MCF7 (Figure 3C,D) lines among the treatment groups.
The PARP inhibitor increased ROS production in MCF7 cells, although the effect did not
reach a statistically significt level (Figure 3C). In contrast, the drug did not induce any
ROS production in MDA-MB-231 cells (Figure 3A). Oxaliplatin caused significant ROS
production in the triple-negative breast cancer cells which was enhanced by olaparib co-
treatment, although olaparib’s enhancing effect did not reach a statistically significt level
(Figure 3A). The Akt pathway inhibitor did not affect ROS production either alone or in
any combination with olaparib and oxaliplatin (Figure 3B). On the other hand, oxaliplatin
did not affect ROS production of MCF7 cells and attenuated ROS production induced
either by olaparib (Figure 3C), LY294002, or their combination (Figure 3D). However, these
negative effects of oxaliplatin did not reach a statistically significant level. The Akt pathway
inhibitor alone induced a similar level of ROS production in MCF7 cells as that caused by
olaparib (Figure 3D).
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2.4. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on the Cell Cycle

Flow cytometry was used to determine which cell cycle phase the cells had reached af-
ter treatment with different combinations of olaparib, oxaliplatin and LY294002. The distri-
bution of control MDA-MB-231 cells among G1, S and G2/M phases was 55.57%, 22.8% and
21.63%, respectively, which was not affected by the PARP inhibitor olaparib (Figure 4A,C),
the Akt pathway inhibitor LY294002, or their combination (Figure 4B,D). In contrast, oxali-
platin treatment arrested the cells in the S phase of their cycle (Figure 4C) which was not
affected by olaparib co-treatment (Figure 4C). However, LY294002 co-treatment attenuated
oxaliplatin’s arresting effect, which was further reduced when olaparib was included in
the combination treatment (Figure 4D).

The cell cycle phase distribution of control MCF7 cells was slightly different from
that of MDA-MB-231 cells. Approximately 51.26% of control cells were in G1; 28.64% in S
and 20.1% were in G2/M phase (Figure 4E,G). As with the MDA-MB-231 line, oxaliplatin
arrested MCF7 cells in the S phase of their cycle (Figure 4G) and olaparib co-treatment did
not have any further effect on it (Figure 4G). However, the PARP inhibitor increased the
number of G2/M phase cells at the expense of S phase, although this effect did not reach a
statistically significant level (Figure 4G). Additionally, LY294002 significantly enhanced
the number of G1-phase cells at the expense of S and G2/M phase cells. This effect was
not affected by olaparib co-treatment but was significantly counteracted by oxaliplatin
(Figure 4H).



Int. J. Mol. Sci. 2021, 22, 2056 6 of 15

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 16 
 

 

affected by olaparib co-treatment but was significantly counteracted by oxaliplatin (Fig-
ure 4H).  

 

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 4. Flow cytometry analysis of MDA-MB-231 (A–D) and MCF7 (E–H) cell-cycle distribution. Cells were cultured 
and treated for 72 h with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002 alone and in combination. The cell-cycle 
distribution was determined with propidium iodide staining. The histograms show cell-cycle phases of control cells (A,E) 
and cells treated with combination of olaparib, oxaliplatin and LY294002 (B,F). The bar charts represent effect of single 
and combined treatment on cell cycle phase distribution (C–D,G–H). Results are expressed as mean ±SEM of at least three 
separate experiments. * p < 0.05 compared with the untreated cells. 

2.5. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on Colony Formation 
To assess cellular proliferation capacity, a colony formation assay was performed. 

Olaparib and oxaliplatin significantly decreased colony numbers of both cell lines, alt-
hough the non-TNBC line MCF7 was more sensitive to the cytostatic drugs than the TNBC 
line MDA-MB-231 (Figure 5A,C). Furthermore, oxaliplatin attenuated colony formation 
to a much greater extent than olaparib did (Figure 5A,C). A combination of olaparib and 
oxaliplatin caused a similar decrease in colony formationt as oxaliplatin did alone (Figure 
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Figure 4. Flow cytometry analysis of MDA-MB-231 (A–D) and MCF7 (E–H) cell-cycle distribution. Cells were cultured
and treated for 72 h with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002 alone and in combination. The cell-cycle
distribution was determined with propidium iodide staining. The histograms show cell-cycle phases of control cells (A,E)
and cells treated with combination of olaparib, oxaliplatin and LY294002 (B,F). The bar charts represent effect of single
and combined treatment on cell cycle phase distribution (C,D,G,H). Results are expressed as mean ±SEM of at least three
separate experiments. * p < 0.05 compared with the untreated cells.
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2.5. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on Colony Formation

To assess cellular proliferation capacity, a colony formation assay was performed.
Olaparib and oxaliplatin significantly decreased colony numbers of both cell lines, although
the non-TNBC line MCF7 was more sensitive to the cytostatic drugs than the TNBC line
MDA-MB-231 (Figure 5A,C). Furthermore, oxaliplatin attenuated colony formation to
a much greater extent than olaparib did (Figure 5A,C). A combination of olaparib and
oxaliplatin caused a similar decrease in colony formationt as oxaliplatin did alone (Figure
5A,C), indicating a lack of synergy, even additivity, between the two substances. LY294002
alone decreased colony formation to about the same extent as olaparib did (Figure 5B,D).
The PARP inhibitor andto a greater extent, oxaliplatin both augmented the Akt pathway
inhibitor’s effect on colony formation (Figure 5B,D). Again, combination of olaparib and
oxaliplatin had about the same effect as the latter alone (Figure 5B,D).
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Cells were treated for 14 days before being stained with Coomassie Blue. Results are shown as mean ± SEM of at least three
separate experiments. * p < 0.05. Ola—olaparib; Oxa—oxaliplatin; LY—LY294002.
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2.6. Effect of Olaparib and Oxaliplatin on Invasive Growth

Invasive growth of the cell lines was assessed the xCelligence Real-Time Cell Analysis
(RTCA) system. As with the colony formation experiments, olaparib and, to a much greater
extent oxaliplatin decreased invasive growth in both cell lines (Figure 6). Again, MCF7 line
was more sensitive to the cytostatic drugs than MDA-MB-231, and combination of the two
drugs had about the same effect as oxaliplatin alone had (Figure 6).
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cells treated with 2 µM olaparib and 25 µM oxaliplatin. Line A—control, Line B—2 µM olaparib
treatment, Line C—25 µM oxaliplatin treatment, Line D—combination treatment.

2.7. Effect of Olaparib, Oxaliplatin and Akt Pathway Inhibitor on Invasive Growth

The Akt pathway inhibitor decreased invasive growth, and its effect on MCF7 cells
was more pronounced than on MDA-MB-231 cells (Figure 7). Both olaparib and oxaliplatin
treatment augmented LY294002′s effect, decreasing invasive growth to the detection limit
(Figure 7).
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Figure 7. Effects of olaparib, oxaliplatin and LY294002 on invasive growth of MDA-MB-231 (A)
and MCF7 (B) cells treated with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002. Line A—
control, Line B—1 µM LY294002 treatment, Line C—2 µM olaparib and 25 µM oxaliplatin, Line
D—combination treatment of 1 µM LY294002, 2 µM olaparib and 25 µM oxaliplatin.

3. Discussion

In breast cancer, TNBC is associated with poorer prognosis and limited targeted
therapeutic options compared to the HR+ subtype [6]. Accordingly, in this study, we
investigated the response of different types of breast-cancer cell lines to a combination of
conventional chemotherapy [24] and synthetic lethality-based therapy [25] supplemented
with Akt inhibition to prevent undesired cytoprotective effects of the latter [26]. We used
the TNBC cell line MDA-MB-231 and estrogen and progesterone receptor-positive cell line
MCF7, and treated these with the third-generation platinum compound oxaliplatin, the
PARP inhibitor olaparib and the PI3K inhibitor LY294002.

Several studies have reported the synergistic effect of PARP inhibitors and chemother-
apeutic platinum agents in various tumors. Olaparib and platinum compound carboplatin
have been found to have modest activity in patients with sporadic TNBC [27]. Combi-
nation of PARP inhibitor PJ34 and antineoplastic agent cisplatin has been found to have
cytotoxic synergy in non-small-cell lung-cancer line A549 [28]. Furthermore, PJ34 enhanced
suppressive effect of cisplatin in liver-cancer cell line HepG2 [29]. The importance of the
PI3K/Akt pathway in therapy resistance has been highlighted, demonstrating that its
activation results in decreased sensitivity to chemotherapeutic agents [30]. Furthermore,
PI3K/Akt pathway inhibitors have been known to cause more favorable outcomes when
co-administered with usual anticancer drugs [31]. To provide experimental support for the
rationale of combination therapy in TNBC, Zhao et al. investigated various combinations
of olaparib, carboplatin and buparlisib, a pan-PI3K inhibitor in two human TNBC lines
and a HR+ breast-cancer line [32]. By using a calculation [22] based on the median-effect
equation, they found a synergistic cytostatic effect of the combination therapy in TNBC
lines but not in the HR+ line [32]. We approached the question of synergy from a practical
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point of view. Instead of determining dose-response effects, we used single, therapeutically
relevant concentration of each drug, and applied these individually and in all possible
combinations in experiments on viability, type of cell death, ROS production, cell-cycle
phase, colony formation and invasive growth.

We found that 72 h of olaparib treatment decreased viability of MCF7 cells to a much
greater extent than that of MDA-MB-231 cells (Figure 1). Elevated PARP-1 expressions have
been reported in a wide range of human cancers including breast cancer, and an especially
high PARP-1 expression has been found found in TNBC which can explain our results [23].
Furthermore, in complete agreement with our data,other studies have found the cytotoxic
effect of oxaliplatin to be higher in MCF7 than in TNBC cells [30]. Several studies have
reported the synergistic cytostatic effect of PARP inhibitors and platinum agents [27–29],
and one study reported synergism in combined therapy comprising olaparib, carboplatin
and the PI3K inhibitor buparlisib in TNBC lines but not in a HR+ breast-cancer line [32].
In contrast, under our experimental conditions, olaparib did not enhance the cytotoxic
properties of oxaliplatin (Figure 1), and we could not detect synergism, nor even an
additive effect between these two drugs. The PI3K inhibitor LY294002 decreased viability
of the TNBC but not the HR+ line when combined with olaparib, oxaliplatin or both.
However, these effects did not reach a statistically significant level (Figure 1). These data
compellingly indicate that, at therapeutically relevant concentrations, cytotoxicity of the
platinum compound dominated that of the PARP inhibitor and the PI3K inhibitor. At
lower platinum compound and higher concentrations of PARP and PI3K a synergistic effect
likely appear and a regression-based model could indicate an overall synergy that may
explain the conflict between our results (Figure 1) and the findings of others [27–29,32].
Additionally, platinum compounds induce ROS production [33] and PARP inhibitors are
known to protect against oxidative stress [23], what could contribute to the absence of
synergy between the PARP inhibitor and the platinum agent that we observed. Accordingly,
blocking the PI3K/Akt pathway by the PI3K inhibitor LY294002 increased the cytotoxicity
of olaparib and oxaliplatin co-treatment, although the effect did not reach a statistically
significant level (Figure 1).

We found that olaparib and oxaliplatin killed MDA-MB-231 and MCF7 cells predomi-
nantly by apoptosis (Figure 2). The apoptosis resistance of the two cell lines is different.
MDA-MB-231 line has high levels of mutant p53 [34], whereas MCF7 line has wild-type
p53 [35]. Additionally, TNBC cells have 10-fold greater phospholipase D (PLD) activity
than MCF7 cells [34]. Mutant p53 and elevated PLD activity play a significant role in the
survival of cancer cells and can contribute to the suppression of apoptosis [34]. Neverthe-
less, the effect of the various treatments on distribution among live, early and late-apoptotic
populations was similar in both cell lines (Figure 2). In this respect it is worth noting that
the washing steps before and after the staining procedure remove most non-adherent
cells, and the flow cytometry method used to determine the type of cell death analyses
stained cells only, regardless of the original cell number and their sensitivity to the various
treatments.

Among other mechanisms, ROS-mediated processes play a prominent role in re-
modelling cancer phenotypes resistant to apoptosis which acquire enhanced metastatic
properties [36]. In solid tumors, hypoxia and the resulting hypoxia-inducible factor (Hif)-
1α mediated metabolic plasticity play a pivotal role in malignant transformation [37].
However, in cell culturing conditions, uniform oxygen partial pressure and practically inex-
haustible extracellular fuel supply obscure these processes. Accordingly, we studied ROS
production which reflects metabolic plasticity [38] and is compatible with cell culturing
conditions. Increased ROS production by the platinum compounds [33] could induce DNA
breaks that may accumulate when PARP is inhibited leading to cell death. Such a mecha-
nism could account for the observed synergism between platinum compounds and PARP
inhibitors [27–29]. In complete agreement with the literature, we found that oxaliplatin-
but not olaparib or the Akt pathway inhibitor LY294002- induced ROS formation in the
TNBC MDA-MB-231 line and LY294002, but olaparib did not augment oxaliplatin’s effect
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(Figure 3). On the other hand, the treatments alone or in combination failed to induce
significant ROS production in the non-TNBC MCF7 line (Figure 3). However, increased
vulnerability of MCF7 cells to the treatments resulted in a death rate, compared to that of
MDA-MB-231 cells (Figure 1), leaving fewer surviving cells to produce ROS. Furthermore,
MCF7 cells could produce less ROS as they represent an earlier stage of metabolic transfor-
mation than the TNBC MDA-MB-231 cell line does. Combination of these and possibly
other factors could account for the observed difference between the cell lines.

Centrosome amplification occurring in the S phase of the cell cycle, is known to be
associated with malignant transformation in various tissue types. Centrosome amplifica-
tion is regarded as a marker for aggressiveness, even with invasive breast and prostate
cancers [39]. Accordingly, we expected to find that the MDA-MB-231line had a higher
percentage of cells in the S phase of their cycle than the MCF7 cells. However, we ob-
served the opposite trend in the two cell lines (Figure 4C vs. Figure 4G) indicating that
other factors, probably synchronization of cell cycles due to passages during culturing [40]
dominated centrosome amplification in determining the distribution of cell-cycle phases
in these two breast cancer cell lines. In both cell lines, although to a different extents,
oxaliplatin arrested most of the cells in their S phase, and this was not affected by olaparib
co-treatment (Figure 4C,G). These data are consistent with the DNA crosslinking effect of
the platinum compound, which prevents cells from crossing the G2 checkpoint.

The TNBC cell line MDA-MB-231 represents a more aggressive, apoptosis- and
therapy-resistant phenotype than the non-TNBC MCF7 line does. As measures of this
aggressiveness, we assessed colony formation (Figure 5) and invasive growth (Figures
6 and 7). These data were completely consistent with the results for viability (Figure 1),
with the literature and with the aforementioned view about aggressiveness of the two cell
lines. They provide two additional experimental evidence for the lack of synergy between
olaparib and oxaliplatin (Figures 5–7). Furthermore, they indicate (Figure 5B,D) that Akt
pathway inhibition could be advantageous in combined therapy with PARP inhibitors, as
it blocks their Akt-mediated cytoprotective effects [26].

In conclusion, we provided experimental evidence for the lack of synergy between
olaparib, a PARP inhibitor widely used in cancer therapy, and oxaliplatin, a third-generation
platinum compound. These results are in conflict with the findings of others [27–29,32],
probably because, at therapeutically realistic concentrations, the cytostatic effect of the
platinum compound dominates that of the PARP inhibitor. We have also demonstrated
the advantage of using an Akt pathway inhibitor to augment the cytostatic properties of
the platinum compound and/or to prevent the cytoprotective effects of PARP inhibition.
Furthermore, we have shown the therapy resistance of the TNBC line MDA-MB-231 over
the estrogen- and progesterone receptor-positive line MCF7, although we failed to advance
our understanding of differences in sensitivity to chemotherapy among different types of
breast cancers.

4. Materials and Methods
4.1. Drugs

Olaparib was purchased from MedChemExpress (Monmouth Junction, NJ, United
States). It was dissolved in DMSO before treatment and for each treatment new solution
was made. Oxaliplatin was purchased from Accord Healthcare (Munich, Germany). Akt
pathway inhibitor LY294002 was purchased from Selleckchem (Houston, Texas, USA). All
other reagents were of the highest purity commercially available.

4.2. Cell Cultures

MDA-MB-231 and MCF7 cell lines were obtained from American Type Culture Collec-
tion (Manassas, VA, United States). Cell lines were maintained in a humidified 5% CO2
atmosphere at 37 ◦C. MDA-MB-231 cells were cultured in DMEM low glucose (Biosera,
Nuaille, France) supplemented with 10% (v/v) FBS (Thermo Fisher, Life Technologies,
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Milan, Italy). MCF7 cells were cultured in RPMI (Biosera, Nuaille, France) supplemented
with 10% (v/v) FBS.

4.3. Survival Assay

MTT assay was used to examine cell viability. Cells were seeded at a density of
3 × 103/well in 96-well cell culture plates for 24 h before treatment. After 72 h treatment
using olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 µM), and their combination, the
medium was replaced containing 0.5% MTT substrate (100 µL/well). After 2 h incubation
at 37 ◦C the medium was discarded and DMSO was added (100 µL/well). Given the
purple color of the soluble formazan product, absorbance was measured at 570 nm using
the GloMax®-Multi Instrument (Promega, Madison, WI, United States). At least four
parallels were used, and the experiment was repeated three times.

4.4. Apoptosis Assay

Live, early apoptotic, late apoptotic and dead cells were quantified using the MUSE
Annexin V and Dead Cell Kit (Luminex Corporation, Austin, Texas, United States). The
experiment was carried out according to the manufacturer’s instructions. Cells were
cultured in six-well plates (1.5 × 105/well) and treated with olaparib (2 µM), oxaliplatin
(25 µM) and LY294002 (1 µM) and their combination for 72 h. After the treatment cells were
collected and diluted in their medium to a concentration of 5 × 105/mL. Twenty minutes
incubation in the dark at room temperature followed the addition of 100 µL Annexin
V reagent. Annexin V-FITC positive cells were considered as apoptotic (early and late
apoptotic) and were expressed as % of the total cell number examined. The MUSE Cell
Analyzer device was used to assess the samples and 5000 single cell events were measured
per sample. Three independent experiments were performed.

4.5. Assay for Reactive Oxygen Species

To measure intracellular reactive oxygen species (ROS) production, cells were plated
(3 × 103/well) in wells of a 96-well plate, were cultured for 24 h were treated for 72 h with
olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 µM), and their combination. The
medium was replaced by Krebs-Henseleit solution containing 2% FBS and 2 µM carboxy-
H2DCFDA (Thermo scientific, Waltham, MA, United States). After 30 min incubation,
ROS generation was measured using GloMax®-Multi Instrument (Promega, Madison, WI,
United States) at respective excitation/emission wavelengths of 490/530 nm.

4.6. Cell Cycle Analysis

Cells were cultured in six-well plates (1.5 × 105/well) 24 h before treatment, and
were treated with olaparib (2 µM), oxaliplatin (25 µM) and LY294002 (1 µM), and their
combination, for 72 h. To assess cell cycle, flow cytometry analysis was applied. In brief,
cells were harvested, washed with Dulbecco’s phosphate-buffered saline (DPBS) (Biosera,
Nuaille, France) and fixed with 70% ethanol (Molar Chemicals Kft., Halasztelek, Hungary)
at 4 ◦C overnight. After fixation, the cells were centrifuged and washed twice with DPBS.
Aliquots of cells (0.5 × 106) were stained with 500 µl propidium iodide (PI) (Merck KGaA,
Darmstadt, Germany)/RNAse A (Thermo scientific, Waltham, MA, United States) solution
containing 0.02 mg/mL PI and 10 µg/mL RNAse A in PBS-0.1% Triton-X 100 (Sigma, St.
Louis, MO, United States). SONY SH800 Cell Sorter (SONY Biotechnology, San Jose, CA,
United States) was used to measure fluorescent intensities. Debris and aggregates had been
discriminated by gating, and at least 5000 single cell events were measured per sample.
Data were analyzed and cell-cycle distribution were determined using ModFit LT (Verity
software House, Topsham, ME, United States) software.

4.7. Clonogenic Assay

Cells were seeded at adensity of 3 × 103/well and were cultured for 24 h before
treatment. After 14 days of treatment with 2 µM olaparib, 25 µM oxaliplatin and 1 µM
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LY294002, alone and in combination, the cells were washed with 1× 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. Plates were scanned and colonies were
quantified using ImageJ program.

4.8. Growth Measurement

Cells were seeded at a density of 1 × 103/well and cultured for 24 h before treatment
with 2 µM olaparib, 25 µM oxaliplatin and 1 µM LY294002, alone and in combination,
in an electronic microtiter plate (E-Plate®) (ACEA Biosciences, San Diego, CA, United
States). The treatment lasted 7 days. The impedance was measured every hour, using
gold electrodes at the bottom of the wells. The xCELLigence Real-Time Cell Analysis
(RTCA) device (ACEA Biosciences, San Diego, CA, United States) was used according to
the manufacturer’s protocol. The instrument was placed in a humidified incubator at 37 ◦C
and 5% CO2.

4.9. Statistical Analysis

Data were analyzed using OriginPro® software. For determining differences among
the treatment groups, one-way ANOVA with Tukey post hoc comparison tests were per-
formed on the row data (never on the calculated data). Results are presented as mean
± SEM of at least 3 independent experiments, as indicated in the figure legends. The
differences among the groups were regarded as significant at p < 0.05.
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Abstract: Mitochondria have emerged as a prospective target to overcome drug resistance that limits
triple-negative breast cancer therapy. A novel mitochondria-targeted compound, HO-5114, demon-
strated higher cytotoxicity against human breast cancer lines than its component-derivative, Mito-CP.
In this study, we examined HO-5114′s anti-neoplastic properties and its effects on mitochondrial
functions in MCF7 and MDA-MB-231 human breast cancer cell lines. At a 10 µM concentration and
within 24 h, the drug markedly reduced viability and elevated apoptosis in both cell lines. After seven
days of exposure, even at a 75 nM concentration, HO-5114 significantly reduced invasive growth
and colony formation. A 4 h treatment with 2.5 µM HO-5114 caused a massive loss of mitochondrial
membrane potential, a decrease in basal and maximal respiration, and mitochondrial and glycolytic
ATP production. However, reactive oxygen species production was only moderately elevated by
HO-5114, indicating that oxidative stress did not significantly contribute to the drug’s anti-neoplastic
effect. These data indicate that HO-5114 may have potential for use in the therapy of triple-negative
breast cancer; however, the in vivo toxicity and anti-neoplastic effectiveness of the drug must be
determined to confirm its potential.

Keywords: MDA-MB-231; MCF7; mitochondrial membrane potential; mitochondrial energy metabolism;
reactive oxygen species; invasive growth; Mito-CP

1. Introduction

Mitochondria have become novel targets for anti-cancer strategies [1]. While the
Warburg effect states that due to defective oxidative phosphorylation, the rate of glycolysis
is elevated to replace ATP loss [2], oxidative phosphorylation has been recently recognized
to play an important role in oncogenesis. Furthermore, the mitochondria of cancer cells
can alternate between glycolysis and oxidative phosphorylation to meet the metabolic
demands of the cell and to promote survival [3]. Targeting the mitochondria shows
great promise to enhance the efficiency of anti-cancer drugs. Additionally, targeting the
mitochondria could mitigate treatment resistance, another crucial factor of today’s anti-
cancer therapy. Mitochondria-targeted nanocarriers and drugs conjugated to mitochondria-
targeting ligands are the most common approaches [4].

Lipophilic cations, such as tryphenylphosphonium (TPP), are frequently used con-
jugates in the design of mitochondria-targeted anti-cancer drugs, and they also have
antifungal, antiparasitic, and antioxidant uses. The chemical background of mitochondrial
targeting by lipophilic cations, such as TPP, is that the delocalized positive charge enables
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the drug to easily permeate lipid bilayers, which is an advantage compared to hydrophobic
compounds that should rely on tissue-specific carriers. Lipophilic cations can achieve effi-
cient uptake and accumulation several hundredfold within the mitochondria depending on
the mitochondrial membrane potential (−150 to −180 mV) [5,6]. The mitochondrial mem-
brane potential (∆Ψm) of cancer cells is higher compared to their cytosol and to non-cancer
cells, and hence a selective targeting can be achieved [7]. After administration, more than
90% of the intracellular lipophilic cations was found to be located in the mitochondria [6].
When administered orally, the uptake of TPP-based drugs by the mitochondria was fast
and organ-selective; they accumulated within the heart, skeletal muscle, liver, and brain of
mice [6,8].

Recently, the bioenergetics of cancer cells is receiving increased interest among re-
searchers in the field [9,10]. Breast cancer cells have profound bioenergetic, histological,
and genetic differences compared to normal cells [10]. As triple-negative breast cancer
(TNBC) represents about 15–20% of all cases and is associated with a poor prognosis and
limited therapeutic options, the development of novel therapeutic means is needed [11].
Targeting metabolism and the mitochondria could be a useful therapeutic approach in
TNBC cases because mitochondria play pivotal roles in early relapse and the metastatic
spread of TNBC. Previous research has also demonstrated that targeting glycolysis might
not be an effective strategy in TNBC therapy and has suggested that the mitochondrial
aid-in-reserve must be selectively blocked [10].

Mito-CP, a TPP conjugated superoxide dismutase mimetic, was the first mitochondria-
targeted nitroxide compound. It was used for studying the role of the mitochondrial
superoxide in cancer cell proliferation [12]. Mito-CP has shown cytotoxic properties
in various cancer cells, including breast cancer cells, without markedly affecting non-
cancerous ones [13,14]. Recently, a novel component-derivative of Mito-CP, a pyrroline
nitroxide attached dyphenylphosphine compound, HO-5114, was synthesized [15], which
demonstrated markedly higher cytotoxicity against TNBC and hormone receptor positive
human breast cancer (HR+BC) lines than Mito-CP. This report presents a detailed study of
HO-5114′s effect on the breast cancer lines and provides evidence that the mitochondrial
effects of the drug could participate in its cytotoxic and anti-proliferative effects.

2. Results
2.1. Effect of HO-5114 on Cell Viability

To assess its anti-neoplastic potential, we treated TNBC MDA-MB-231 and HR+BC
MCF7 lines with 1, 2.5, 5 or 10 µM HO-5114 for 24 h and then determined their viability
using the sulforhodamine B (SRB) assay. The SRB assay measures protein content that
is considered to be more proportional to the cell count than metabolic activity, which
can under- or over-estimate the cell count if the studied substance inhibits or uncouples
mitochondrial oxidative phosphorylation [16]. We found that HO-5114 decreased viability
in both breast cancer lines in a concentration- and time-dependent manner (Figure 1). Even
at the lowest concentration tested, the drug substantially reduced the viability of both cell
lines. In agreement with the view that TNBC is more chemotherapy-resistant than HR+BC,
the MDA-MB-231 cells were more resistant against HO-5114 treatment than the MCF7 cells,
although the treatment with 10 µM HO-5114 reduced viability below 10% in both cell lines
(Figure 1).
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Figure 1. Effect of HO-5114 on the viability of human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells were treated
with 1, 2.5, 5 or 10 µM HO-5114 for 24 or 48 h, and then the viability was determined by the SRB assay. Data are shown
as mean ± standard error of the mean (SEM) of at least three independent experiments running in three parallels each.
* p < 0.05 compared to the cells treated for 24 h.

2.2. Determination of the Type of HO-5114-Induced Cell Death

We determined the type of HO-5114-induced cell death using flow cytometry. The
cells were treated exactly as for the viability measurement, and then they were double-
stained with fluorescein isothiocyanate (FITC) conjugated Annexin V and propidium
iodide (PI). The latter enters the cell if the plasma membrane is disrupted, binds to the
double-stranded DNA, and becomes intensely fluorescent, indicating necrosis. The former
binds to phosphatidylserine, a marker of apoptosis when it is on the plasma membrane’s
outer layer. Double positivity indicates late apoptosis. In MCF7 cells, HO-5114 treatment
increased the ratio of early—and to a much higher extent—late apoptotic cells on the
expense of live cells in a concentration-dependent manner in the whole concentration
range tested (Figure 2a,c). In contrast, <5 µM concentrations of HO-5114 did not have a
significant effect on the MDA-MB-231 cells; however, 10 µM of HO-5114 had a pronounced
effect. It lowered the live cell ratio to 25% while increasing the ratio of early and late
apoptotic cells to 10% and 65%, respectively (Figure 2b,d).

2.3. Effect of HO-5114 on Reactive Oxygen Species (ROS) Generation

In many cases, anti-neoplastic agents induce ROS production in cancer cells [17].
Accordingly, we studied HO-5114-induced ROS production in human breast cancer lines
using the dihydrorhodamine 123 assay. The assay is based on measuring the fluorescence
of rhodamine 123 produced quantitatively from its non-fluorescent reduced form by the
cellular ROS. At a 10 µM concentration, which lowered the viability of both human cancer
lines to less than 10% of that of the untreated control, HO-5114 caused ROS production
to the extent of about 1.7 and 2 times of the untreated control in the TNBC and HR+BC
lines, respectively (Figure 3). Treatment with lower concentrations of the drug that still
induced a massive decrease in the viability of both cell lines caused no or only slight
cellular ROS production (Figure 3), suggesting that the induction of oxidative stress was
unlikely involved among the mechanisms of HO-5114′s cytotoxicity. Increasing HO-
5114′s concentration to 20 µM elevated ROS production proportionally in both cell lines
(Figure 3), indicating that ROS production was likely far from the saturation level under
these conditions.
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Figure 2. Effect of HO-5114 on the apoptosis of human breast cancer lines. MCF7 (a,c) and MDA-MB-231 (b,d) cells were
treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 h, and then the cells were double-stained with FITC-Annexin V and PI and
were exposed to a flow cytometry analysis. Dot plots (a,b) show the distribution of early apoptotic, late apoptotic, and live
cells (Q1, Q2 and Q3 quadrants, respectively). Bar charts (c,d) represent the results of at least three independent experiments.
The results are shown as mean ± SEM. * p < 0.05 compared to the untreated cells.

Figure 3. Effect of HO-5114 on cellular ROS production in human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells
were treated with 1, 2.5, 5, 10 or 20 µM HO-5114 for 4 h, and then ROS accumulation was assessed by the quantitative
formation of fluorescent rhodamine 123 oxidized by the ROS from its non-fluorescent reduced precursor. The results are
shown as mean ± SEM of at least three independent experiments. * p < 0.05 compared to the untreated cells.
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To investigate the role of oxidative stress induction in the anti-neoplastic effect of
HO-5114, we studied how an antioxidant affects HO-5114′s cytotoxicity in BC cells. To
this end, we treated the MCF7 and MDA-MB-231 cells with 1, 2.5, 5 or 10 µM HO-5114
for 24 h in the presence or absence of 1 mM N-acetylcysteine (NAC) and then measured
the viability using the SRB assay. We could not observe any effect of NAC on HO-5114′s
cytotoxicity in the case of the HR+BC line MCF-7 (Figure 4a). In contrast, in the TNBC line
MDA-MB-231, NAC significantly increased the viability of the control cells as well as the
cells treated with up to 5 µM HO-5114; however, at a 10 µM HO-5114 concentration, there
was no difference in viability between cells treated in the presence and absence of NAC
(Figure 4b).

Figure 4. Effect of NAC on HO-5114′s cytotoxicity in human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells
were treated with 1, 2.5, 5 or 10 µM HO-5114 for 24 h in the absence or presence of 1 mM NAC, and then the viability was
determined using the SRB assay. Data are shown as mean ± SEM of at least three independent experiments running in
three parallels each. * p < 0.05 compared to the cells untreated with NAC.

2.4. Effect of HO-5114 on ∆Ψm

HO-5114 is targeted to the mitochondria due to its diphenylphosphonium component.
Therefore, we studied whether it affects ∆Ψm by measuring the JC-1 fluorescence. Based on
its cationic properties, JC-1 is taken up by the mitochondria in a ∆Ψm-dependent manner. In
healthy mitochondria, it forms red fluorescent J-aggregates. Mitochondrial damage results
in decreased ∆Ψm, leading to a lower accumulation of JC-1 in the form of green fluorescent
monomers, while the fluorescence disappears when the ∆Ψm dissipates completely. After
merely a 1 h treatment, HO-5114 at the concentration of 1 µM caused a significant drop in
the ∆Ψm of MCF7 cells, while increasing the drug’s concentration to 2.5 µM resulted in a
massive ∆Ψm loss indicated by the almost complete disappearance of the red fluorescence
of JC-1 (Figure 5a,c). The MDA-MB-231 line was more resistant to HO-5114; the same
concentrations triggered basically the same changes in the ∆Ψm that were observed for the
MCF7 cells, but it necessitated 2.5 h of treatment rather than 1 h only (Figure 5b,d).
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Figure 5. Effect of HO-5114 on the viability of human breast cancer lines. MCF7 (a,c) and MDA-MB-231 (b,d) cells were
treated with 1 or 2.5 µM HO-5114 for 1 (a,c) or 2.5 (b,d) h, and then ∆Ψm was assessed by fluorescence microscopy after
loading the cells with the lipophilic, cationic fluorescent dye, JC-1. Red and green fluorescence indicates normal and
depolarized ∆Ψm, respectively. Representative merged images of the same field acquired from the microscope’s red and
green channels separately are presented (a,b). Quantitative assessment of ∆Ψm, (c,d) 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. * p < 0.05 compared to the untreated cells.

2.5. Effect of HO-5114 on Mitochondrial Energy Production

Due to the increasing importance of energy metabolism among the pathomechanisms
of cancer [3], we studied the effect of HO-5114 on the mitochondrial energy production
of MDA-MB-231 and MCF7 lines using the Seahorse XFp Cell Mito Stress Test Kit. The
device simultaneously measures the real-time cellular oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR), indicators of mitochondrial respiration and
aerobic glycolysis, respectively. The cells were treated with 1 or 2.5 µM HO-5114 for
4 h, while OCR and ECAR were monitored during the last 75 min of treatment. Basal
respiration was recorded for 15 min (Figure 6a; 1), and then the FoF1 ATPase inhibitor
oligomycin was administered to assess ATP production (Figure 6a; 4). After another 20 min
of recording, mitochondrial electron transport and ATP synthesis were uncoupled from
each other by adding carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)
to determine maximal respiration (Figure 6a; 3). After an additional further 20 min of
recording, mitochondrial respiration was blocked by adding rotenone and antimycin A,
inhibitors of Complex I and III of the mitochondrial respiratory chain, to determine proton
leak and non-mitochondrial oxygen consumption (Figure 6a; 2 and 5).
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Figure 6. Effect of HO-5114 on the energy metabolism of human breast cancer lines. The cells were treated with 1 or 2.5 µM
HO-5114 for 4 h, while OCR and ECAR were monitored during the last 75 min of treatment. 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 in the MCF7 line. 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) OCR recordings in the MDA-MB-231 line. (c–i) Parameters derived from (a,b); for explanation,
see the text and (a). (c) Non-mitochondrial oxygen consumption. (d) Basal respiration. (e) Maximal respiration. (f) Proton
leak. (g) Mitochondrial ATP production. (h) Spare respiratory capacity. (i) Coupling efficiency. (j) ECAR recordings in the
MCF7 line. (k) ECAR recordings in the MDA-MB-231 line. OCR and ECAR data were normalized to mg protein content
and presented as means ± standard deviation (SD) of three independent experiments running in two parallels. * p < 0.05
compared to the untreated cells.
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From the recorded raw data (Figure 6a,b), the Seahorse instrument generated multiple
parameters of cellular energy metabolism (Figure 6c–i) that were all diminished by HO-
5114 treatment except the proton leak, which was not affected in either cell line (Figure 6f).
Furthermore, coupling efficiency that indicates how tightly respiration is coupled to ATP
synthesis was not affected in the MCF7 line but was decreased in the MDA-MB-231 line
(Figure 6i). The parameters of cellular energy metabolism associated with mitochondrial
oxygen consumption, such as basal respiration, maximal respiration, and ATP production,
were lower in the TNBC cells than in the HR+BC cells. Furthermore, 1 and 2.5 µM HO-5114
decreased these parameters to about the same extent for the latter cell line, while it affected
them in a concentration-dependent manner for the former (Figure 6d,e,g). Administration
of the ATP synthesis inhibitor oligomycin diminished OCR, which was accompanied by
an elevation in ECAR in both cell lines (Figure 6j,k). HO-5114 at a concentration of 1
and 2.5 µM reduced ECAR to about the same extent in the MCF7 line, while it increased
and decreased ECAR compared to the untreated control at 1 and 2.5 µM, respectively
(Figure 6j,k).

Similar to the viability studies, we investigated the effect of NAC on the energy
metabolism of untreated and HO-5114-treated BC cells. To this end, we included 1 mM
NAC in a set of HO-5114-treated cells throughout the experiment. In the presence of
NAC, the effect of HO-5114 on all parameters of cellular energy metabolism except the
proton leak was reversed, in a higher extent for the MDA-MB-231 line than for the MCF7
line (Figure 7). In the MCF7 cells, HO-5114 decreased the proton leak that was further
decreased in the presence of NAC. In contrast, HO-5114 increased the proton leak of the
MDA-MB-231 cells that was further increased in the presence of NAC (Figure 7f).

Figure 7. Cont.
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Figure 7. Effect of HO-5114 and NAC on the energy metabolism of human breast cancer lines. The cells were treated
with 2.5 µM HO-5114 in the presence (blue line) and absence (red line) of 1 mM NAC for 4 h, while OCR and ECAR were
monitored during the last 75 min of treatment. 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 in the MCF7
line. 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) OCR
recordings in the MDA-MB-231 line. (c–i) Parameters derived from (a,b); for explanation, see the text and (a). (c) Non-
mitochondrial oxygen consumption. (d) Basal respiration. (e) Maximal respiration. (f) Proton leak. (g) Mitochondrial
ATP production. (h) Spare respiratory capacity. (i) Coupling efficiency. (j) ECAR recordings in the MCF7 line. (k) ECAR
recordings in the MDA-MB-231 line. OCR and ECAR data were normalized to mg protein content and presented as means
± SD of three independent experiments running in two parallels. * p < 0.05 compared to the untreated cells.

2.6. Effect of HO-5114 on Colony Formation

A colony formation assay was performed to assess the proliferation capacity of MCF7
and MDA-MB-231 cells treated with different concentrations of HO-5114. The cells were
cultured in the presence of 50, 75, 100 or 250 nM of HO-5114 for seven days, and then the
colonies were stained and counted. The drug effectively reduced colony formation in a
concentration-dependent manner in both cell lines (Figure 8). Interestingly, the TNBC line
was more sensitive to the treatment than the HR+BC line; 250 nM HO-5114 completely
eradicated the MDA-MB-231 cells, while it allowed the survival of about 10 colonies of
MCF7 cells (Figure 8).

2.7. Effect of HO-5114 on Invasive Growth

Cell proliferation, migration, and invasion are important in understanding tumor
progression and metastasis formation [18]. We used the xCELLigence Real-Time Cell
Analysis method to assess the effect of HO-5114 on the invasive growth characteristics of
MCF7 and MDA-MB-231 cells. The instrument measures electron flow transmitted between
gold microelectrodes fused to the bottom surface of a microtiter plate in the presence of
an electrically conductive culturing medium. Adherent cells cultured in the plates change
the impedance expressed as arbitrary units called the cell index, the magnitude of which
is dependent on number, morphology, size, and attachment properties of the cells. The
cells were cultured in the presence of 75, 100 or 250 nM of HO-5114 for seven days, while
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the cell index was monitored in real-time. The drug effectively reduced the cell index in a
concentration-dependent manner in both cell lines (Figure 9). At the highest concentration
(250 nM), HO-5114 decreased invasive growth close to the detection limit in both cell lines.
Similar to the colony formation experiments, the TNBC line was more sensitive to the
treatment than the HR+BC line (Figure 9).

Figure 8. Effect of HO-5114 on the colony formation of human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells
were cultured in the presence of 0, 50, 75, 100 or 250 nM of HO-5114 for seven days and then were stained with Coomassie
Blue, and the colonies were counted. The results are shown as mean ± SEM of at least three independent experiments.
* p < 0.05 compared to the untreated cells.

Figure 9. Effect of HO-5114 on the invasive growth of human breast cancer lines. MCF7 (a) and MDA-MB-231 (b) cells
were cultured in the presence of 0 (line A), 75 (line B), 100 (line C), or 250 (line D) nM of HO-5114 for seven days, while the
cell index was monitored in real-time. The results are shown as mean ± SEM of at least three independent experiments.
* p < 0.05 compared to the untreated cells.
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3. Discussion

TNBC is considered to have a poorer prognosis and a more limited targeted therapy
repertoire than the HR+ subtype [19]. Additionally, the energy metabolism of the two
breast cancer subtypes differs profoundly, which is indicated by the opposite effect of
mitochondrial rescue on glycolytically inhibited HR+BC and TNBC cells; it is negative
for the former and positive for the latter [10]. Accordingly, mitochondria-targeted com-
pounds that compromise mitochondrial energy production may prove effective in the
therapy of TNBC [13]. Mito-CP was reported to deplete the cellular ATP level, to inhibit
mitochondrial oxygen consumption, to affect mitochondrial morphology, and to dissipate
∆Ψm [14]. As a component-derivative of Mito-CP [15], HO-5114 was expected to have
similar mitochondrial effects. The drug exceeded these expectations because 10 µM of
HO-5114 suppressed viability to about the same extent as 50 µM Mito-CP during a 24 h
exposure [15]. In complete agreement with these previous results, in the present study,
we found that even 1 µM of HO-5114 decreased the viability of both human breast cancer
lines by more than 35%, while it almost completely suppressed it at a 10 µM concentration
(Figure 1). At a longer exposure time (48 h), the drug’s anti-proliferative effect became
more pronounced in both the HR+ and the TNBC lines (Figure 1).

Mitochondria affect cancer cell survival through at least three major mechanisms:
energy production, the intrinsic apoptotic pathway, and ROS generation [20]. These three
pathways are interrelated because apoptosis is an energy-dependent process, while energy
shortage and the resulting decrease in ∆Ψm leads to the release of pro-apoptotic intermem-
brane proteins, such as cytochrome c, an apoptosis-inducing factor, and endonuclease
G [21]. ROS damages the mitochondrial electron-transport chain and thus the ATP pro-
duction, while the compromised electron-transport chain produces more ROS [2]. ROS
activates apoptosis via damaging macromolecules and interfering with the pro-apoptotic
signaling pathways [22]. We observed a substantial induction of apoptosis after a 24 h
exposure to 10 µM of HO-5114 in the TNBC line, while lower concentrations of the drug
were ineffective in this respect (Figure 2b). In contrast, and in full agreement with the
widely accepted view that TNBC is more apoptosis-resistant than HR+BC [11], even 1 µM
of HO-5114 induced massive apoptosis in the MCF7 line (Figure 2a).

ROS participates in mediating cancer phenotype remodeling that manifests in apopto-
sis resistance and increased metastatic properties [23]. The chronic hypoxia prevalent in
solid tumors results in the constant activation of the hypoxia-inducible factor-1α transcrip-
tion factor that induces a malignant transformation associated metabolic remodeling [24];
however, we found a very similar extent of HO-5114-induced ROS formation in the MCF7
and MDA-MB-231 lines (Figure 3), although the latter represents a higher stage of metabolic
transformation than the former [23]. The moderate increase in ROS accumulation in re-
sponse to an increased HO-5114 concentration to 20 µM (Figure 3) also indicated that
ROS production in the BC lines was insensitive to HO-5114 treatment, contrary to the
expectation. The difference in conditions between solid tumors and the cell culture, where
uniform oxygen and fuel supply is provided, may account for the discrepancy between
the expected and observed ROS production. Elevated ROS production is considered to be
necessary for survival and growth of TNBC cells [25], therefore, antioxidants are expected
to hinder their survival [26]. However, we found that the antioxidant NAC increased the
viability of control MDA-MB-231, while it did not affect MCF7 cells, indicating a higher
ROS level that impeded proliferation in the former (Figure 4). The viability promoting
effect of NAC overcompensated for the cytotoxic effect of HO-5114 at the concentration
of up to 5 µM, but at 10 µM, it failed to do so (Figure 4b). The absence of NAC’s effect on
HO-5114′s cytotoxicity in the HR+BC line (Figure 4a) indicated not only a reduced chronic
oxidative stress in it compared to the TNBC line but also suggested differences in metabolic
reprogramming between the two BC cell lines [27].

The driving force for ATP synthesis is provided by ∆Ψm; however, it has additional
essential roles, such as transporting nuclearly encoded mitochondrial proteins [28], trans-
porting K+, Ca2+, and Mg2+ [29], generating ROS [30], mitochondrial quality control [31],
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and the regulation of pro-apoptotic intermembrane protein release [32–34]. Cell survival
essentially relies on the maintenance of ∆Ψm. Accordingly, in ischemic situations, the FoF1
ATPase can operate in reverse mode and consume ATP to maintain ∆Ψm to rescue the
cell. The ATP is supplied by the substrate-level phosphorylation of non-glucose substrates
under these conditions; however, considering the amount of the available non-glucose
substrate pool, this survival attempt is often futile [35–37]. In solid tumors, the cancer cells
must adapt their metabolism to the chronic hypoxia and partially ischemic situation [38,39].
In contrast to ROS induction, we observed a very sensitive response of ∆Ψm loss to HO-
5114 treatment. Even 1 µM of the drug induced significant changes in ∆Ψm during as short
a treatment as 1 h for the MCF7 line and 2.5 h for the MDA-MB-231 line (Figure 5).

Cancer cells face a double challenge in producing enough energy and a sufficient
metabolic intermediate for proliferation in a predominantly hypoxic and partially ischemic
environment [40]. Mostly, they rely on glycolysis rather than mitochondrial oxidative
phosphorylation, even if sufficient oxygen is available for the latter [41]. Accordingly,
increased glucose uptake is a characteristic feature of tumors that is used to identify them
by 18F-deoxyglucose positron emission tomography [42,43] for diagnostic purposes. On
the other hand, the most malignant cancer types, such as metastatic tumor cells, therapy-
resistant tumor cells, and cancer stem cells, rely on mitochondrial ATP synthesis [44,45].
The survival, proliferation, and metastasis of these cells depend on the oxidative phos-
phorylation and form the basis of their therapy resistance [46,47]. Accordingly, for the
most malignant cancer types, oxidative phosphorylation is an emerging therapeutic tar-
get [48], and drugs significantly affecting tumor cell metabolism may have therapeutic
value [38]. Considering its effects on energy metabolism in human breast cancer lines,
HO-5114 fulfills this criterion. At a 1 and 2.5 µM concentration, it significantly diminished
all OCR-related parameters in both cell lines except coupling efficiency (Figure 6). HO-5114
at a 2.5 µM concentration reduced ATP production that could contribute to the drug’s
anti-metastatic property. In complete agreement with its effect on the viability of BC lines,
NAC counteracted the inhibitory effect of HO-5114 on the various parameters of cellular
energy metabolism except the proton leak (Figure 7). These data support the conclusion
that HO-5114 affects the energy metabolism of the BC lines. The proton leak can indicate
damage to the mitochondrial respiratory chain or regulation of mitochondrial ATP synthe-
sis via uncoupling proteins (UCPs) [49]. Indeed, the role of UCP2 in regulating the balance
between substrate-level and oxidative phosphorylation has recently been reported [50].
We found that both BC lines increased ECAR, i.e., substrate-level phosphorylation when
oxidative ATP production was blocked by oligomycin (Figures 6 and 7). ECAR in the
MDA-MB-231 line even returned to its initial rate when the oxidative phosphorylation was
uncoupled by FCCP (Figures 6 and 7), demonstrating that the balance between the two
ATP producing machinery is more responsive in the TN than in the HR+BC cells.

The hormone receptor status determines the cell proliferation, differentiation, and
cancer progression properties of breast cancers [51]. Accordingly, the MDA-MB-231 line
represents a more aggressive, apoptosis- and therapy-resistant phenotype than the HR+
MCF7 line. The results of the aforementioned experiments that involved 1–24 h exposure
to HO-5114 were in line with this view; however, in the colony formation (Figure 8) and
invasive growth (Figure 9) experiments, where the cells were exposed to a 50–250 nM
concentration of the drug for seven days, MDA-MB-231 proved to be more sensitive to
the treatment than the MCF7 line. The reason for this difference in sensitivity to HO-5114
treatment between short- and long-term exposure is not clear based on the experiments.

In conclusion, all data acquired in this study indicated that HO-5114 had a robust
anti-neoplastic effect on cultured BC cells. Furthermore, resistance to HO-5114 treatment
did not differ markedly between the HR+ and TNBC lines. The latter even seemed to be
more sensitive to the drug in models involving long-term treatment; however, in vitro cell
culture effects translate poorly to human therapy. Accordingly, to establish the therapeutic
potentiality of HO-5114, follow up experiments have to be performed in animal models for
determining its in vivo toxicity and anti-neoplastic effectiveness.
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4. Materials and Methods
4.1. Reagents

Hexadecyl (1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) diphenylphospho-
nium bromide (HO-5114) was synthesized and purified by us (MI and TK). All other
reagents were of the highest purity commercially available.

4.2. Cell Cultures

MCF7 and MDA-MB-231 cell lines were purchased from American Type Culture Col-
lection (Manassas, VA, USA). Cells were grown and maintained in a humidified incubator
at 37 ◦C with 5% CO2. Estrogen and progesterone receptor-positive MCF7 cells were
cultured in RPMI (Biosera, Nuaille, France) supplemented with 10% fetal bovine serum
(FBS). Triple-negative MDA-MB-231 cells were cultured in DMEM Low Glucose (Biosera,
Nuaille, France) augmented with 10% FBS (Thermo Fisher, Life Technologies, Milan, Italy).

4.3. Viability Assay

Cells were seeded at a density of an 8 × 103/well in 96-well cell culture plates 24 h
before the treatment. After 24 h of treatment with 1, 2.5, 5, or 10 µM of HO-5114, the medium
was discarded, and the cells were washed with phosphate buffered saline (PBS; Biowest,
Nuaille, France) and fixed in 100 µL of a cold 10% trichloroacetic acid (TCA) solution
(Sigma-Aldrich Co., Budapest, Hungary) for 30 min at 4 ◦C. After TCA was discarded, the
cells were washed with a 1% acetic acid solution (Sigma-Aldrich Co., Budapest, Hungary)
and dried overnight at room temperature. The next day, 70 µL 0.1% sulforhodamine B
(SRB) (Sigma-Aldrich Co., Budapest, Hungary) in a 1% acetic acid solution was added
to the wells for 20 min at room temperature. The plates were washed 5 times with a 1%
acetic acid solution and dried for at least 2 h. Added to the cell was 200 µL of a 10 mM
TRIS solution (Sigma-Aldrich Co., Budapest, Hungary) and the samples were incubated
at room temperature on a plate shaker for 3 h. Absorbance was measured at 560 and
600 nm simultaneously using the GloMax®-Multi Instrument (Promega, Madison, WI,
USA). OD600 was subtracted as the background from the OD560 values.

4.4. Flow Cytometric Analysis of Cell Death

A flow cytometry analysis was applied to quantify the ratio of live, early apoptotic,
and late apoptotic/dead cell populations. The cells were seeded into 6-well plates at
a starting density of 105/well 24 h before they were treated with 1, 2.5, 5, or 10 µM of
HO-5114 for 24 h. The FITC-Annexin V Apoptosis Detection Kit with PI (BioLegend, San
Diego, CA, USA) was used to label cells according to the manufacturer’s instructions. The
samples were measured with a SONY SH800 Cell Sorter (SONY Biotechnology, San Jose,
CA, USA). Debris and aggregates had been eliminated by gating, and at least 20,000 single
cell events were acquired per sample. The analysis was carried out with Cell Sorter
Software (SONY Biotechnology, San Jose, CA, USA). Double negative (Annexin V−/PI−)
cells were considered live. Annexin V positive (Annexin V+/PI−) and double positive
(Annexin V+/PI+) cells were identified as early and late apoptotic, respectively. PI positive
(Annexin V−/PI+) necrotic cells were not detected. They were likely eliminated during
the washing steps prior to staining.

4.5. Measurement of ROS Production

To measure intracellular ROS production, the cells were seeded at a starting density of
1.5 × 104/well into 96-well plates and were cultured for 24 h. The cells were treated with 1,
2.5, 5, 10, or 20 µM of HO-5114 in a Krebs-Henseleit solution supplemented with 10% FBS
and containing dihydrorhodamine 123 (Sigma-Aldrich Co., Budapest, Hungary). ROS gen-
eration was monitored from 0 min until 4 h using the GloMax®-Multi Instrument (Promega,
Madison, WI, USA) at respective excitation/emission wavelengths of 490/525 nm.
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4.6. Measurement of Mitochondrial Bioenergetics

To analyze respiratory and glycolytic energy production, OCR and ECAR were mea-
sured simultaneously by a Seahorse XFp Extracellular Flux Analyzer (Agilent Technologies,
Santa Clara, CA, USA). The cells were plated at a starting density of 1.5 × 104/well into
Seahorse XFp Cell Culture Miniplates 24 h before treatment. The medium was replaced to
the Seahorse XF Assay Media (pH 7.4) containing 10 mM glucose, 2 mM L-glutamine, and
1 mM pyruvate. After measuring the basal respiration for 18 min, HO-5114 was added to
the medium at a final concentration of 1 or 2.5 µM, and the cells were further incubated for
4 h. In the final 75 min of incubation, recording of OCR and ECAR was resumed, and the
following modulators were injected sequentially: oligomycin (1.5 µM final concentration),
FCCP (1 µM final concentration), and rotenone and antimycin A (0.5 µM final concen-
tration each). The OCR and ECAR data were normalized to total cellular protein, which
was determined by the Micro BCA Protein Assay kit (Thermo Fisher Scientific, Waltham,
MA, USA).

4.7. Measurement of Mitochondrial Membrane Potential

The cells were seeded to glass coverslips in 6-well plates at a starting density of
1.5 × 105 cells/well and were cultured for 24 h. They were treated with 1 and 2.5 µM HO-
5114 for 1 or 2.5 h for the MCF7 or MDA-MB-231 lines, respectively. After treatment, the
cells were washed in PBS and incubated for 15 min at 37 ◦C in a modified Krebs-Henseleit
solution containing 100 ng/mL of the cationic carbocyanine dye JC-1 (5,5′,6,6′-tetrachloro-
1,1′,3,3′tetraethylbenzimidazolylcarbocyanine iodide). Following incubation, the cells
were washed once with a modified Krebs-Henseleit solution and then visualized by a
Nikon Eclipse Ti-U fluorescent microscope equipped with a Spot RT3 camera using a
20× objective lens and epifluorescent illumination. The same microscopic fields were
imaged with a 490 nm bandpass excitation and >590 nm (red) or <546 nm (green) emission
filters, consecutively. For quantifying red and green fluorescent intensities, their respective
greyscale images were normalized to three randomly chosen spots of their backgrounds.
Red and green fluorescent intensities were calculated as the percentage of their sum.

4.8. Colony Formation Assay

The cells were seeded at a starting density of 2 × 103/well into 6-well plates and
were cultured for 24 h before they were exposed to 50, 75, 100, or 250 nM of HO-5114 for
seven days. Then, the cells were washed with PBS and were stained with 0.1% Coomassie
Brilliant blue R 250 (Merck KGaA, Darmstadt, Germany) in 30% methanol (Sigma-Aldrich
Co., Budapest, Hungary) and 10% acetic acid. The tissue culture plates were imaged using
a GE Healthcare ImageScanner II (AP Hungary Co., Budapest, Hungary) set for 600 dpi.
The colonies were quantified using ImageJ software.

4.9. Measurement of Invasive Growth

To monitor the effects of HO-5114 on the growth of MCF7 and MDA-MB-231 cells,
we used the xCELLigence system that allows for the real-time, quantitative analysis of
adherent cells. The measurement method is based on the use of electronic microtiter plates
(E-Plate®), in the xCELLigence Real-Time Cell Analysis (RTCA) device (ACEA Biosciences,
San Diego, CA, USA); both were used according to the manufacturer’s protocol. The
instrument was placed in a humidified incubator at 37 ◦C and 5% CO2. Cells were seeded
at the starting density of 1 × 103/well and were cultured for 24 h. Then, the cells were
exposed to 75, 100, and 250 nM HO-5114 for seven days in the E-Plate®, during which the
impedance was measured each hour.

4.10. Statistical Analysis

The results are presented as mean ± standard error of the mean (SEM) of at least three
independent experiments. The statistical differences between the groups were analyzed
by a one-way ANOVA with the Tukey post-hoc test using OriginPro® software (Originlab
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Corp., Northampton, MA, USA). The differences among the groups were regarded as
significant at p < 0.05.
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Abbreviations

ANOVA Analysis of variance
∆Ψm Mitochondrial membrane potential
ECAR Extracellular acidification rate
FBS Fetal bovine serum
FCCP Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
FITC Fluorescein isothiocyanate
HR+BC Hormone receptor positive breast cancer
NAC N-acetylcysteine
OCR Oxygen consumption rate
PI Propidium iodide
R + AmA Rotenone and antimycin A
ROS Reactive oxygen species
SD Standard deviation
SEM Standard error of the mean
SRB Sulforhodamine B
TCA Trichloroacetic acid
TNBC Triple-negative breast cancer
TPP Tryphenylphosphonium
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