
 

  

 Universidade Federal do Rio de Janeiro  

 Centro de Ciências Matemáticas e da Natureza  

 Instituto de Química  

 Departamento de Bioquímica  

 

 

 

 

 

 

Evaluation of antitumoral activity of novel 

dinuclear Cu2+-complexes on tumorigenesis: 

 from the cytotoxic potential to the mechanism of 

action  
 
 

Zeinab Ghasemishahrestani (Farzaneh) 

 

 

 

 

 

 

 

 

 

 

Rio de Janeiro 

  2020 



 

 

Zeinab Ghasemishahrestani (Farzaneh) 

 

 

Evaluation of antitumoral activity of novel 

dinuclear Cu2+-complexes on tumorigenesis: 

 from the cytotoxic potential to the mechanism of 

action  
 

 

 

Doctoral thesis presented to the Post-Graduate 

Program in Biochemistry (PPGBq) of the 

Institute of Chemistry (IQ) of the Federal 

University of Rio de Janeiro (UFRJ), as a 

requirement to obtain the title of Doctor of 

Science (Biochemistry). 

 

 

 

 

Advisor: Marcos Dias Pereira 

Co-advisor: André Souza Santos 

 

Rio de Janeiro 

 2020 
 



Approval Sheet 

 

Zeinab Ghasemishahrestani (Farzaneh) 
 

 

Evaluation of antitumoral activity of novel dinuclear Cu2+-complexes on tumorigenesis: from the 

cytotoxic potential to the mechanism of action  

 

Doctoral thesis submitted to the Post-Graduate Program in Biochemistry, Department of 

Biochemistry, Institute of Chemistry, Federal University of Rio de Janeiro - UFRJ, as part of the 

necessary requirements to obtain the title of Doctor of Science. 

 

 
Approved by: 

 

 

Marcos Dias Pereira, Doctor, IQ – UFRJ 

 

 

 

 

 

André Luis Souza dos Santos, Doctor, IMPG – UFRJ 

 

 

 

 

 

Gilberto Barbosa Domont, Doctor, IQ-UFRJ 

 

 

 

 

 

Adriane Regina Todeschini, Doctor, IBCCF UFRJ 

 

 

 

José Joao Mansure, Doctor, McGill University 

 

 

 

Elizabeth Fidalgo Da Silva, Doctor, Windsor University 

 



 

 

 

 

 

 

 

 

 

 
Ghasemishahrestani Zeinab (Farzaneh) 

Evaluation of antitumoral activity of novel dinuclear Cu2+-complexes on tumorigenesis: 

from the cytotoxic potential to the mechanism of action / Zeinab Ghasemishahrestani– Rio de 

Janeiro: UFRJ/2020. 

 

Thesis (Doctorate in Sciences) - Federal University of Rio de Janeiro, Institute of 

Chemistry, Graduate Program in Biochemistry, Rio de Janeiro, 2020. 

 

Advisor: Marcos Dias Pereira 

Co-advisor: André Souza Santos 

 

1. Cu+2-complexes 2. Cytotoxicity 3. Intrinsic apoptosis 4. Antitumor metallodrug 5. Label-free 

proteomic I. Pereira Marcos Dias (Orient) II. Santos, André Luis Souza dos. (Co-orient.) III. 

Federal University of Rio de Janeiro Institute of Chemistry IV. Post-Graduate Program in 

Biochemistry 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
The present work was carried out at the Laboratory of Cytotoxicity and Genotoxicity (LaCiGen), 

Department of Biochemistry, Institute of Chemistry (IQ) and Laboratory for Advanced Studies of 

Microorganisms Emerging and Resistant (LEAMER), Department of General Microbiology, 

Institute of Microbiology Paulo de Góes (IMPG), Health Sciences Center (CCS), Federal 

University of Rio de Janeiro (UFRJ). under the guidance of Prof. Dr. Marcos Dias Pereira and 

Prof. Dr. André Luis Souza dos with the support of the CAPES– Coordenação de Aperfeiçoamento 

de Pessoal de Nível Superior. 

 

 

 

 

 

 

 

 

 

 
 

 

 



 Acknowledgement 

 

 

“If you are thrown into the fire, make wings and fly with your mind” 
Farzaneh 

  

The present work denotes the end of a difficult journey full of challenges, overcoming, and 

reaching maturity. With all my heart full of joy and gratitude, I thank all those who were present 

in some way and played a role in the development and completion of this work. I am thankful of 

the financing granted by the development agencies, CAPES, FAPERJ and CNPQ, which was 

essential for the completion of this work. 

I would like to begin by thanking my dear advisor, Professor Marcos Dias Pereira. I am 

very grateful for his consistent support and guidance during the running of this project. He has 

been a tremendous mentor for me. I would like to thank you for encouraging my research and for 

allowing me to grow as a research scientist. Your advice on both research as well as on my life 

have been priceless.  

I would also like to thank my co-advisor, professor André Luis Souza dos Santos for his 

great advice and all the experience I had under his guidance. Thank you so much for your kindness 

and patience, in addition to excellent scientific contributions. 

I was very lucky that I could participate in two different big groups of laboratories with 

two knowledgeable professors. The meetings and conversations were vital in inspiring me to think 

outside of the box, from many different perspectives in order to form a comprehensive and 

objective critique. Moreover, Prof. Marcos and Prof. André created a great peaceful environment 

for me, which led to the fruitful work. This is a great opportunity that an international student can 

have. I am very lucky to have you both in my life.  

I would like to thank Prof. Nicolas Adrián Rey from the Pontifícia Universidade Católica do 

Rio de Janeiro (PUC-RJ) and his group for the synthesis of the compounds used in the present work. 

Special thanks to prof. Gilberto Barbosa Domont and prof. Fábio Nogueira for their 

dedicated support and guidance and all dear friends in proteomic group specially Renata and Luiz. 

I express my deepest gratitude to all members and former members of the Laboratory of 

Citotoxicity and Genotoxicity (LaCiGen) and Laboratory of advanced Study of Microorganisms 



Emerging and Resistant (LEAMER). With special thanks to Prof. Marta Helena Branquinha (IM-

PG-UFRJ) and many thanks to dear Dr. Simone Santiago Carvalho that co-supervised me in almost 

all my experiments. 

Without a doubt, the collaborative spirit and excellent coexistence in the laboratory were 

decisive for the completion of this work. In particular, I am extremely grateful for friendships that 

I built during these years in the laboratory with all my dear friends that I’ll never forget them in 

my life. Thank you so much for your kindness and endless exchanges of ideas!  

This journey would not have been possible without the support of my dear friends, 

Mohammad Saadatmand, Denise Brito Reis, Mahan Mashoof and Carolina Martins Machado your 

kindness, advices and your friendship will be greatly appreciated. There are no words to convey 

my deepest gratitude and respect to you both! 

A special thanks to my family. Words cannot express how grateful I am to my mother, and 

father Shahla Rostami and Sadegh Ghasemi, for all the effort dedicated to my personal and 

professional training and, mainly, for always believing in me and my dreams and for all of the 

sacrifices they’ve made to support me. I also thank my kind and lovely mother-in law, and father-

in-law Fatemeh Partanian and Ali Khezri, their pure positive energy helped me and pushed me to 

strive towards my goal. Despite the distance, you have been and always will be, by my side with 

every step I take. Love you so much! 

 Finally, I would like to express my sincere appreciation to my beloved husband Hamidreza 

who spent many sleepless nights with me and was always my support in the moments when there 

was no one was there. I thank you for all your dedication and support during all these years. You 

have been a source of joy and comfort and your words of love and encouragement were essential 

for me to get here! 

 

 

 

 

 

 

 

 



 

Abstract 

 

Evaluation of antitumoral activity of novel binuclear Cu2+-complexes on tumorigenesis: from the 

cytotoxic potential to the mechanism of action  

 

Zeinab Ghasemishahrestani 

Supervisor: Marcos Dias Pereira 

Co-adviser: André Luis Souza dos Santos 

 

Abstract of the Doctoral thesis submitted to the Post-Graduate Program in Biochemistry, Institute of 

Chemistry, Federal University of Rio de Janeiro - UFRJ, as part of the requirements necessary to obtain 

the title of Doctor in Sciences - Biochemistry. 

 

Cancer is a major cause of death worldwide. Current chemotherapy for cancer treatment associate with many 

side effects and tumor cells often become resistant to the drugs. Hence, development of chemotherapeutic strategies 

involving novel antitumor agents with increased efficacy and immunity has been the focus area of cancer treatment. 

The discovery of the antitumor properties of cisplatin in 1969 opened a new field in design and development of a new 

class of therapeutic drugs based on metal. The anticancer activities of Cu+2-complexes have been the focus of several 

researchers aiming to discover novel anticancer agents. In this study, we investigated the potential antitumor activity 

of two novel Cu+2-complexes, [Cu2(μ-CH3COO)(OH2)(L2)]· 1½H2O (R9) and [Cu2(μ-OH)(OH2)(HL2)]ClO4·2H2O (R10), 

in different cancer cell lines MCF-7 (breast adenocarcinoma), A549 (lung carcinoma) and PC3 (prostate carcinoma). 

Both Cu+2-complexes showed great cytotoxic effects compared with the positive control cisplatin. The IC50 (μM) 

values of R9 measured by the MTT assay in MCF-7, A549, PC3, was 1.01 ± 0.09, 1.01 ± 0.07 and 1.51 ± 0.06, 

respectively. On the other hand, MCF-7, A549, PC3 cell lines affected by R10 exhibited IC50 (μM) of 1.27 ± 0.14, 

1.23 ± 0.09 and 1.38 ± 0.16, respectively. MCF10A, the healthy breast epithelial cell line, after treatment with R9 and 

R10, showed the IC50 (μM) of 8.19 ± 0.87 and 6.93 ± 0.96, respectively which is approximately 7-8 times more 

resistant than MCF-7, showing that Cu+2-complexes had a low toxicity to its relative non-cancerous cells. The pictures 

from invertor microscope gave us an idea of change in granularity that later proved by flow cytometry analysis which 

revealed the increase of granularity in both MCF-7 and A549 cell lines due to effect of R9 and R10 at IC50 

concentration (1.0 μM) about 2, 2.6, 1.5 and 1.4 times higher than the untreated cells, respectively. Cu+2-complexes 

at ½ IC50, IC50 and 2×IC50 concentrations significantly reduced mitochondrial membrane potential (ΔΨm) and induced 

a high production of reactive oxygen species (ROS) in both MCF-7 and A549 cells measured through flow cytometry 

assay. The results of cell cycle arrest displayed the increase number of cells at Sub-G1 and concomitant decrease in 

G1,S and G2/M phases in both MCF-7 and A549 at IC50 concentration of R9 and R10. Together with TUNEL assay, 

confirmed that both Cu+2-complexes induced DNA fragmentation in theses tumor cells where the percentage of cells 

with fragmented DNA induced by R9 and R10 at IC50 concentration in MCF-7 and A549 were 3.5, 3.6, 2 and 2 times 

more than the untreated control, respectively that measured by flow cytometer. Moreover, the activation of caspase 9 

exhibited that R9 and R10 treatment at IC50 concentration induced cell death mainly through the intrinsic apoptosis 

pathway. Competition between Cu+2-complexes and PI for DNA binding revealed non-significant changes in 

percentage of fluorescent cells/fluorescence intensity as compared to control in both cell lines, assured that the 

compounds cannot bind to DNA as an intercalating agent. In vivo assay with Galleria mellonella showed that R9 

presented a lower toxicity in comparison to cisplatin at the same concentration (50 mg/kg). The results of G. mellonella 

agreed with the LD50 calculated in BALB/c mice treated with R9 and cisplatin. The results obtained in BALB/c mice 

is promising since the value of 71.6 mg/kg is much higher than the LD50 of cisplatin, 6.6 mg/kg. The high value of 



LD50 means a small toxicity of Cu+2-complex. The Results obtained in the label-free proteomic analysis of 

differentially expressed proteins in breast cancer cells in response to R10 treatment revealed that, 118 proteins were 

significantly downregulated were linked to the 194 downregulated pathways and 49 proteins were upregulated that 

were defined 40 upregulated pathways. On the other side, in MCF-7 treated with cisplatin, 58 proteins were 

downregulated responsible for 105 pathways downregulated and 37 proteins were upregulated associated to the 47 

pathways upregulated. Our results confirmed the difference of up/downregulated proteins expressed in R10-treated 

and cisplatin-treated cells that might be related to the possible different mechanism of action of R10 and cisplatin. 

Total 6 proteins related to the downregulation of apoptosis pathway in R10-treated cell include: lamin B1, NRAS, 

MAPK1, MAPK3, spectrin alpha, and calpain 2. Whereas, apoptosis inducing factor (AIFM1) was related to the 

upregulation of apoptosis. Moreover, MCF-7 cell death treated with R10 might occur by direct activation of apoptosis 

through AIF by down regulation of heat shock 70-kDa protein HSP70 together with downregulation of lamin that 

favor the entrance of AIF to the nucleus. The apoptosis may relate to the downregulation of RAS-ERK pathway via 

down regulation of ezrin, moesin and β1-integrin (ITGβ) which affect the activation of RAS, down regulate protein 

14-3-3 ε, β and ζ (tyrosine 3- monooxygenase, tryptophan 5-mono-oxygenase) and reduce ERK1/2. Furthermore, the low 

expression of 14-3-3ζ and dysregulation of CRM1/XPO1 (exportin 1) plus RAN GTPase, may sensitize cells to 

apoptosis. The downregulation of calpain, protein casein kinase, as well as catalytic (α3, α4) and regulatory (β5) 

subunits of proteosome may activate apoptotic pathways for DNA degradation. In addition, down regulation of vacuolar 

ATPase (V-ATPase) may help in suppressing the growth and survival of tumor and together with the rate-limiting 

glycolytic enzyme pyruvate kinase may have great impact in glycolytic flux and force the cells through oxidative 

phosphorylation. Altogether, these results confirm that the Cu+2-complexes tested have a great potential as an 

antitumor metallodrug and is highly competitive with cisplatin chemotherapy drug.  

 

Key words: Cu+2-complexes, cytotoxicity, intrinsic apoptosis, antitumor metallodrug, label-free proteomic. 
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1. Introduction 

 

1.1 Epidemiology of cancer, its global incidence and mortality.  

Cancer is predicted to be the leading cause of death and the only significant barrier to 

increasing life expectancy in any country in the 21st century. According to World Health Orga- 

nization (WHO), in 2018, cancer was the second cause of death responsible for an estimated 

9.6 million deaths. The incidence of cancer and death worldwide is growing rapidly. The rea-

sons are complex, but reflect the aging and population growth, as well as changes in the prev-

alence and distribution of the main risk factors for cancer, some of which are associated with 

social and economic development (OMRAN et al., 1971; NISHIHARA et al., 2015; OGINO et al., 

2016). 

 With the rapid growth of population and aging around the world, the increase in cancer 

as a major cause of death is indicative of a significant reduction in the rate of mortality from 

stroke and cardiovascular disease in many countries (BRAY et al., 2018). Cancer transition in 

emerging economies is more significant, while the rate of disease increases with changes in the 

characteristics of common cancers. A recurring observation is the ongoing displacement of inf-

ection-related and poverty-related cancers by those cancers that already are highly frequent in 

the most developed countries like Europe, North America, and high-income countries in Asia 

and Oceania (BRAY et al., 2018; GERSTEN; WILMOTH, 2002). For both sexes combined, it 

is estimated that nearly one-half of the cases and over one-half of the cancer deaths in the world 

occurred in Asia in the year 2018, in part because close to 60% of the global population resides 

there (BRAY et al., 2018).  

Europe accounts for 23.4% of the total cancer cases and 20.3% of the cancer deaths, 

although it represents only 9% of the global population, followed by the Americans 21% of 

incidence and 14.4% of mortality worldwide. In contrast to other regions, the shares of cancer 

deaths in Asia (57.3%) and Africa (7.3%) are higher than the shares of incidence (48.4% and 

5.8%, respectively) due to the different distribution of cancer types and higher case fatality 

rates in these regions (BRAY et al., 2018).  

Lung cancer is the most commonly diagnosed cancer (11.6% of the total cases) and the 

leading cause of cancer death (18.4% of the total cancer deaths), closely followed by female 

breast cancer (11.6%), and prostate cancer (7.1%) for incidence (Figure1)  (DOGAN et al., 2019, 

REBBECK et al., 2017). 
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Among females, breast cancer is the most commonly diagnosed cancer and the leading 

cause of cancer death, followed by colorectal and lung cancer for incidence, and vice versa for 

mortality (BRINTON; GAUDET; GIERACH, 2017).  

 

 

Figure 1. Pie charts present the distribution of cases and deaths for the 10 most common cancers 

in 2018 for both genders. The area of each pie chart reflects the proportion of the total number of cases 

or deaths (BRAY et al., 2018).   

 

Despite the incidence and mortality, the number of cancer survivors continues to rise 

due to the advances in early detection and the variety of treatment such as surgery, chemother-

apy, radiotherapy and immunotherapy. The number of cancer survivors in United State of 

America from 15.5 million on January 1, 2016 is projected to reach more than 20 million by 

January 1 in 2026 (MILLER, 2016). The three most prevalent cancers are prostate (3,306,760), 

colon and rectum (724,690), and melanoma (614,460) among males and breast (3,560,570), 

uterine corpus (757,190), and colon and rectum (727,350) among females. More than one half 

(56%) of survivors were diagnosed within the past 10 years, and almost one‐half (47%) are 

aged 70 years or older (Figure 2) (MILLER, 2016).  
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Figure 2. The estimated number of cancer survivors in USA. 

Note: estimates for specific cancer types take into account the potential for a history of more than one 

cancer type (MILLER, 2016).  

 

1.2 Development and progression of cancer. 

The underlying causes of cancer development are the continual unregulated proliferation 

of cancer cells. A cancer cell grows and divides instead of responding appropriately to signals 

that control its behavior of normal cells, and indirectly, attacks on tissues, organs, and eventu-

ally spread throughout the body. The loss of overall growth control is the net result of abnor-

malities accumulated in multiple cell regulators and reflects the various aspects of cellular be-

havior, which differentiates cancer cells from their normal counterparts (BURRELL et al., 2013, 

SAHAI, 2005). 

At the cellular level, cancer development is a multi-stage process that involves initia-

tion, promotion, progression, and metastasis stages (GRIVENNIKOV; GRETEN; KARIN, 2010; 

SINGH et al., 2019; WU et al., 2016b).  

Initiation is the first step in cancer development and involves the alteration, change, or 

mutation of genes arising spontaneously or induced by exposure to a carcinogenic agent. Ge-

netic alterations can result in deregulation of biochemical signaling pathways associated with 

cellular proliferation, survival and differentiation, which can be influenced by a number of fac-

tors, including the rate and type of carcinogenic metabolism and the response of the deoxyribo-

nucleic acid (DNA) repair function. However, a single mutation does not give these cells the 

characteristics necessary to be considered carcinogenic (BOYLAND, 1985, SINGH et al., 2019, 

TURAJLIC et al, 2019). Unlike initiators, promoters do not covalently bind to macromolecules 
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or DNA within the cell but may bind to receptors on the cell surface affecting intracellular 

signaling pathways, which increase cell proliferation (KLAUNIG, 2000, PERERA et al., 2016). 

The promotion stage is considered relatively lengthy and reversible processes in which 

actively proliferating preneoplastic cells accumulate. In the promotion stage, the cell that un-

derwent the initial mutation accumulates new mutations and metabolic alterations that allow it 

to be able to achieve uncontrolled growth, circumventing cell cycle control and programmed 

cell death (apoptosis) (DOU et al., 2020; FEINBERG; KOLDOBSKIY; GÖNDÖR, 2016).  

Progression is the phase between a premalignant lesion and the development of inva-

sive cancer. Progression is the final stage of neoplastic transformation, where genetic and phe-

notypic changes and cell proliferation occur. This involves a fast increase in the tumor size, where 

the cells may undergo further mutations with invasive and metastatic potential. Tumor progres-

sion continues as additional mutations occur within cells of the tumor population (COOPER; HAU 

SMAN, 2007; FEINBERG; KOLDOBSKIY; GÖNDÖR, 2016). Some of these mutations transmit 

selective advantage to the cell, such as faster increased growth rate, tolerance, invasion, or me-

tastasis, and consequently the generations of cells that have such a mutation thus become dom-

inant within the tumor population. This process is called clonal selection, since a new clone of 

tumor cells has evolved based on its increased growth rate or other properties (such as survival, 

invasion, or metastasis) that give rise to a selective advantage. Clonal selection continues through-

out tumor development, so tumors grow more rapidly and become increasingly malignant (CO 

OPER; HAUSMAN, 2007; FEINBERG; KOLDOBSKIY; GÖNDÖR, 2016; GREAVES; MAL EY, 

2012). The different carcinogenesis phases have shown in Figure 3. 

 

Figure 3. Carcinogenesis phases: initiation, promotion, progression, and metastasis. (SIDDIQUI et 

al., 2015). 

  

Radiation and many chemical carcinogens act by damaging DNA and inducing muta-

tions. Some of the initiating agents chip in human cancers includes UV radiation (the major ca-

use of skin cancer), carcinogenic chemicals in tobacco smoke, and aflatoxin (a potent liver carcin-

ogen produced by some molds that contaminate improperly stored supplies of peanuts and other 

grains) (POIRIER; SANTELLA; WESTON, 2000; SHAMBERGER, 2018). The carcinogens in to-

bacco smoke (including benzoapyrene, dimethylnitrosamine, and nickel compounds) are the main 

causes of human cancer (ALEXANDROV et al., 2016). In total, smoking is estimated to account 
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for roughly one-third of total cancer deaths (a significant complication for a carcinogenic agent) 

(ALEXANDROV et al., 2016; MILLER, 2016; OLIVEIRA et al., 2007), and 80 to 90% of lung 

cancers, as well as cancer in oral cavity, pharynx, larynx, esophagus, and other sites related to 

smoking (ALEXANDROV et al., 2016). Other carcinogens contribute to cancer growth by stim-

ulating cell proliferation instead of mutations. These compounds are referred to as tumor pro-

moters. The phorbol esters a class of chemical compounds found in a variety of plants (ester 

derivatives of the tetracyclic diterpenoidphorbol) that stimulate cell proliferation by activat-

ing protein kinase C (PKC) are classic examples (LOU et al., 2008, ROUX et al., 2004). Hor-

mones, especially estrogen, are important tumor promoters in the development of some human 

cancers. For example, the spread of uterine endometrial cells is stimulated by estrogen and 

excessive estrogen exposure is likely to increase a woman's endometrial cancer. In addition to 

chemicals and radiation, some viruses can also induce cancer (MORALES-SÁNCHEZ; FUENT-

ES-PANANÁ, 2014 ; READ; DOUGLAS, 2014; TASHIRO; BRENNER, 2017). The common hu-

man cancers caused by viruses include liver cancer and cervical carcinoma, which make up 10 to 

20% of worldwide cancer incidence (GRISCHKE; BRUCKER, 2019; LONDON; PETRICK; 

MCGLYNN, 2017).  

Cancer cells are also able to escape the process of apoptosis (a kind of programmed cell 

death). As a result of uncontrolled growth, it is essential that vascularization (angiogenesis) of 

the tumor tissue occurs so that it is able to obtain nutrients and subsequently migrate and invade 

other healthy tissues, which characterizes the metastasis process (FOUAD; AANEI, 2017; HAN 

AHAN; WEINBERG, 2000).  

The invaded tissues gradually lose their function that can lead to organ failure and in 

many cases death of the patient. Other metabolic alterations can be found commonly in tumor 

cells such as increased flow of glycolytic and pentose pathways, responsible for supplying the 

need for nutrients to generate adenosine triphosphate (ATP), nicotinamide adenine dinucleotide 

phosphate (NADPH) and carbon skeletons for nucleotide construction. All these components are 

geared towards the rapid growth and proliferation of cancer cells. The decrease in cellular res-

piration is another striking metabolic change that cells present for the onset and development 

of cancer. This phenotype probably occurs by the presence of defects in the electron transport 

chain and/or Krebs cycle (AYKINBURNS et al., 2009), which results in the adaptive advantages 

of cancer cells for their rapid proliferation in an environment with less oxygen availability. In 

addition, solid tumor cells show an increase in the expression of lipid biosynthesis enzymes for 

the de novo synthesis of lipids to compose the plasma membranes and organelles of growing 
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cells (GATENBY; GILLIES, 2004). Changes in the mechanism of DNA repair, chromosomal in-

stability, immune system evasion and changes in redox status are also common (APARICIO; BAE 

R; GAUTIER, 2014; JACKSON; BARTEK, 2009; SANDOVAL; ESTELLER, 2012).  

Redox system is essential for the maintenance of cellular homeostasis. In physiological 

conditions, cells maintain redox balance through generation and elimination of reactive oxy-

gen/nitrogen species (ROS/NSP). Superoxide (O2−), as an initial product of reduction of mo-

lecular oxygen (principal mechanism for ROS formation), results from the addition of a single 

electron to molecular oxygen. Superoxide can be rapidly dismutated by superoxide dismutase 

(SOD), yielding hydrogen peroxide H2O2 and O2. In the presence of reduced transition metals 

(e.g. Cu+2, Fe+2, Zn+2, Mn+2), H2O2 can be converted into the highly reactive hydroxyl radical 

HO· (DRÖGE , 2002). 

Many complex mechanisms maintained the delicate balance between ROS generation 

and elimination, and impaired functioning of each of these mechanisms can lead to changes in 

cellular redox system. Redox homeostasis can be disrupted via an increase in ROS production 

and/or a decrease in ROS-scavenging capacity due to the exogenous stimuli or endogenous 

metabolic alterations resulting in an overall increase of intra cellular ROS levels, or oxidative 

stress that play important role in many pathological conditions such as cancer (LIGUORI et al., 

2018; SCHIEBER; CHANDEL, 2014; VALKO et al., 2006). Under normal physiological condi-

tions, ROS can incorporate reversibly into the structure of some macromolecules that play a 

critical role in regulating cellular function (SIES; JONES, 2007). However, under oxidative 

stress, excessive ROS attacks consistently lipids, proteins, and DNA, resulting in severe oxi-

dative damage. Under oxidative stress condition, the non-enzymatic antioxidants (glutathione, 

ascorbic acid, α-tocopherol, carotenoids and phenolic compounds) are usually consumed and 

enzymatic antioxidants (superoxide dismutase, peroxidase and catalase) induced (IGHODARO; 

AKINLOYE, 2018; MIROŃCZUK-CHODAKOWSKA; WITKOWSKA; ZUJKO, 2018; WILLCO 

X; ASH; CATI GNANI, 2004). The intracellular oxidative balance is extremely important and is 

characterized by the control of ROS synthesis and the expression of antioxidant molecules. In 

cancer cells, this profile is inverted where even with an increase in the expression of the anti-

oxidant system; it is not in a quantity capable of overlapping the high levels of ROS (KALYAN 

ARAMAN et al. , 2018). 

Normal cells have lower amounts of both ROS and antioxidants than cancer cells. Thus, 

Loss of ROS or antioxidants causes only small changes in ROS homeostasis, then normal cells 

remain viable and functional. In contrast, cancer cells can be more susceptible to ROS level 

changes due to having higher amounts of these oxidant agents than the antioxidant counterparts. 
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Either treatment with antioxidants or prevention of ROS generation can cause cytostasis (inhi-

bition of cell growth and multiplication) and possibly senescence, results in loss of sufficient 

ROS signaling to maintain growth and cause cancer specific oxidative cell death (Figure 4). 

 

 

Figure 4. Targeting cancer cells by changing ROS levels (SULLIVAN; CHANDEL, 2014 ).  

 

1.3 Tumor characteristics 

Cancer cells showed morphological changes like variability in size and shape, increase 

in the ratio of nucleus/cytoplasm, nuclear number and size, changes in the size, morphology and 

functionality of mitochondria and formation of little differentiated cellular aggregates (BOTT-

ONE et al., 2013). 

Increases in intracellular granularity have been observed during physiological pro-

cesses that include senescence, apoptosis, and autophagy, making this phenotypic change a use-

ful marker for identifying chemotherapeutic drug that induce cellular growth arrest or death (Ta-

ble 1). The nature of cellular changes leading to increases in intracellular granularity is dependent 

on the agent and cell type under investigation. For example, growth arrest associated with in-

creases in intracellular granularity may be produced by agents that induce cellular differentiation 

as observed with corticotropin-releasing hormone-induced keratinocyte differentiation (ZBYTE- 
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K et al., 2005). They also can share some genetic and epigenetic changes like increase in on-

cogene and decrease in tumor suppressor genes, loss of proteins encoded by tumor suppressor 

genes for deletion or mutation, genetic instability and activation of genes capable of facilitating 

new mutations (Table 1) (TINHOFER et al., 2014). 

All cancer display acquisition of "immortality.” Loss of growth inhibition dependent on con-

tact or cell density, loss of cell cycle control and resistance to death by apoptosis, increased expression 

and secretion of growth factors and their receptors (Table 1). 

 

Table 1. Some characteristics developed by tumor cells (TINHOFER et al., 2014). 

Morphological changes Genetic and epigenetic  

exchanges 

Changes in survival and growth 

properties 

Changes and  

variability in cell size 

and shape 

Increased expression of  

oncogene products 

Acquisition of "immortality."  

Activation of telomerase 

 

Increase in the ratio of 

nucleus/cytoplasm 

Loss of proteins encoded by 

tumor suppressor genes, for 

deletion or mutation 

Loss of growth inhibition dependent 

on contact or cell density. Stacked 

Growth 

Increasing nuclear num-

ber and size 

Changes in gene expression by 

changes in multiplication pat-

terns of DNA 

Less need for nutrients to survive and 

grow 

Changes in the size, 

morphology and  

functionality of  

mitochondria 

Genetic instability. Activation 

of genes capable of  

facilitating new mutations 

Loss of cell cycle control and  

resistance to death by apoptosis 

Formation of little dif-

ferentiated cellular 

 aggregates 

 Increased expression and secretion of 

growth factors and their receptors 

 

In multiple stages of the carcinogenic process, each genetic variation is one of the ben-

efits of tumor cells and, therefore, constituting hallmarks (characteristics) of cancer. These 

abilities acquired by tumor cells during tumor development favor their maintenance and are 

common to all types of cancers. Among them, we can highlight the proliferation signal, escape 

from growth suppressors, resistance to cell death, replicative immortality, angiogenesis induc-

tion, activation of invasion mechanisms, and metastasis (Figure 5) (HANAHAN; WEINBERG, 

2011; MITTAL et al., 2016).  
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Figure 5. The 10 hallmarks of cancer (HANAHAN; WEINBERG, 2011). 

 

Sustained proliferation signal and consequent loss of cell cycle control are fundamental 

and determinant characteristics of tumor formation. Cell cycle control or checkpoints play an im-

portant role in maintaining the fidelity and integrity of genome replication and repair. In the cell 

cycle there are three stages where the control points operate (TINHOFER et al., 2014).  

 

 

 

Figure 6. The four phases of the cell cycle (G1, S, G2, and M), the non-cycling G0 state, and three 

well-known checkpoints (JONES et al., 2018).  

 



10 
 

The first control point is at the end of G1 phase and beginning of S phase. At this stage, 

the cell increases in size and have only one copy of their DNA. Cells in this stage synthesize 

proteins and increase in size and can remain in this stage for a long time (Figure 6). The repli-

cation occurs in the next phase, called S (synthesis), and allows the cell precisely to duplicate 

its chromosomes (HU et al., 2013, TINHOFER et al., 2014). After replicating the chromo-

somes, the G2 phase begins, preparing the cell for the M phase (mitosis), the phase where the 

increased stem cell finally divides in half to produce two cells, with the same number of chro-

mosomes (TINHOFER et al., 2014). Daughter cells immediately enter G1 phase and may re-

start the cell cycle or may temporarily or definitely stop the cycle (Figure 6) (CLARKE, 2017). 

When the cell passes the first control point (G1/S), it has to replicate its DNA. The G2-

M DNA damage checkpoint is an important cell cycle checkpoint, ensuring that cells do not ini-

tiate mitosis until damaged DNA or incompletely replicated DNA is sufficiently repaired after 

replication. Cells that have a defective G2-M checkpoint enter mitosis before repairing their 

DNA, leading to apoptosis or death by the help of gene suppressor p53 the so-called "guardian 

of the genome" (BURTON; KRIZHANOVSKY, 2014; ENGELAND, 2018; HU et al., 2013). First, 

p53 stops the cell cycle at the G1 checkpoint by inhibiting the production of Cdks (cyclin-de-

pendent kinases) that act as a control cell cycle transition. Second, inactivates DNA repair en-

zymes. In cases where damage is extremely irreversible, p53 triggers apoptosis, a cell death 

process (HU et al., 2013, SARIN et al., 2017). The third checkpoint occurs in metaphase (sec-

ond stage of mitosis) and cell division only proceeds if the chromosomes are correctly attached 

to the spindle (BURTON; KRIZHANOVSKY, 2014).  

Most tumor cells show loss of cell cycle control due to the mutations in genes respon-

sible for this control, thus allowing cancer cells cross the restriction sites and divide, even that 

the conditions required for the cell division process are not fulfilled. Normal cells undergoing 

DNA damage remain in the G1 of the cycle in order to repair the damage before proceeding 

further of the cycle. However, cancer cells ignore the warning continue the cycle by duplicating 

the damaged DNA, thus leading to accumulation of mutations (KAR, 2016). Mutations in tu-

mor cells lead them to ignore the signs of death and continue proliferating, increasing the chan-

ce of new mutations (POBEZINSKAYA; LIU, 2012). In this way, the transformed cells acquire 

immortal replicative ability indefinitely, whereas healthy human cells when cultured can dou-

ble from 50 to 60 times, provided that the provision of nutrients and growth factors (ITO; 

HOUKIN, 2017; MAQSOOD et al., 2013).  
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The most important core cell cycle regulators are proteins called cyclins (G1 cyclins, 

G1/S cyclins, S cyclins, and M cyclins). Binding of a cyclin activates Cdks, making it a func-

tional enzyme and allowing it to modify target proteins. APC/C (anaphase-promoting com-

plex/cyclosome) is a protein complex that causes M cyclins to be destroyed and, then starting 

anaphase (ALFIERI; ZHANG; BARFORD, 2017). In the early stages of tumor development, 

when usually less than two millimeters in diameter, the nutrition of the mass tumor occurs 

essentially by diffusion from neighboring tissues. As tumor grow, nutrition depends on the 

blood vessels that do not enter into degeneration and necrosis. In this way, the tumor cells ind-

uce the production of angiogenic factors to stimulate the formation of new blood vessels in 

order to supply its nutrient and oxygen needs (RAICA; CIMPEAN; RIBATTI, 2009; VIALLARD; 

LARRIVÉE, 2017).  

Angiogenesis is an essential process for development and dissemination of tumors and 

is directly related to tumor metastasis, because the new formed vessels serve as pathways for 

spreading cells to other outbreaks of colonization (RAICA; CIMPEAN; RIBATTI, 2009). Throu-

ghout the process of tumor progression, some cells acquire a more aggressive phenotype, which 

allows them to invade adjacent or far tissues. These more aggressive cells are often having dif-

ferent molecules like epiregulin (EREG), cyclooxygenase-2 (COX-2), matrix metalloproteinase 

1 (MMP1), and matrix metalloproteinase 2 (MMP2) (promote extravasation and metastasis) (G-

UPTA et al., 2007). expressed qualitatively and/or quantitatively compared to non-metastatic cells. 

These molecules are essential in the dissemination of metastatic tumors. Thus, the identifica-

tion of genes and molecules that are associated with the process of metastasis is fundamental 

for the early diagnosis and elucidation of new therapeutic strategies (COGHLIN; MURRAY, 

2010; FUHRMANN et al., 2017).  

The abilities of cancer cells reflect the characteristics of the entire population of a tu-

mor, because the genetic changes that trigger the malignancy process should be in most tumor 

cells. However, at the stage of tumor progression, where genetic alteration accumulates, a cel-

lular subpopulation can arise, and it identifies distinct variations that are distinct from other 

cells within tumor masses. Thus, the tumor cell population is heterogeneous, which means that 

not all cells share similar characteristics (BADVE, 2016; CASSIDY; BRUNA, 2017; PRASET- 

YANTI; MEDEMA, 2017).  
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1.4 Classification of chemotherapy drugs related to their mechanism of action. 

Chemotherapy targets the selective destruction of tumor preserving the healthy cells. 

Most chemotherapy drugs affect both cell population; however, due to the innumerable morpholog-

ical and biochemical differences between them, the damage to malignant cells has to be larger 

than occur in healthy cells and tissues (JOHNSTONE et al., 2016).  

Antineoplastic drugs can be classified into three major classes: (i) cytotoxic drugs such 

as alkylating agents, platinum coordination (cisplatin, carboplatin, oxaliplatin), antimetabolites, mi-

crotubule damaging agents (vincristine, vinblastine, vinorelbine, paclitaxel, docetaxel), topoi-

somerase-2 inhibitor (etoposide), topoisomerase-1 inhibitor (topotecan, irinotecan), antimicrobi-

als (actinomycin D, doxorubicin, daunorubicin, epirubicin, bleomycins, mitomycin and miscellane-

ous (hydroxyurea, L-asparaginase, tretinoin, arsenic trioxide); (ii) targeted drugs like tyrosine 

protein kinase inhibitors (imatinib, nilotinib), EGF receptor inhibitor (gefitinib, erlotinib), angio-

genesis inhibitors (bevacizumab), proteasome inhibitor (bortezomib), unarmed monoclonal anti-

body (rituximab, trastuzumab), and (iii) hormonal drugs such as glucocorticods (prednisolone), es-

trogens (fosfestrol, ethinylestradiol), selective estrogen receptor modulators (tamoxifen), selec-

tive estrogen receptor down-regulators (fulvestrant), aromatase inhibitors (letrozole, anastro-

zole), antiandrogen (flutamide), 5-α reductase inhibitor (finasteride), GnRH analogues (nafarelin, 

triotorelin), progestins (hydroxyprogesterone acetate). 

Cytotoxic drugs can be classified according to how they affect cell cycle in tumor cells. 

Cell cycle phase specific antineoplastic agents (CCS) act on the particular phase. They are active 

against tumor cells that have a large portion of cells activity, and rapidly cycling. Fast cycling 

ensures that the cell passes through the phase vulnerable to the drug’s effects (OZAWA et al., 

1989; SHERR; BARTEK, 2017; THU et al., 2018). CCS acts at certain stages of the cell cycle, 

such as methotrexate (S phase), etoposide (G2 phase), and vincristine (M-phase). On the other 

hand, cell cycle nonspecific antineoplastic agents (CCNS) refer to a class of pharmaceuticals 

that act as antitumor agents at all or any phases of the cycle cross-link. Table 2 shows some 

differences between CCS and CCNS agents. Among the different classes of antitumor drugs 

most commonly clinically used, present a mechanism of cell cycle nonspecific action (DE- 

FALCO; DE LUCA, 2010).  
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Table 2. Different characteristics of cell cycle specific and nonspecific (KATZUNG et al., 2012). 

 

Cell cycle specific agent (CCS) Cell cycle nonspecific agent (CCNS) 

Plant alkaloids and anti-metabolites Alkylating agents and some natural products 

Plant alkaloids G2-M phase 

DNA synthesis inhibitors S phase 

Any phase of the cell cycle 

Cross linking and gene silencing 

Only proliferating cells are killed Both proliferating and resting cells are killed 

Schedule dependent 

(Duration and timing rather than dose) 

Dose dependent 

(Total dose rather than schedule) 

 

Antineoplastic drugs can be divided based on their target. The target may be located in 

the tumor cell or in other elements that interact with the tumor cells (endothelium, extracellular 

matrix, immune system, host cells): (i) drugs directed against tumor DNA can act on DNA helix 

such as alkylating agents. They also may act on DNA-related proteins like topoisomerase I and 

II inhibitors, antimetabolites and ecteinascidin (HURLEY, 2002); (ii) drugs directed against 

tumor RNA, such as fluoropyrimidines and platinum compounds; however, they mainly act by 

binding to DNA (these molecules are directed against specific mRNAs, for instance, RNAs of 

bcl-2, myc, p53, mdm2, Her-2 and methyltransferase-1 have been targeted with these oligonu-

cleotides (TOLCHER, 2001); (iii) drugs directed against proteins in the tumor cells, like mon-

oclonal antibodies and small molecules, which are all very specific and their effect is cytostatic 

rather than cytotoxic and they can bind to membrane receptors or cytoplasmic proteins, and 

(iv) drugs acting on the endothelium and extracellular matrix, such most drugs acting in the 

matrix metalloproteinases (MMPs) that all of them have antiangiogenic effects. 

We will further describe the cytotoxic drugs directed against tumor DNA that is showed 

in Table 3. 

 

1.4.1 Alkylating agents 

Alkylating agents are the oldest and most widely used antineoplastic agents, are known 

to act directly in DNA, and are not only active in the process of cell division. This class of 

antitumor affects the cells in all phases of cell cycle and is able to substitute an atom of hydro-

gen by an alkyl radical in a target molecule. They interact chemically with DNA preventing the 
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separation of the two DNA strands, a phenomenon that is fundamental for replication (KASTAN; 

BARTEK, 2004; SWIFT; GOLSTEYN, 2014).  

Due to the low clinical efficacy of mono-chemotherapy, treatment of patients is usually 

associated with combination of other CCNS agents of the cell cycle. The main drugs used in 

this category include nitrogen mustard, busulfan, nitrosoureas, cisplatin and carboplatin (KAS- 

TAN; BARTEK, 2004). Alkylating agents capable of forming different types of intrastrand 

and cross-linking with the DNA are called bifunctional. However, those who are able to form 

cross-links are particularly more potent than intrastrand because the alkylation of two DNA 

filaments produced by bifunctional alkylating agents requires rather complex repair mecha-

nisms (DRABLØS et al., 2004; SOLL; SOBOL; MOSAMMAPARAST, 2017). Antitumor ni-

trogen mustards, such as bis(2-chloroethyl) methylamine (mechlorethamine), is one of the first al-

kylating agent with a long history of clinical application. The antitumor effects of nitrogen mus-

tards are attributed to their ability to induce DNA-DNA and DNA-protein cross-links, which 

blocks DNA replication. Numerous derivatives of this compound such as chlorambucil, cyclo-

phosphamide and ifosfamide still used as antitumor treatment (KONDO et al., 2010; SOLL; 

SOBOL; MOSAMMAPARAST, 2017). Nitrogen mustards are bifunctional alkylating agents 

containing two N-(2-chloroethyl) groups that can spontaneously cyclize under physiological 

conditions. The resulting aziridinium ions are highly reactive and are capable of alkylating nu-

cleophilic sites within DNA and proteins to form DNA-protein and DNA-DNA cross-links (RAJ- 

SKI; WILLIAMS, 1998). It has been established that the main molecular target of nitrogen 

mustards and other alkylating agents is the N-7 of guanine; N-1, N-3 of adenine and N-3 of 

cytosine may also be affected (HELLEDAY et al., 2008, SINGH et al., 2018).  

 

1.4.2 Antimetabolites 

Tumor cells are more susceptible to the various antimetabolic or structural analogues of 

nitrogenous bases, due to the metabolic difference compared to normal cells. In this way, the 

antimetabolite agents are responsible for biochemically blocking the synthesis of DNA and 

RNA; thus, they are restricted to the S phase of the cell cycle. Among the antimetabolites used 

clinically in the treatment of cancer, we can highlight methotrexate (folic acid analogue), pu-

rine analogs such as 6-mercaptopurine, thiguanine and, finally, the analogs of pyrimidines, 5-

fluorouracil, azauridine and cytarabine (MASOOD et al., 2016, TAKIMOTO et al., 1999).  
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1.4.3 Topoisomerase inhibitors 

Topoisomerases are essential proteins that during DNA replication and transcription, 

relieve torsional stress of DNA supercoiling by introducing transient nicks (POMMIER, 2006). 

There are two types of topoisomerases, topoisomerases I and II, which cause single strand breaks 

(SSBs) and double strand breaks (DSBs) within DNA molecule, respectively (WEINFELD et 

al., 2011). Topoisomerases I and II are the targets of an increasing number of anticancer drugs 

that act to inhibit these enzymes by blocking the reaction that reseals the breaks in the DNA. 

Often the binding of the drug is reversible, but if a replication fork runs into the blocked topoi-

somerase, then a piece of the gapped DNA strand not bound by the topoisomerase could be 

released, creating a permanent breakage in the DNA that leads to cell death (POMMIER, 2006). 

Camptothecin widely used to treat colorectal, ovarian and lung cancer binds to DNA-topois-

omerases1 cleavage complexes, blocking religation of SSBs and resulting in the accumulation 

of transient SSBs (WEINFELD et al., 2011). Concerning the use of topoisomerases II inhibitors, 

such as etoposide, commonly used to treat small cell lung and testicular cancer, a negative aspect 

is that their use has been related to the occurrence of secondary leukemia and other malignancies 

(GOKDUMAN, 2016; NITISS, 2009).  

 

Table 3. Cytotoxic chemotherapy agents that damage DNA, their mechanism of action, and the main 

types of damage that they cause (SWIFT; GOLSTEYN, 2014).  

 

Type of agent Drug Mechanism of action DNA damage 

Alkylating agents Nitrogen mustards 

Nitrosoureas 

Temozolomide 

Base alkylation- mono-

functional DNA adducts 

Inter, intra and DNA-

protein crosslinks 

Block the replication 

machinery leading to 

strand breaks 

Antimetabolites 5-Fluorouracil Misincorporates into 

DNA 

Depletes dNTPs 

Blocks the replica-

tion machinery lead-

ing to strand breaks 

Topoisomerase  

inhibitor 

Camptothecin 

Etoposide 

Inhibit topoisomerase 

enzymes in complex 

with DNA 

SSBs and DSBs 

 

1.5 Metal-based complexes.  

Therapeutic potential of metal-based complexes in cancer therapy has attracted a lot of 

interest mainly because metals exhibit unique characteristics, such as redox activity, variable 

coordination modes and reactivity toward the organic substrate (BRUIJNINCX; SADLER, 2008; 
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MUHAMMAD; GUO, 2014; NDAGI; MHLONGO; SOLIMAN, 2017). A metal complex consists 

of a central metal atom or ion that is bonded to one or more ligands, which are ions or mole-

cules that contain one or more pairs of electrons that can be shared with the metal. A coordina-

tion complex whose center is a metal atom is called a metal complex (CHIVERS, 2005; MUHAM- 

MAD; GUO, 2014).  

Among metal-based drugs, the potential use of first row transition metal ions to act as 

anticancer agents has been investigated, mainly because their natural abundance, low price 

associated with the synthesis of their compounds and the natural presence of such metal ions 

in the body (CINI; BRADSHAW; WOODWARD, 2017; CRANS et al., 2018; DENOYER; 

CLATWORTHY; CATER, 2018). Transition or d-block metals have the d-orbitals partially 

filled and are included in groups III–XII of the periodic table, offering great advantages over 

common organic drugs, including a wide variety of coordination geometries and numbers, they 

can aggregate to a wide range of coordination geometries that give them unique shapes (CINI; 

BRADSHAW; WOODWARD, 2017). In the various accessible oxidation states available, 

many transition metals tend to undergo oxidation and reduction reactions (HAAS; FRANZ, 

2010). The oxidation state of these metals is an important consideration in the design of the 

coordination compound. In biochemical redox catalysis, metal ions often serve to activate co-

ordinated substrates and to participate in redox-active sites for charge accumulation. Metal 

complexes can aggregate to a wide range of coordination geometries that give them unique 

shapes. The bond length, bond angle and coordination site vary depending on the metal and its 

oxidation state. In addition to this, metal-based complexes can be structurally modified to a 

variety of distinct molecular species that confer a wide spectrum of coordination numbers and 

geometries, as well as kinetic properties that cannot be realized by conventional carbon-based 

compounds (BRUIJNINCX; SADLER, 2008; SALGA et al., 2012; SANTINI et al., 2014). 

Moreover, different forms of metal-ligand interaction exist; however, these interactions usually 

lead to the formation of complexes that are unique from those of individual ligands or metals. 

The thermodynamic and kinetic properties of metal-ligand interactions influence ligand ex-

change reactions (HAAS; FRANZ, 2010). The ability of metals to undergo this reaction offers a 

wide range of advantages to the metals to interact and coordinate with biological molecules 

(BRUIJNINCX; SADLER , 2008; VAN RIJT; SADLER, 2009; DENOYER; CLATWORTHY; 

CATER, 2018). Thus, the variety of mechanisms of action that metal-based complexes can 

offer is not the same as that of organic drugs. 

Over the last century, the number of metal-based complexes used in medicine has in-

creased significantly. From the group 11, elements such as copper (Cu), silver (Ag ) and gold (Au) 
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have been known for centuries and their medicinal applications have been well reported (JUNG 

WIRTH et al., 2011). Recent developments of Cu, Ag and Au metallodrugs have shown excellent 

potential as antitumor agents (LIANG et al., 2017; MCGIVERN; AFSHARPOUR; MARMION, 

2018; TIEKINK, 2008). Moreover, complexes of ruthenium and iron from group 8 have also 

shown remarkable antitumor activity with potent efficacy, low toxicity, less drug resistance, and 

are expected to become a new generation of clinical metal antitumor drugs (ABID; SHAMSI; A-

ZAM, 2015; SOUTHAM et al., 2017).  

Amongst other metal group, bismuth directly affects Helicobacter pylori and gastric 

lymphoma; the effects of bismuth complexes of 6-mercaptopurine are promising (STEINBA- 

CH et al., 1999). Several derivatives of vanadium show anti-proliferative activity, but their 

toxicity must be overcome (HANAUSKE et al., 1987). The anti-proliferative effect of gallium 

could be related to its competition with the iron atom; in addition, a derivative appears to re-

verse the multidrug resistance (HEDLEY et al., 1988). Rhodium, ruthenium, palladium, osmium 

and iridium are belong to the same group as platinum and they also presents interesting anti-

cancer activity, but with the same nephrotoxicity (FRIK et al., 2014; HOWARD; BEAR; 

KIMBALL, 1979; MA et al., 2019; YANG et al., 2017; ZHANG et al., 2016). 

Platinum complexes are now among the most widely used drugs for the treatment of 

cancer with four injectable Pt(II) compounds, cisplatin, carboplatin, oxaliplatin and nedapla-

tin approved for clinical use worldwide (DILRUBA; KALAYDA, 2016; JOHNSTONE; 

SUNTHARALINGAM; LIPPARD, 2016). Figure 7 outlines two main targets that are currently 

the focus of many research groups investigating the anticancer capabilities of metal-based com-

plexes (GANESHPANDIAN et al., 2014). The metal complexes can force the cancer cell go 

through apoptosis via ROS generation (figure 7). On the other hand, they can bind directly with 

DNA and RNA (metallo-interaction or metallo-insertion) led in DNA damage causing cell 

death (figure 7). Alternatively, they can inhibit the DNA repair enzymes (metallo-nucleases) 

resulting in hydrolytic and oxidative damage to DNA (figure 7) (JAYASEELAN et al., 2016; 

YU; COWAN, 2018; ZHANG; SADLER, 2017a).  
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Figure 7. Cellular target of metal-based complexes anticancer agent. 

 

1.5.1 Mechanisms of action of metal-based complexes. 

1.5.1.1 Via ROS generation. 

Reactive oxygen species are radicals, ions or molecules that have a single unpaired 

electron in their outermost shell of electrons. Among them, superoxide, hydrogen peroxide and 

hydroxyl radicals are the most well studied ROS in cancer. Intracellular active superoxide anions 

(O2.-), hydrogen peroxide (H2O2), hydroxyl radicals (.OH) and singlet oxygen (O2) have the ability 

to induce lipid peroxidation, DNA damage, and depletion of the sulfhydryl groups, altered signal 

transduction pathways and calcium homeostasis (PANIERI; SANTORO, 2016; SZATROWSKI; 

NATHAN, 1991).  

It has been suggested that the formation of ROS and the resultant oxidative stress play a 

major role in inflammation contributing to carcinogenesis. During chronic and acute inflamma-

tion, the O2.- is highly produced, the endogenous SOD can often become overwhelmed and 

unable to remove the excess amount of O2.-, which can then promote a pro-inflammatory response. 

As SOD has been shown to be depleted in cancer cells, excess of O2.- can be metabolized into 

peroxynitrite (OONO-) and the hydroperoxyl radical (HO2) which play a role in tumor for-

mation (O’CONNOR et al., 2012).  

ROS are produced as a byproduct of oxidative phosphorylation in mitochondria. Complexes 

I-IV and ATP synthase are located on the mitochondrial inner membrane of the electron transport 

chain. Approximately 80% of generated O2.- at complexes III and I is released into the inter-

membrane space of mitochondria whereas, 20% of this oxidant is released into the mitochon-

drial matrix (HAN; WILLIAMS; CADENAS, 2001; KUMARI et al., 2018). Superoxide leak 



19 
 

into the cytoplasm through the mitochondrial permeability transition pore (MPTP) in the outer 

membrane of the mitochondrion and can be dismutated to H2O2 either by MnSOD, in the mito-

chondrial matrix or by Cu/ZnSOD in the cytosol (CROMPTON, 1999). Recent data suggest that 

H2O2 may cross-cellular membranes through specific members of the aquaporin family like 

aquaporin-8 (BIENERT et al., 2007). In addition to the mitochondria, peroxisomes are other 

major sites of cellular ROS generation in which O2.- and H2O2 are generated through xanthine 

oxidase in the peroxisomal matrix and the peroxisomal membranes (DEL RÍO et al., 1992; DEL 

RÍO; LÓPEZ-HUERTAS, 2016).  

 Growth factors and cytokines can stimulate production of ROS in cancer. For example, 

an elevation of H2O2 and nitrite oxide NO levels were detected in tumor cells in response to 

interferon γ (IFNγ) and tumor necrosis factor alpha (TNFα) (TIKU; LIESCH; ROBERTSON, 

1990). Further, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), insulin, 

transforming growth factor β (TGFβ), interleukin-1 (IL-1), TNFα, angiotensin and lysophos-

phatidic acid all induce the formation of O2.- (BAE et al., 1997, 2000; CAMPILLOS et al., 

2008; CERNANEC et al., 2007; LIN et al., 2013; ONYANGO, 2017; R.-M.; K.A., 2010; 

SUNDARESAN et al., 1995). Activation of the small Rho GTPase K-RAS downstream of 

growth factors or its oncogenic mutation has been tightly associated with increased generation 

of superoxide and the incidence of various cancers (MINAMOTO; OUGOLKOV; MAI, 2002).  

The higher levels of ROS can interfere nonspecifically with DNA, proteins, and lipids, 

which disrupt mitochondrial electron transfer chain resulting in the collapse of mitochondrial 

function and the threat of cell survival. Direct or indirect formation of ROS can lead to DNA 

damage (GALARIS; EVANGELOU, 2002). ROS have the ability to trigger apoptosis within 

cells through an apoptotic-signaling program. This is characterized by a number of features that 

ultimately breaks the cell down into a series of smaller units called apoptotic bodies that are 

phagocytized by adjacent cells (MATÉS; SÁNCHEZ-JIMÉNEZ, 2000). Due to the fact that 

cancer cells have increased ROS levels, they may selectively be more susceptible to the harmful 

effects of ROS increases. Increasing ROS production, especially in cancer cells, is likely to be 

difficult, although this is a proposed mechanism for several current chemotherapeutics function 

(ZOU et al., 2017). Similarly, since cancer cells often increase the expression of antioxidant 

elements to maintain homeostasis, the promising approach is to inhibit antioxidants to expose 

cancer cells into endogenously ROS (GORRINI; HARRIS; MAK, 2013; SZNARKOWSKA et al., 

2017).  
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Beside ROS causal role in tumorigenesis, it can also be toxic to the cell and can poten-

tially induce cancer cell death, cell cycle arrest and inhibit cancer progression. Therefore, can-

cer cells are dependent on maintaining the exact ROS levels that allow for pro-tumorigenic cell 

signaling without inducing cell death. The dependence of cancer cells on ROS homeostasis can 

be potentially applied to target them therapeutically. Chemotherapeutic drugs such as taxanes 

(e.g. paclitaxel), vinca alkaloids and anti-folates promote mitochondrial cell death through the 

release of cytochrome c and disrupt the mitochondrial electron transport chain, which leads to 

increased O2.-  production (KAUFMANN; EARNSHAW, 2000; MOUDI et al., 2013; RAMAWAT; 

MERILLON, 2008). Other chemotherapeutics like cisplatin, carboplatin and doxorubicin also 

significantly increase ROS, which is the basis of their antitumorigenic effect (CONKLIN, 2004 

, KOTAMRAJU, et al., 2002). Briefly, cisplatin binds to the N7 reactive center on purine res-

idues and as such can cause DNA damage in cancer cells, blocking cell division, increased RO-

S generation alters the mitochondrial membrane potential and damages the respiratory chain, 

which ultimately triggers the apoptotic process and resulting in apoptotic cell death (refer to 

section 1.6) (RYBAK et al., 1999, VALKO et al., 2006). Carboplatin second-generation plat-

inum anticancer drug undergoes activation inside cells and forms reactive platinum complexes 

that cause the intra- and inter-strand cross-linkage of DNA molecules within the cell. This 

modifies the DNA structure and inhibits DNA synthesis. This may affect a cell in all the phases 

of its cycle. It has been reported that carboplatin could also induce oxidative stress to produce 

ROS, which in turn promoted apoptosis (CHENG et al., 2008). Doxorubicin interacts with DNA 

by intercalation that caused prevention of macromolecule synthesis, ROS generation, DNA 

binding and cross-linkage and DNA damage by inhibition of the progression of topoisomerase 

II, an enzyme which relaxes supercoils in DNA for transcription and induction of apoptosis 

(GEWIRTZ, 1999; RENU et al., 2018; TAKEMURA; FUJIWARA, 2007).  

 

1.5.1.2 Via DNA binding. 

DNA is considered the main target of many transition metal complexes. The availability 

of different coordination geometries allows for the synthesis of complexes with unique stereo-

chemistry that can be used in DNA binding (BRUIJNINCX; SADLER, 2008; PAGES et al., 2015). 

These complexes can interact with DNA through (a) covalent; b) non-covalent (electrostatic); 

(c) intercalation; (d) cleavage by oxidation; (e) cleavage by hydrolysis (BERGAMO; DYSON; 

SAVA, 2018; CAO et al., 2017; DASARI; BERNARD TCHOUNWOU, 2014).  

Most prevalent among covalent interactions with DNA are those involving coordination 

between metal ions and nucleophilic positions on the bases. Transition metal ions are capable 
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of coordinating also to the phosphate oxygen atoms. The ionic versus covalent character of these 

complexes clearly depends on the metal ions involved. Also of interest, but less common, are 

covalent interactions with the sugar moiety (CHANG; MEARES, 1982). The well-known and 

clinically used anticancer agent cisplatin is cytotoxic because of its ability to covalently bind 

DNA (MARKY, et al., 1983). Non-covalently binding agents include (a) intercaltors (b) groove 

-binding agents and (c) electrostatically binding agents/external binding agents. 

Intercalation consists of the insertion of the compound between base pairs, thus unwind-

ing the strands (KEENE; SMITH; COLLINS, 2009; MARKY et al., 1983). Intercalators are 

characterized by having an extended planar aromatic structure (HURLEY, 2002). Intercalation 

can result in lengthens, stiffens and unwinds DNA where the degree of unwinding can vary 

depending on the intercalator (LERMAN, 1961). Barton et al. (1986) studied the metallo-in-

tercalation of the sequence specific rhodium intercalator (BARTON, 1986). Δ-α-[Rh[(R,R)-

Me2trien](phi)]3+, bound to a duplex octamer has been reported by Kielkopf et al. (2000) that 

target the sequence 5’-TGCA-3’ through the involvement of both hydrogen bonding and methyl–

methyl interactions in the DNA major groove (KIELKOPF, et al., 2000, SONG, et al., 2012). 

Groove binding involves direct interaction of the bound molecule with edges of base pairs in 

either of the major (G-C) or minor (A-T) grooves of the nucleic acids. It has been shown that 

copper-phenanthroline [Cu(phen)2]
2+ reversibly bound in the minor groove could cleave the 

DNA (SIGMAN, et al., 1979). Draksharapu et al. (2015) showed the [Cu(dmbpy)(NO3)2] (dmb 

py=4,4′-dimethyl-2,2′-bipyridine), [Cu(bpy)(N-O3)2] engage primarily through groove binding 

with st-DNA (DRAKSHARAPU, et al., 2015).  

In another study, mononuclear and dinuclear Cu2+-complexes with thiophenecarboxylic 

acid, [Cu(3‐TCA)2(2,2′‐bpy)], [Cu(3‐Me‐2‐TCA)2(H2O)(2,2′‐bpy)], [Cu(5‐Me‐2‐TCA)2(H2O)(2,2′ 

‐bpy)] and [Cu2(2,5‐TDCA)(DMF)2(H2O)2(2,2′‐bpy)2] (ClO4)2  (where 3‐TCA=3‐thiophenecarbox 

ylic acid; 3‐Me‐2‐TCA=3‐methyl‐2‐thiophenecarboxylic acid; 5‐Me‐2‐TCA=5‐methyl‐2‐thi-

ophene carboxylic acid; 2,5‐TDCA= thiophene‐2,5‐dicarboxylic acid; 2,2′‐bpy=2,2′‐bipyridyl; 

DMF= N,N‐dimethylformamide), were reported that these compounds bind with DNA in minor 

groove binding (GURUDEVARU, et al., 2018).  

The electrostatic effects between cationic species and the negatively charged DNA 

phosphate backbone are ideal nonspecific interactions that might be important to enhance the 

binding of small molecules (LIPFERT, et al., 2014).  

Structural changes can result in functional changes such as transcription, replication, 

and DNA repair processes suppression (PAGES, et al., 2015). The synthesis of transition metal 
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complexes and investigations of their interaction with DNA has been an active field of re-

search. This is essential for applications in many areas, such as biological and medicinal (ARJ-

MAND, et al., 2012, USMAN, et al., 2017).  

 

1.5.1.3 Via Metallonucleases. 

Nucleases are enzymes capable of catalyzing hydrolysis of nucleic acids by cleaving 

the phosphodiester bonds of nucleic acids. There are two major types of nucleases: exonucle-

ases and endonucleases. Exonucleases are capable of removing nucleotides one at a time from 

a DNA molecule, whereas endonucleases work by cleaving the phosphodiester bonds within 

DNA molecule. DNA cleavage can be achieved through hydrolytic or oxidative mechanisms 

(RITTIÉ; PERBAL, 2008). Artificial metallonucleases have potential uses in gene regulation, 

mapping of protein and DNA interactions, probing of DNA specific structures and cancer therapy 

(WEST; MARNETT, 2006; WOLKENBERG; BOGER, 2002).  

The building blocks of DNA and RNA are linked through phosphodiester functional 

groups and the hydrolytic cleavage can occur by enzymatic catalysts (nuclei) to break the strands 

(COWAN, 2001). Nucleophilic attack of water (or hydroxide) to the phosphodiester backbone 

of DNA give a five coordinate phosphate intermediate which is subsequently cleaved at either 

the P-O3´ or P-O5´causing strand break and yielding the R-OH and R-O-PO3H2 terminus, that 

occur naturally as hydrolytic cleavage of DNA (HADJILIADIS; SLETTEN, 2009). The car-

boplatin and cisplatin exhibited DNA cleavage activity via a hydrolytic pathway in contrast to 

an oxidative pathway observed for the oxaliplatin analogues. 

Copper-bis-phenanthroline complex ([Cu(phen)2]
2+) was the first copper based artifi-

cial nuclease reported in the literature (SIGMAN, et al., 1979). Copper+2-complexes containing 

the sulfonamides sulfameter (smtrH) and sulfadimethoxine (sdmxH) and (NN)-bidentate lig-

ands (2,2'-biyridine or 1,10-phenantroline) [Cu(smtr-)2(phen) and [Cu(sdmx-)2(phen)] has been 

reported by Nakahata et al. (2018) demonstrated nuclease activity by interaction with DNA via 

groove binding and intercalation (NAKAHATA, et al., 2018). 

The ternary Cu+2-Schiff base complexes derived from salicylaldehyde (sal) and amino 

acids and phen or bipyridine (bpy) as co-ligands, [Cu(sal-Gly)(bpy)], [Cu(sal-Gly)(phen)] devel-

oped by Correia et al. (2015) also presented nuclease activity (CORREIA, et al., 2015).  

 

1.6 Platinum-based complexes. 

Within the research area of bioinorganic and medicinal chemistry, two main groups of 

compounds with antitumor activity have been investigated: a) platinum-based complexes e.g. 
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cisplatin and b) non-platinum-based complexes, e.g. titanium, iron, ruthenium, cobalt, copper, 

gold and gallium complexes. 

The ability of cross-links DNA demonstrated by series of antitumor agents including 

platinum-based complexes. Among these compounds, we can highlight the cis-diamminedichlo-

roplatinum (II) (cisplatin) that was discovered accidentally in 1965 as a compound with cytotoxic 

activity, and is widely used in the treatment of cancer (DASARI; BERNARD TCHOUNWOU, 

2014). From this discovery, many analogues of cisplatin have been developed with the aim of 

improving and increase the chemotherapeutic ability. Cisplatin is a flat quadratic Pt(II) coor-

dination compound with two ligands chlorides in cis position. Cisplatin is an important chemo-

therapeutic drug used in the therapy of a broad spectrum of human malignancies such as ovar-

ian, testicular, head and neck, and lung cancer and it is effective against various types of can-

cers, including carcinomas, germ cell tumors, lymphomas, and sarcomas. It is generally ac-

cepted that DNA is the preferential cytotoxic target for cisplatin that bind preferentially the im-

idazole ring of the purines guanosine and adenosine forming monoadducts, intrastrand cross-

links, and interstrand crosslinks (RABIK; DOLAN, 2007). The first step for cisplatin to exert 

its toxic effects is to enter the cells. Several cell membrane transporters have been associated 

with cisplatin transport across the plasma membrane and across the cell. The copper transporter 

1 (Ctr1) assigned to the SLC31A family has been demonstrated to mediate the cellular uptake of 

cisplatin (HOLZER, et al., 2004, LARSON, et al., 2009). The main function of copper trans-

porter 2 (Ctr2, SLC31A2) deemed to reside in mediating the efflux of cisplatin from endosomes 

and lysosomes (BLAIR, et al., 2011). Other copper transporters that have been implicated in 

cisplatin cellular handling are the P-type copper-transporting ATPases ATP7A and ATP7B. 

They both seem to transport platinum out of cells or into specific subcellular compartments 

(HOLZER, et al., 2004, SAFAEI, et al., 2012). The organic cation transporter 2 (OCT2) that 

mediate the transport of organic cations in or out of cells (CIARIMBOLI, et al., 2005). Finally, 

the multidrug and toxin extrusion transporter 1 (MATE1) which may excrete platinum through 

urine and bile (OTSUKA, et al., 2005, YONEZAWA, et al., 2006).  

When cisplatin entering the cell, two water molecules replace the two chlorides, pro-

ducing the active form of cisplatin, which is able, to form adducts with proteins, RNA and 

DNA (KELLAND, 2007) (Figure 8). 
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Figure 8. Cisplatin activation and DNA damage induction. The cisplatin activation process occurs 

by exchange of one or two of its chlorides for water molecules (monoaquated and diaquated, respec-

tively) (KELLAND, 2007). 

 

There are several possibilities of the binding sites for Pt from the bases, N1 of adeno-

sine, N7 of adenosine and guanine, and N3 of cytosine. Like nitrogen mustards, cisplatin reacts 

preferentially with the N7 of the guanine residue forming a monoadduct and subsequently 

forming intra- and interstrand crosslinks. 1, 2-intrastrads are formed more frequently (65%) 

than 1, 3-intrastrands (25%) and 1, 2-interstrand structures that are formed to a lesser extent 

(3-5%) (Figure 9). Cross-linked bonds severely distort DNA double helix that finally leads to 

interruption of the cell cycle and/or leads to apoptosis (KELLAND, 2007, ROCHA, et al., 

2018). 

 

 

Figure 9. Cisplatin can form covalent bonds with DNA. The major DNA lesions are inrastrand DNA 

adducts and interstrand crosslinks. The percentages represent the frequency of each type of DNA damage 

induced by cisplatin (ROCHA, et al., 2018).  
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Cisplatin and its analogues carboplatin and oxaliplatin has a mechanism of action sim-

ilar to alkylating agents (KELLAND, 2007), it forms either monofunctional adducts or intra- 

and interstrand and DNA-protein crosslinks. Cisplatin causes severe side effects such as ne-

phrotoxicity and is associated with resistance, especially in ovarian cancer (MAŁYSZKO, et 

al., 2017). During therapy, resistance may be acquired or be intrinsic to the tumor due to the 

increased tolerance or repair of DNA damage, increased detoxification of cisplatin in the cyto-

plasm and decreased membrane transport into the cell. Carboplatin and oxaliplatin as analogues 

of cisplatin were introduced to overcome some of the resistance and side effects associated 

with cisplatin that both have the same mechanism of action as cisplatin but have different phar-

macological properties (WOODS; TURCHI, 2013; ZAMBLE; LIPPARD, 1995). Side effects 

associated with the platinum drugs as well as tumor resistance limits their use clinically which 

has been further restricted by their poor solubility (1 mg/mL). However clinical success of 

cisplatin has not only led to the development of platinum-based drugs, but also other transition 

metals expecting more efficient in pharmacological, greater drug-to-patient survival, low clin-

ical costs, less side effects and interacting with DNA differently, surpassing the inherent or 

acquired resistance to cisplatin (CHOVANEC, et al., 2017, ELJACK, et al., 2014).  

 

1.7 Copper-based complexes.  

Copper is an essential element for cell growth and development and is vital to proteins 

involved in many biological pathways such as mitochondrial respiration, and DNA synthesis. 

Copper complexes generally show an enhanced anti-proliferative activity (WANG, et al., 2016). 

The cytotoxic effects of copper complexes based on the assumption that the study of endogenous 

copper may be less toxic to normal cells than cancer cells are (SANTINI, et al., 2014).  

Copper compounds act as anticancer agents where their modes of action differ to that 

of cisplatin and its counterparts and are active against platinum resistant cell lines (MASSIM 

ILIANO DAIUTO, 2014). The properties of the copper coordination compounds are determined 

by the nature of the ligands and the donor atoms coordinated to the metal ion. The variety of 

accessible arrangements allows a wide choice of ligands and donor atoms (N, O, S, and halo-

gens) (TISATO, et al., 2010). The redox potential of the physiologically accessible Cu1+/Cu2+(re-

duced cuprous/oxidized cupric) pair varies dramatically depending on the coordination environ-

ment, due to the type of donor, geometry, electronic and stereo effect of the substituent and chela-

tion (MORO-OKA, 1999). 

Cu2+-complexes have been shown to possess a broader spectrum of antitumor activity 

and lower toxicity than platinum drugs and are suggested to be able to overcome inherited and/ 
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or acquired resistance to cisplatin (DENOYER, et al., 2018, SANTINI, et al., 2014). Cu2+-com-

plexes can bind to DNA and act as chemical nucleases, capable of breaking the DNA molecule, 

leading to cell cycle disruption and apoptosis (RAMAN; SOBHA, 2012). DNA cleavage can 

occur by oxidation of the nucleobase, hydrolysis of the phosphate ester, or by the oxidation of 

deoxyribose sugar. Generally, the nuclease activity of Cu2+-complexes is observed in the pres-

ence of oxidizing or reducing agents. This oxidative cleavage of DNA is believed to occur 

through Fenton chemistry, involving the generation of ROS (Cu+ + H2O2 → Cu2+ + OH- + OH.) 

(COLLIN, 2019, O’CONNOR, et al., 2012). On the other hand, there are several Cu2+-com-

plexes capable of cleaving the DNA through a hydrolytic mechanism (MANIKANDAMAT-

HAVAN, et al., 2011, NUNES, et al., 2015). In addition to DNA, other cellular components, such 

as topoisomerases or the proteasome, cyclooxygenases, and mitochondria are emerging as new 

targets of Cu2+-complexes (BOODRAM, et al., 2016,WILSON, et al., 2016, ROCHFORD, et 

al., 2020).  

In recent years, several families of Cu2+-complexes have been studied as potential an-

titumor agents. Cu2+-complexes have been largely investigated as an alternative class of cancer 

therapeutics but to date, only two Cu2+-complexes have reached phase I clinical trials (GALIN 

DOMURILLO, et al., 2015). In contrast to Pt drugs, which covalently bind DNA nucleobases, 

copper derivatives predominantly form non-covalent interactions with DNA either via interca-

lation, electrostatic forces of attraction and/or major or minor groove binding (discussed in 1.6 

section). 

 As noted earlier, Sigman et al., Pioneered research in the late 1970s on Cu2+-complexes 

as potential agents of chemical nuclease when they developed [Cu(phen)2]
2+ capable of inducing 

oxygen dependent DNA cleavage (SIGMAN, et al., 1979). An extensive number of Cu-phen 

derivatives have since been investigated many of which exhibit potent anticancer activities. 

There are numerous examples in the literature of Cu2+-complexes with remarkable an-

ticancer activity. 

Mohammadizadeh et al. (2018) reported the synthesis of a novel Cu2+-complex [Cu(L) 

(phen)] which is (1,10-phenanthroline)[4-bromo-2-((5-chloro-2hydroxyph-enylimino) methyl) 

phenol]copper2+. Effect of [Cu(L)(phen)] on MCF-7 and L929 (normal subcutaneous adipose 

tissue of mouse) cell line showed the IC50 value of 17 µM and 38 µM against MCF-7 and L929 

cell line (breast and normal subcutaneous adipose tissue of mouse), respectively. IC50 values 

for MCF-7 were significantly lower than L929. This result showed that normal cells were less 

sensitive than cancerous cells to the complex. It means the [Cu(L)(phen)] can selectively inhibit 

the growth of the MCF-7 cancerous cells. Furthermore, the cells were treated by IC50 of [Cu(L) 
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(phen)] for 24 h and apoptosis were also tested by Annexin V-fluorescein isothiocyanate (FITC) 

and propidium iodide (PI). The results demonstrated that the [Cu(L)(phen)] complex triggered 

cell death via apoptosis compare to different Cu+2-complexes with mixed ligands especially, 

phen containing complexes (BRAVO-GÓMEZ, et al., 2009, CORREIA, et al., 2015, DEEGAN, et 

al., 2007, DEVEREUX, et al., 2006) that were reported to induce programmed cell death (apop-

tosis) in cervical and breast cancer cell lines (JAIVIDHYA, et al., 2012), we could expect that 

[Cu(L)(phen)] complex possess the potential for development as an anticancer drug for human 

breast cancer (MOHAMMADIZADEH, et al., 2018). 

Among the Cu2+-complexes containing N and O-donor ligands, casiopeinas are the 

most representative Cu+2-complexes with antitumor potential, tested in vitro and in vivo models 

(CARVALLO-CHAIGNEAU et al., 2008; RUIZ-AZUARA; E. BRAVO-GOMEZ, 2010). The 

casiopeinas are of the general formula [Cu (N-N) (O- O)] NO3 or [Cu (N-N) (N-O)] NO3, where 

N-N is a substituted aromatic diimine (1,10 -phenanthroline (phen) or 2,2'-bipyridine (bpy), N-

O is an essential amino acid or peptide and OO is acetylacetonate or salicylaldehyde. The ca-

siopeina [Cu(L)(acetylacetonate)]NO3, with L=(4,4'-dimethyl-2, 2'-bipyridine), named casio-

peina III, has been one of the most investigated prototypes of a wide series of similar complexes 

(BRAVO-GÓMEZ et al., 2009). Casiopeina III showed promising in vivo activity against xen-

ografts of HCT-15 colorectal cancer cells (CARVALLO-CHAIGNEAU et al., 2008). The rel-

ative tumor volume of rats bearing HCT-15 cells showed slow growth, compared to control 

animals when treated with casiopeina III (6 mg/kg, every 4 days until 6 doses). In addition, 

treatment with casiopeina III resulted in cell death by induction of apoptosis. Unfortunately, 

histological analysis revealed a chronic, complex-induced irritative effect for peritoneal necro-

sis (CARVALLO-CHAIGNEAU et al., 2008). The casiopeinas were explicitly designed to in-

teract with genetic material, producing oxidation and DNA fragmentation, through the gener-

ation of ROS after copper reduction (SERMENT-GU-ERRERO , et al., 2011). The synthetic 

study in casiopeina-like compounds has focused on the use of the phen ligand to generate an 

N6-donor ligand [2,9-bis(2',5'-diazahexanyl)-1,10-phenanthroline]. The corresponding com-

plex was shown to be cytotoxic against HeLa (cervical cancer cell line) (IC50 = 1.84 μM) 

(GARCÍA-RAM OS, et al., 2012).  

Schiff bases derived from an amino and carbonyl compound belong to an important 

class of ligands that coordinated to metal ions. The Schiff base coordinated with Cu2+-com-

plexes shows the considerably high anticancer activities (CHAVIARA et al., 2004; PONTIKI; 

HADJIPAVLOU-LITINA; CHAVIARA, 2008). Yan Xia et al. (2019) synthesized Schiff base 

copper coordinated compound SBCCC, considered its effect on human gastric cancer cell lines, 
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SGC 7901 and BGC823. The IC50 of SBCCC in SGC-7901 and BGC-823 cells was 1 μM, and 

compound induces apoptosis and causes cell cycle arrest at the G1 phase. SBCCC induces 

apoptosis via multiple pathways including inhibition of nuclear factor kappa B (NF-κB), ROS 

production and autophagy (XIA, et al., 2019). Maheswari et al. (2005) synthesized [Cu2+ (py-

rimol)Cl] a Cu2+-complex with a Schiff base as a ligand (Hpyrimol). The water soluble Cu2+-

complex, may catalytically bind the DNA, in the absence of reducing agents, by intercalating 

the planar structure of the complex in the DNA base pairs. This complex also showed high 

cytotoxicity in murine leukemia cells (L1210) cisplatin-sensitive and (L1210) cisplatin-resist- 

ant. As well as human ovarian carcinoma cells (A2780), cisplatin-sensitive and (A2780) cis-

platin-resistant. The IC50 (µM) values for cell lines (L1210) cisplatin-sensitive, (A2780) cis-

platin-sensitive and (A2780) cisplatin resistant illustrate 3.6 ± 0.2, 3.4 ± 0.2 and 8.3 ± 0.6, 

respectively that are in the range of that observed for IC50 (µM) of cisplatin 2.3 ± 0.3, 2.3 ± 0.2, 

7.5 ± 0.2. In addition, (L1210) cisplatin-resistant showed IC50 (µM) = 10.3 ± 0.3, which is more 

active than IC50 (µM) of cisplatin 14.2 ± 0.2 (MAHESWARI, et al., 2006). These results are 

promising for a potential clinical program because the activity of this Cu2+-complex is compa-

rable to that of cisplatin drug. 

As the level of prostaglandin found in tumor cells is much higher than normal cells, the 

non-steroidal anti-inflammatory drugs (NSAIDS) coupled with active Cu2+ metal centers may 

play a combined role in the cytotoxic activity of these metal compounds (TAN, et al., 2010). 

NSAIDS inhibit the action of prostaglandins by inhibiting cyclooxygenase (COX) activity of 

the enzyme prostaglandin G/H-synthase. The Cu2+-complexes of salicylic acid [Cu(sal)(phen)] 

and [Cu(3-MeOsal)(phen)].H2O {where 3-MeOsal=3-methoxysalicylic acid} reported by O’C-

onnor et al. (2012) have shown significant cytotoxic activity against MCF-7, prostate (DU145), 

cisplatin resistant ovarian (SK-OV-3), and colon (HT29) cancer cell lines. The IC50 (µM) re-

ported after 24 h treatment by [Cu(sal)(phen)] described as 49.3 ± 2.1 in MCF-7, 7.8 ± 1.2 in 

DU145, 7.1 ± 0.5 in SK-OV-3 and 11.2 ± 2.1 in HT29. Moreover, the cells treated 24 h by [Cu 

(3-MeOsal)(phen)].H2O exhibited the IC50 (µM) of 47.5 ± 3.0, 8.4 ± 0.9, 9.2 ± 0.6 and 12.9 ± 

3.4 in MCF-7, DU145, SK-OV-3 and HT29. In addition, the DNA studies concluded that the 

compounds have a high affinity for binding to DNA through an intercalation mode of binding 

and have the ability to induce relaxation of the supercoiled DNA (O’CONNOR, et al., 2012). 

Similarly, the Cu2+-complexes of piroxicam and meloxicam induced cytopathological changes, 

including DNA damages in HeLa and 8MGBA (glioma cancer cell line) treated cells and 

showed a significant decrease of their viability and proliferation (DYAKOVA, et al., 2015).  
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Imidazo[1,2-a]pyridines have been reported as potential anticancer agents in the litera-

ture. Copper 6-bromo-N-cyclohexyl-2-(pyridin-2-yl)imidazo[1,2-a]pyridin-3-amine acetate (JD88), 

was synthesized by Dam et al. (2017) (DAM et al., 2017). Then, Leonie Harmse et al. (2019) 

reported the effect of this copper-imidazo[1,2-a]pyridines complex (JD88) showing high cyto-

toxicity effect against HT-29 cells with an IC50 value lower than 1 μM. Treatment of HT-29 

cells with the JD88 after 24 h resulted in fragmented nuclei suggestive of apoptotic cell death, 

which was confirmed by increased annexin V binding and caspase-3/7 activity. The Cu2+-com-

plex JD88, caused a loss of mitochondrial membrane potential and increased caspase-9 activ-

ity. The absence of caspase-8 activity indicated activation of the intrinsic apoptotic pathway 

(HARMSE, et al., 2019).  

Thiosemicarbazones (TSCs), and their copper derivatives, have been extensively stud-

ied mainly due to the potential applications as antitumor compounds. Pahontu et al. (2016) re-

ported new Cu+2-complexes, [Cu(L)(H2O)2(OAc)], [Cu(HL)(H2O)2(SO4)], [Cu(L)(H2O)2 (NO3 

)], [Cu(L)(H2O)2(ClO4)], [Cu(L)2(H2O)2], were synthesized from 8-ethyl-2hydroxytricyclotrid 

ecan-13-one thiosemicarbazone (HL) with IC50 (µM) of >10, 1.6 ± 3, 6.4 ± 5, 6.5 ± 4 and 14.2 

±3, respectively, against HL-60 leukemia cells after 24h. The Cu2+-complexes [Cu(HL)(H₂O)₂ 

(SO₄)], including the bidentate NS ligand and sulfato group, demonstrate an important cyto-

toxicity activity for HL-60 cells compared to the other and inhibit malignant HL-60 cell growth 

by IC50 of 1.6 µM after 24 h (PAHONŢU, et al., 2016). García et al reported the synthesis of 

[Cu(PTSC)(ONO2)]n compound, (PTSC=pyridine-2-carbaldehydethiosemicarbazone) that show- 

ed IC50 (µM) of 5.48 ± 0.79 exhibiting potent activity against the SW480 human colon carcinoma 

after 24 h (GARCÍA-TOJAL, et al., 2018). The experimental results indicate that the TSCs and 

their copper derivatives could be candidates for further developments as potential anticancer 

drugs. 

GAMA et al. (2011) synthesized three complexes of Cu2+: chloro [N-(2-hydroxy ben-

zyl-2-pyrazoloyl) imine] Cu+2; bis (-chloro) bis [N- (2-hydroxy-3, 5-dichloro benzyl-2-pyra-

zoloyl) imine] Cu+2 and; chloro [N- (2-hydroxy-3, 5-diiodo benzyl-2-pyrazoloyl) imine] Cu+2. 

All of them exhibited moderate cytotoxicity after 24 h of incubation, in human tumor cell lines, 

prostate cancer (PC3) with IC50 (µM) of 365 ± 51, 196 ± 18 and 95 ± 40, for 1, 2 and 3, 

respectively. For MCF-7 these three complexes showed an IC50 (µM) of 247 ± 47, 97 ± 22 and 

78 ± 23 in chloro [N-(2-hydroxy benzyl-2-pyrazoloyl) imine]) Cu+2; bis (-chloro) bis [N- (2-

hydroxy-3, 5-dichloro-benzyl-2-pyrazoloyl) imine] Cu+2 and; chloro [N-(2-hydroxy-3, 5-diiod 

o benzyl-2-pyrazoloyl) imine] Cu+2, respectively (GAMA, et al., 2011).  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electric-potential
https://www.sciencedirect.com/topics/chemistry/antitumor
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2. Justification 

 

Increasing life expectancy and modern living habits have led to cancer becoming the 

second leading cause of death from disease in the world. For this reason, this disease has be-

come the focus of health surveillance in developed and developing countries. About 70% of 

cancer patients require chemotherapy treatment. Antitumor drugs commonly used in medical 

practice generally lack the ability to fight cancer cells without affecting normal tissues (ASL- 

AM, et al., 2014). As a result, it has a number of side effects and greatly weakens the body. Such 

organic weakness often leaves the body vulnerable to opportunistic diseases and may lead the 

patient to death. In addition, many tumor types are resistant to currently available treatments, 

which is one of the major obstacles to antitumor therapy (HAYES, 2004). In this context, a 

permanent search for more effective treatments becomes necessary. While many chemothera-

peutic drugs are organic-based, the discovery of the anticancer properties of cisplatin by Barnett 

Rosenberg in 1965 and its subsequent introduction into the clinical stage as an anticancer agent 

in 1978, give rise to research into the use of metal-based drugs as an alternative class of anti-

cancer agent (ROSENBERG, et al., 1969). Based on the discovery of cisplatin's antitumor 

properties, studies around the development of new antineoplastic potential coordination com-

pounds have been developed over the years. The use of essential metals in the synthesis of new 

compounds aims to achieve less toxicity to body tissues not affected by cancer. In addition, the 

use of combined chemotherapy is common in order to decrease the concentrations used and 

consequently the collateral damage caused. 

Complexes of other transition metals are being actively explored as alternative classes 

of chemotherapeutics. While the copper complexes reported to date have demonstrated enormous 

potential as anticancer agents, there remains a need for a more systematic, targeted and multidiscipli-

nary approach if a copper complex is to translate from academic research into the clinical setting. 
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3. Objective 

 

 The current study deals with the effects of two novel Cu+2-complexes [Cu2(μ-CH3 COO) 

(OH2)(L2)]·1½H2O (R9) and [Cu2(μ-OH)(OH2)(HL2)]ClO4·2H2O (R10) in different cancer 

cell lines MCF-7, A549 and PC3. We studied the cytotoxicity and genotoxicity impact of R9 

and R10 on cancer cells after 24 h of tratment to detect their mechanism of action.  

 

Specific objectives: 

• Evaluate the effects of Cu+2-complexes on viability of cancer cell lines by MTT assay;  

• Assess the morphology and granularity changed via light field microscope and flow cy-

tometry assay; 

• Evaluate mitochondrial membrane potential by spectrofluorimeter; 

• Estimate intracellular ROS level via flow cytometry assay; 

• Evaluate cell cycle arrest via flow cytometry assay; 

• Evaluate activity of Caspase 8 and 9 through caspases kit by spectrofluorimeter; 

• Evaluate DNA degradation via TUNEL assay; 

• Assess the possibility of DNA binding by competition with propidium iodide; 

• Asses antitumor activity in vivo; 

- Evaluate of toxicity of R9 in Galleria mellonella; 

- Evaluate of toxicity of R9 in in BALB/c mice; 

• Analysis of differential protein expression of MCF-7 cells treated with R10 by prote-

omics;  

• Obtain the proper mechanism action of novel Cu+2-complex derivatives; 
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4. Materials and methods 

 

4.1 Culture and maintain the Cells. 

The human breast (MCF-7), lung (A549) and prostate (PC3) cancer cell lines were ob-

tained from the Cell Bank of Hospital Universitário Clementino Fraga Filho, UFRJ, Brazil. 

Cells were maintained in DMEM (Dulbecco's Modified Eagle's Medium, Sigma-Aldrich), con-

taining 4.5 g/L glucose, 0.32 g/L L-glutamine, and supplemented with 1.65 g/L sodium bicar-

bonate and penicillin-streptomycin (1%) (Gibco). DMEM was supplemented with 10% (v/v) 

FBS (fetal bovine serum; Gibco) in order to reduce the concentration of dimethyl sulfoxide 

(DMSO) below 1%. All solutions remained stable stored in the refrigerator at 4ºC for the period 

of approximately 45 days or in the freezer from -25 to -5°C, for an indefinite period. Cells were 

cultured at 37°C in a humid atmosphere containing 5% CO2. To avoid the use of aged cells, 

the culture medium was exchanged every 48 h with cells being trypsinized (trypsin 0.05%) and 

transferred to a new bottle or experimental plate when reaching 80% confluence. In all exper-

iments, we used less than 20 passages of the cells (each tube of thawed cells was maintained 

for a maximum of 20 trypsinization). MCF10A cells (human mammary epithelial cell line) 

were cultured in DMEM /Ham's F-12 (GIBCO-Invitrogen, Carlsbad, CA) supplemented with 

100 ng/mL cholera toxin, 20 ng/mL epidermal growth factor (EGF), 0.01 mg/mL insulin, 500 

ng/mL hydrocortisone, and 5% chelex-treated horse serum. All of the growth factors were pur-

chased from Sigma (St. Louis, MO, USA). MCF10A cells were subjected to no more than eight 

passages in culture when used in experiments.  

 

4.2 Copper-based coordination compounds used in the study. 

The non-symmetrical ligand N-isonicotinoyl-2-hydroxy-3-{[(2-hydroxybenzyl)(2-pyridyl 

methyl)amino]methyl}-5-methyl benzaldehyde hydrazone (H3L1) (Figure 10A), coordination 

compounds [Cu2(μ-CH3COO)(OH2)(L2)]·1½H2O (R9) (Figure 10B) and [Cu2(μ-OH)(OH2)(HL2)] 

ClO4·2H2O (R10) (Figure 10C), were synthesized by the group of Professor Nicolas Adrián Rey 

from the Pontifícia Universidade Católica do Rio de Janeiro (PUC-RJ) (RAFAELA DOS SANT-

OS MORAES; NICOLÁS ÁDRIAN REY, 2016). The chemotherapeutic drug cisplatin (Sigma, 

P4394-1G) was used as a positive control. Cisplatin was diluted directly into DMEM medium 

supplemented with 10% FBS plus penicillin-streptomycin and fresh solution prepared before 

each experiment. R9 and R10 compound where prepared in 100% DMSO and then diluted so 
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that final concentration did not exceed 1%. Stock solutions of compounds were made at a con-

centration of 1 mg/mL and stored in the refrigerator for up to 3 months. Doxorubicin and men-

adione were used as a control for determination of intracellular reactive oxygen species (ROS) 

and was diluted in DMEM medium, supplemented with 10% FBS plus penicillin-streptomycin, 

and fresh solution prepared before each experiment.  

 

Figure 10. Schematic structures of H3L1, R9 and R10. H3L1 (A) ligand structure and structural pro-

posals for complexes R9 (B) and R10 (C). 

 

4.3 Determination of R9 and R10 cytotoxicity. 

Cellular metabolic activity of MCF-7, A549 and PC3 was performed on the basis of the 

reduction of MTT (3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide, Sigma–

Aldrich Co., St. Louis, MO, USA) to formazan crystals as described by (DENIZOT; LANG, 

1986). The reaction of MTT reduction to formazan purple crystal is mediated by the enzyme 

mitochondrial succinate dehydrogenase. Cells (1.0 × 104 cells/well) were seeded in 96-well 

plates and cultured until confluence. In all experiments, the number of cells in the culture flasks 

was determined by counting in optical microscope using trypan blue. Cells were incubated at 

37 °C and 5% CO2 for 24 h. Then, the culture medium DMEM was replaced with fresh DMEM 
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medium supplemented with FBS (10% V/V) containing different concentrations of the com-

plexes (0.5, 1, 1.5, 2, 2.5, 3 μM) and the cisplatin positive control at the concentrations of 1, 5, 

10, 15, 20, 30, 40 μM. The H3L1 ligand and copper chloride, used for the synthesis of the copper 

complexes, were also tested at the mentioned concentrations. The cytotoxicity of DMSO, used 

in the complex dilution, was evaluated at concentrations of 0.5 and 1%. After 24 h, cells were 

incubated with 100 μL of a 0.5 mg/mL MTT solution in DMEM medium for 3 h. Cells were 

incubated in the dark for proper reduction of MTT and formation of formazan crystals. There-

after, the formazan crystals were dissolved in DMSO (100 μL/well), and the absorbance was 

measured at 570 nm using a microplate reader PowerWave HT (SpectraMax Gemini XPS 190, 

Molecular Devices, CA, USA). All treatment conditions were done in quadruplicate and ab-

sorbance values were expressed as percentage of viability when compared to cells without drug 

treatment. The IC50 was defined as the concentration of the compounds required to reduce the 

viability of treated cells to 50 % in comparison to untreated control cells. The IC50 (half maxi-

mal inhibitory concentration) was calculated by non-linear logarithmic regression using 

GraphPad Prism 7.0 software. Results were calculated from the mean ± standard deviation of 

three independent experiments. 

MCF10A cells (American Type Culture Collection, Manassas, VA) were cultured in 

DMEM/Ham's F-12 (GIBCO-Invitrogen, Carlsbad, CA) supplemented with 100 ng/mL chol-

eratoxin, 20 ng/mL epidermal growth factor (EGF), 0.01 mg/mL insulin, 500 ng/mL hydrocor-

tisone, and 5% chelex-treated horse serum. All of the growth factors were purchased from 

Sigma (St. Louis, MO, USA). MCF10A cells were subjected to no more than 10 passages in 

culture when used in experiments. Cells (1.0 × 104 cells/well) were seeded in 96-well plates 

and treated with different concentrations of the complexes R9 and R10 (0.5, 1, 2, 5, 10, 15 μM) 

and the cisplatin positive control at the concentrations of (1, 5, 10, 15, 20, 30, 40 μM). MTT 

assay was performed as previously described. 

 

4.4 Assessment of cancer cell morphology. 

To evaluate and detect some possible cell morphologic alterations, MCF-7 and A549 

cells (5.0 × 105 cells/well) were seeded in 6 well plates and cultured in DMEM supplemented 

with 10% FBS for 24 h. Then, cells were treated with 1 μΜ copper coordination compounds, 

R9 and R10. After 24 h, the morphological changes of the cells were obtained with the Eclipse 

E200 light field microscope (Nikon, Japan) and compared to control (untreated cells). Cell 

morphology was evaluated after cells trypsinization and wash step (2x) with PBS. The granu-

larity was measured by fluorescence analysis on a flow cytometer (BD FACSCalibur ™) where 
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10,000 events were counted per sample. Histograms were obtained using WinMDI software 

version 2.9. Side scatter and forward scatter of light refraction differentiate the size and gran-

ularity within the cell populations. The results obtained from mean fluorescence intensity of 

two parameters size (FSC) and complexity (granularity) (SSC).  

 

4.5 Evaluation of changes in mitochondrial membrane potential (ΔΨm). 

The loss of mitochondrial electrochemical potential gradient (ΔΨm) is known as an 

early event in apoptosis (SMILEY et al., 1991). Using the cationic, lipophilic dye, JC-1 

(5,5´,6,6´-tetrachloro1,1´,3,3´-tetraethylbenzimidazolocarbocyanine iodide), facilitate the de-

tection of changes in mitochondrial inner membrane electrochemical potential in living cells 

and therefore, is suitable for apoptotic cell detection. In normal cells, due to the electrochemical 

potential gradient, the dye concentrates in the mitochondrial matrix where it forms red fluores-

cent aggregates (J-aggregates) where the emission is 590 nm (red fluorescence). Any event that 

dissipates the mitochondrial membrane potential prevents the accumulation of JC-1 dye in the 

mitochondria and thus, the dye is dispersed throughout the entire cell leading to a shift from red 

(J-aggregates) to green fluorescence (JC-1 monomers), where the emission is 530 nm (green 

fluorescence) (Figure 11). Consequently, mitochondrial depolarization is shown by a decrease 

in the fluorescence intensity ratio (red/green). The MCF-7 and A549 cells were transferred to 

6 well plates in a final volume of 2,000 μL per well, representing 5.0 ×105 cells per well. After 

24 h, the cells were treated with R9 and R10 at the concentration of ½×IC50, IC50 and 2×IC50 

(0.5, 1 and 2 μM) and cisplatin, as a standard chemotherapy drug, at a concentration of IC50 of 

cisplatin on MCF-7 (14 μM) and A549 (32 μM). After 24 h the cells were trypsinized and 

washed twice with PBS. The supernatant was discarded and the cells resuspended in reaction 

medium containing 125 mM sucrose, 65 mM KCl, 10 mM HEPES/K+, pH 7.2, 2 mM Pi, 1 mM 

MgCl2, and 500 μM EGTA. In sequence, cells were incubated with 10 μg/mL JC-1 for 30 min 

with readings every minute in a spectrofluorometer (SpectraMax Gemini XPS, Molecular De-

vices, CA, USA). Cells were incubated with carbonyl cyanide-4-(trifluoromethoxy) phenylhydra-

zone (FCCP) (1 μM), a mitochondrial protonophore, as a positive control of mitochondrial de-

polarization. After 30 min, to remove ΔΨm, FCCP (1 μM) was added to all systems (including 

control) of final concentration of 2 μM. The relative ΔΨm value was obtained calculating the 

ratio between the reading at 590 nm and the reading at 530 nm (590:530 ratio). Histograms for 

measuring the loss of red fluorescence indicating cells with altered mitochondrial membrane 

potential were obtained using GraphPad Prism 7.0 software.   
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Figure 11. Analysis of the mitochondrial membrane potential using the fluorescent probe cationic 

JC-1 dye (SAKAMURU; ATTENE-RAMOS; XIA, 2016).  

 

4.6 Evaluation of ROS production.  

Analysis of the intracellular oxidation/ROS production was performed using the fluo-

rescent probe, 2',7'-dichlorofluorescein diacetate (H2DCFDA), as described by Wang and Yi, 

2008 (WANG; YI, 2008). Cellular ROS levels can be measured in live cells by the conversion of 

H2DCFDA to a fluorescent dye 2’,7’–dichlorofluorescein (DCF) (Figure 12). The fluorescence 

generated is directly proportional to the amount of oxidized H2DCFDA to DCF. Since the emis-

sion of the fluorescent dye is about 529 nm, it can be measured in the FL-1 green channel by 

flow cytometry. Cells (5.0 × 105 cells/well) of MCF-7 and A549 lineages were seeded in 6 well 

plates and grown in DMEM supplemented with 10% FBS for 24 h. After this period, cells were 

treated with the 0.5, 1 and 2 μΜ R9 and R10. Doxorubicin (200 μg/mL) and menadione (30 

μΜ) were used as a positive control. After 24 h, cells were trypsinized and washed twice with 

PBS. Cells were centrifuged for 5 min at 2,000 rpm and the pellet resuspended with 200 μl of 

a 5 μM solution of H2DCFDA diluted in PBS and incubated for 30 min. Fluorescence meas-

urement was performed on a flow cytometer (BD FACS Calibur ™) where 10,000 events were 

counted per sample. Histograms were obtained using Flowing software version 2.5.1. The re-

sults were calculated based on side scatter of light refraction (SSC) versus green fluorescence 

intensity (FL1). 

 

Figure 12. Oxidation of H2DCFDA by ROS (adapted from AG scientific, https://agscientific.Com /ros). 
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4.7 Cell cycle analysis and DNA fragmentation. 

The DNA fragmentation in apoptotic cells translates into a low fluorescence intensity 

in Sub-G1 phase compared with cells in G1 phase of the cell cycle (NICOLETTI et al., 1991). 

The intensity of fluorescence captured by the flow cytometer is directly proportional to the 

amount of DNA in each cell phase (GONG; TRAGANOS; DARZYNKIEWICZ, 1994; NUNEZ, 

2001). Thus, the highest proportion of cells in the G1 phase is characterized by the largest peak 

in the histogram graph. The S phase is characterized by DNA replication, does not form a well-

defined peak and lies between the G1 and G2/M phase of the histogram. The G2/M phase represents 

twice the fluorescence intensity of the G0 phase, thus double of DNA in S phase before mitosis is 

complete. The Sub-G1 phase, which has a lower fluorescence intensity due to DNA fragmen-

tation, is determinant for the identification of apoptotic cells (Figure 13). 

 

 

Figure 13. Different phases of cell cycle. Cell cycle analysis is used to determine the proportion of 

cells in each stage of the cell cycle for a given cell population based on variations in DNA content. Sub-

G1 population is indicated in red. G0/G1 population is in blue, S phase population is in brown, and G2/M 

phase population is in green (adapted from https://www. nexcelom.com/fluorescence-based-cell cycle-

analysis). 

 

In order to determine the changes on the cell cycle of MCF-7 and A549 cells induced 

by R9 and R10, cells were treated or not with Cu2+-complexes and incubated in the presence 

of propidium iodide PI prior to the analysis by flowcytometry. MCF-7 and A549 cells were 

transferred to 6 well plates at a concentration of 5.0 ×105 cells/well in a final volume of 2,000 

μL per well. After 24 h, after reaching confluence, the cells were treated with copper coordi-

nation compounds at concentrations of IC50 (1 μM) or cisplatin at the concentrations of 14 μM 

(IC50 of cisplatin on MCF-7 cell) and 32 μM (IC50 of cisplatin on A549 cell). After 24 h the 

cells were trypsinized and washed twice with PBS (phosphate buffered saline pH 7.4). The 

cells were resuspended in 0.5 mL of PI (100 mg/mL in PBS) containing RNase A (248 U/mL), 
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and the mixture was incubated for 20 min in the dark at room temperature. The fluorescence 

intensity of PI was analyzed with a FACS Calibur (BD Biosciences BD FACSCaliburTM) flow 

cytometer where 10,000 events were counted per sample. Histograms and percentages of cells in 

Sub-G1 as well as G1, S and G2/M phases were obtained through Flowing software version 

2.5.1. The graphs were plotted using GraphPad Prism 7.0 software.   

 

4.8 Induction of DNA fragmentation by TUNEL (apoptosis).  

Analysis of DNA fragmentstion was performed using the TUNEL technique (Terminal 

deoxynucleotidyl transferase dUTP nick end labeling) using the Promega Fluorimetric Kit 

(G3250) according to (GAVRIELI; SHERMAN; BENSASSON, 1992; MURATORI et al., 

2000). The methodology is based on the addition of fluorescein-labeled dUTP to the 3'ends of 

the fragmented DNA by the action of the enzyme rTdT (recombinant terminal deoxynucleo-

tidyl transferase) (Figure 14). Cells from the MCF-7 and A549 were transferred to 6 well plates 

in a final volume of 2,000 μL/well, representing 5.0 ×105 cells/well. After 24 h, the cells were 

treated with the R9 and R10 at a concentration of IC50 (1 μM) and the IC50 of cisplatin on MCF-

7 (14 μM) and A549 (32 μM). After additional 24 h the cells were trypsinized and washed twice 

with PBS. Then, cells were fixed with 1 mL of 4% paraformaldehyde in PBS for 20 min on 

ice, washed again with PBS and permeabilized during incubation with 70% ethanol for a period 

of at least 4 h and left at most one week on ice. Subsequently, the pellets were washed with 

PBS plus 5% FBS and resuspended in 8 μL of equilibration buffer for 5 min at room tempera-

ture. Cells were then incubated for 60 min in 200 mM potassium cacodylate, 25 mM Tris-HCl, 

0.2 mM DTT, 0.25 mM BSA and 25 mM cobalt chloride buffer, 5 μL of the nucleotide mixture 

containing fluorescent dUTP (50 μM fluorescein-12-dUTP, 100 μM dATP, 10 mM Tris-HCl 

pH 7.6 and 1 mM EDTA) and 1 μl of the rTdT enzyme, the latter being substituted in the 

negative control by deionized H2O. The reaction mixture was cautiously resuspended with the 

use of a micropipette every 15 min and 1 mL of 20 mM EDTA was added at the end. The 

mixture was vortexed gently and centrifuged at 3,000 rpm for 5 min. The pellet was washed 

twice with 0.1% Triton X-100 in PBS containing 5 mg/mL BSA and subsequently the cells 

were incubated with 200 μl of 10 μg/mL propidium iodide (PI) and 200 μg/mL RNase A. After 

30 min at room temperature and protected from light, the samples were analyzed on a flow cytom-

eter (BD FACSCaliburTM) where 10,000 events were counted per sample. Histograms were ob-

tained from the plot of red fluorescence intensity (FL3) versus green fluorescence intensity 

(FL1) using Flowing software version 2.5.1. The graphs were plotted using GraphPad Prism 

7.0 software.   
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Figure 14. Demonstration of fragmented DNA from apoptotic cells with the incorporation of flu-

orescein-labeled dUTP by the TUNEL technique. The TUNEL technique is able to quantify the pro-

portion of DNA fragments by binding to dUTP via TdT (MALVEZZI et al., 2014).  

 

4.9 Determination of caspase 8 and 9 activity. 

MCF-7 and A549 cells were transferred to 12-well plates at a final concentration of 2.5 

× 105 cells/mL at a volume of 1,000 μL/well (2.5 × 105 cells/well). After 24 h, cells were treated 

with the copper coordination compounds at a concentration of IC50 of cisplatin on MCF-7 (14 

μM) and A549 (32 μM). After 24 h, cells were trypsinized and 2 × 104 cells were transferred to 

96-well opaque white plate in a final volume of 50 μl of Kit reagent (caspase-Glo® 8assay, 

G8200 and caspase-Glo® 9 assay, G8210). The reaction mixture contains the substrate for 

caspase 8 (Z-LETD -aminoluciferin) or for caspase 9 (Z-LEHD-aminoluciferin) and luciferase 

enzyme. The MG-132 proteasome inhibitor that reduces the degradation of ubiquitin-conju-

gated proteins was also added to the reaction medium to decrease non-cell-specific reactions. 

In this assay, In the absence of active caspase, the caspase substrates do not act as sub-

strates for luciferase and thus produce no light. After the substrates have been cleaved by the 

corresponding caspase, aminoluciferin is released and can contribute to produce of light in a 

luminescence reaction (Figure 20). The resulting luminescent signal is directly proportional to the 

amount of caspase activity in the sample. 

Fifty (50) μL of DMEM medium plus 50 μL of Kit reagent was used as the blank. The 

plates were read on the GloMax® 96 Microplate Luminometer (SpectraMax Gemini XPS, Mo-

lecular Devices, CA, USAcompany). Caspase activity was measured in luminescence units. The 

luminescence of each sample was measured in a plate-reading luminometer with parameters of 

1-minute lag time and 0.5 second/well read time. The results were calculated from the signal 
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generated that is proportional to the amount of caspase activity present. The graphs were plot-

ted using GraphPad Prism 7.0 software.   

 

            
 
Figure 15. Caspase-8 and -9 cleavage of the proluminogenic substrates containing LETD/LEHD. 

Following caspase cleavage, a substrate for luciferase (aminoluciferin) is released, resulting in the pro-

duction of light (adapted from www.promega.com.br). 

 

 

4.10 Competition of Cu+2-complexes with PI on DNA binding. 

The DNA binding dyes can bind to the major or minor groove, may be AT or GC pref-

erential, or may intercalate into the DNA strand itself. PI is an intercalator agent, wedges in 

between the base pairs in the DNA helix. In this assay, we use PI to assess the possibility of 

DNA binding of R9 & R10 in MCF-7 and A549 cell lines by competition with PI as an inter-

calating agent. 

To perform this assay, MCF-7 and A549 cells (5.0 × 105 cells/well) were plated in 6-

well plates. The experiments were carried out by adding of the PI (10 μg/mL) and IC50 concen-

tration of R9/R10 (1 μM) to the cells. PI and each of compounds R9/R10 were added to the 

cells simultaneously. The cells were incubated at room temperature for 1 h. The procedure was 

repeated for 2 and 4 h to make sure if more incubation time has effect on binding process. 

Untreated cells were used as control. The fluorescence intensity of cells with PI and treated 

cells with PI plus R9 or R10, respectively, were measured by fluorimeter (SpectraMax Gemini 

XPS, Molecular Devices, CA, USA).  

 

4.11 Evaluation of toxicity of R9 using animal models.  

4.11.1 Toxicity of R9 in Galleria mellonella model of study. 

After oviposition of great wax moths, the larvae of G. mellonella were obtained and 

maintained in the dark at 21°C with artificial diet (200 g wheat flour, 20 g wheat bran, 200 g 

wheat germ, 120 g beer yeast, 120 g honey, 120 g brown sugar, 400 g milk powder and 120 g 

http://www.promega.com.br/
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glycerol) in relative humidity 70% ± 10% in an incubator without photoperiod. Larvae mainte-

nance is performed periodically, in which all animals are removed from the old feed and placed 

into a clean box with fresh feed. To assess the cytotoxicity of R9 or cisplatin, larvae of G. 

mellonella were selected by similar size (15–20 mm), weight (approximately 200 mg) and ab-

sence of grey pigmentation. As a control, we also tested the cytotoxicity of DMSO 0.2% and 

DMEM in larvae of G. mellonella. Ten larvae were used for administration of 10 μl of a 1 

mg/mL (50 mg/kg of G. mellonella) of R9 or cisplatin by injection (25 μl Hamilton syringe) 

into G. mellonella hemocoel (a body cavity that contains blood or hemolymph and functions 

as part of the circulatory system), via the last left pro leg. After injection, larvae were main-

tained in 90-mm glass dishes without artificial diet in the dark at 28°C. Survival was followed 

daily until 7 days and the number of larvae, pupae and wax moths were monitored until 20 

days. The larvae of G. mellonella were considered dead when no reaction to touch was ob-

served. Survival curve and statistics were designed using Graph Pad Prism 7 software. 

 

4.11.2 Toxicity of R9 in BALB/c mice. 

The experiments involving animals followed the welfare rules approved by the UENF 

Ethics and Research Committee with animals (CEUA protocol nº 349). The mice came from 

the UENF central animal farm, where they were confined in appropriate cages, accommodated 

in suitable facilities. 

Toxicity was analyzed in six-week-old female BALB/c nude mice weighing approxi-

mately 20 g divided into 4 groups of 6 animals. The copper compound (R9) diluted in an ex-

cipient composed of PBS + DMSO (v/v = 23%) was inoculated intraperitoneally at concentra-

tions of 0.8, 8 or 80 mg/kg animal. Animal mortality was verified every 24 h for 30 days. The 

LD50 (lethal dose for 50% of mice) was calculated by nonlinear logarithmic regression analysis 

of the data using Graph Pad Prism 7 software. 

 

4.11.3 Statistical analysis 

The results obtained were calculated from a mean ± standard deviation of at least 3 

independent experiments. Statistical analysis was performed using GraphPad Prism version 7 

software. One-way ANOVA test followed by Tukey: compare all pairs of columns or Dunnett: 

in order to compare the control (untreated) with the samples treated with the compounds sta-

tistical test was used for all experiments. Significant differences were considered as P <0.05. 
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4.12 Analysis of differential expression of protein in breast cancer cells in response to R10 

treatment. 

The aim of proteomics used in this study was to identify the protein expression profile 

after treatment with R10 or cisplatin. Thus, we used proteomics to find whether a 24 h treatment 

with a coordination compound (e.g. R10) was able to produce a different protein expression pro-

file in the breast cancer cell line MCF-7, compared with untreated or cisplatin-treated cells. 

 

4.12.1 Sample preparation. 

MCF-7 cells (1.0 × 106 cells/well) plated in 6 well plate was cultured under 37°C and 5% 

CO2 for 24 h until confluence. Then, the culture medium DMEM was replaced with fresh 

DMEM medium supplemented with FBS (10% V/V) containing R10 at IC50 concentration (1 

μM). For comparison of protein expression profile, cells were also treated with cisplatin (14 

μM). After 24 h of treatment, cells were detached from the substratum by the help of trypsin 

(trypsin 0.05%) (500 μl/well), then cells were collected in 1.5 mL tubes and washed 3 times 

with PBS (phosphate buffered saline pH 7.4). Finally, cells were maintained in 500 μl of PBS. 

 

4.12.2 Protein digestion. 

Cells were reconstituted in a mixture of 100 μl of 100 mM TEAB buffer (Triethylammo-

nium bicarbonate buffer 1 M, pH 8.5 ± 0.1) containing 7 M urea and 2 M thiourea. Cells were 

disrupted by 3 cycles of 30 min freezing and 8 min of thaw in liquid nitrogen. Pellets were 

removed by centrifugation at 20,000 rcf for 30 minutes at 4°C and soluble proteins were trans-

ferred to fresh vials. Protein concentrations were determined using Qubit™ protein assay kit 

(Invitrogen) according to the manufacturer’s instructions. One hundred micrograms (100 μg) 

of protein from each sample has taken and subjected to tryptic digestion protocol that included 

reduction of disulfide bonds in dithiothreitol (DTT) or (tris(2-carboxyethyl)phosphine) (TCEP) 

solution at a final concentration of 10 mM for 1 h at 30°C. Thiol groups were alkylated by 

incubating samples with iodoacetamide (IAA) solution at a final concentration of 40 mM for 1 

h at room temperature in the dark. Trypsin was added at a 1:50 enzyme/protein (W/W) and 

digestion was carried out overnight at 37°C (16 h). The reaction was stopped by adding 10% 

trifluoroacetic acid (TFA) to give a final concentration of 0.1%.  

For peptide cleaning, C18 spin columns were incubated with 200 μL 100% acetonitrile 

(ACN) for 15 min and centrifuge at 2,000 × g for 1 min. The same amount of ACN was added 

and the centrifugation step were repeated. Columns were equilibrated with 150 μL 0.1% TFA 

and centrifuged at 2,000 × g as above (this step was repeated three times). Then 75–150 μL of 
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each sample were added and centrifuged at 2,000 ×g as above. The columns were washed using 

0.1% TFA and centrifuge at 2,000 ×g as above. The wash/centrifugation cycle were repeated 

three times.  

The peptides were eluted in two successive steps into the same collection tube by add-

ing 0.1% TFA/50% ACN and 0.1% TFA/70% ACN followed by centrifugation at 2,000 × g as 

above. Then, the samples were dried during 4 h by vacuum centrifugation. Peptides were sus-

pended in 30 μL of 20 mM TEAB (pH 8.5) and peptides were quantified using the Qubit 2 

fluorometric assay to normalize peptide amounts in each condition (0.5 μg/mL). Each sample 

(0.5 μg/mL) was applied in conical vial subjected to individual analysis by LC-MS/MS anal-

yses to protein identification and quantification.  

 

4.12.3 Analysis by mass spectrometry. 

The mixture of peptides was resuspended in 0.1% formic acid, quantified by Qubit™ 

protein assay kit (Invitrogen), and analyzed in triplicate using a nano- LC Proxeon EASY-nLC 

II coupled to a LTQ-OrbitrapVelos mass spectrometer (Thermo Scientific). Peptides (0.5 

μg/mL) were loaded on to a pre-column (2 cm length, 200 μm inner diameter, packed in-house 

with ReproSilPur C18-AQ 5 μm resin – Dr. Maisch GmbH HPLC) and fractionated in a column 

(15 cm length, 75 μm inner diameter, packed in-house with ReproSilPur C18-AQ 3 μm resin 

– Dr. Maisch GmbH HPLC). Peptides was analyzed in technical triplicate after 3 h of gradient 

(5% to 40% B/167 min; 40% to 95% B/5 min; 95%B/8 min). NanoLC solvent A consisted of 

solvent A (95% H2O / 5% acetonitrile (ACN) / 0.1% formic acid) and solvent B of (95% ACN 

/ 5% H2O / 0.1% formic acid). The full scan and MS/MS acquisition was made in a positive 

mode applying a data dependent acquisition (DDA). The operating parameters of the mass 

spectrometer were dynamic exclusion list of 90 s, spray voltage at 2.5 kV, no auxiliary gas 

flow and 235°C in the heated capillary. Full MS scan was acquired in 60,000 resolutions at m/z 

400 in the Orbitrap analyzer. The 10 most intense ions were selected for fragmentation by 

Collision-Induced Dissociation (CID) with normalized collision energy of 30. MS2 spectra 

were analyzed in the LTQ 30,000-signal threshold, and dynamic exclusion enabled for 30 s 

with a repeat count of 1.  

 

4.12.4 Data analysis. 

The data were analyzed with Proteome Discoverer 2.1. (Thermo Fischer, USA) using 

the SequestHT algorithm Homo sapiens database downloaded from UniProt in May 2019. 

Search parameters were full-tryptic hydrolysis, two missed cleavages, oxidation of methionine, 
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and n-terminal protein acetylation as variable and carbamidomethylation as fixed modifications, 

and a peptide and fragment tolerance of 10 ppm and 0.5 Da, respectively. For the processing 

workflow, we used the Percolator node for peptide -to-spectrum matches (PSM) validation and 

for setting up the false discovery rate (FDR). A cutoff score was established to accept an FDR 

<1%. Proteins were grouped according to the maximum parsimony approach. Protein quanti-

fication was based on the node Precursor Ion Area Detection using the sum of up to three 

peptide peak areas.  

Comparative analyses were carried out with the program Venny 2.1 and Perseus (TYA 

NOVA et al., 2016). For the gene ontology, cellular component, biological processes, and mo-

lecular function of quantified proteins, we used the KEGG program, and Perseus (TYANOVA 

et al., 2016; XING et al., 2016). Proteins whose variation in abundance was statistically signif-

icant by student T-test, in KEGG program (Kyoto encyclopedia of genes and genomes) and 

GraphPad Prism 7.0 software were used for protein regulation pathways and protein-protein 

interaction analyses (OGATA et al., 1999). 
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5. Results 

 

5.1 Cytotoxic activity of two dinuclear Cu2+-complexes on different cancer cells lines.  

In order to investigate the possible cytotoxic effects of Cu2+-complexes, the human cell 

lines representing the three high incidence cancer, lung, breast and prostate were selected for 

in vitro assay (DOGAN, 2019; REBBECK, 2017). The selected cell lines, MCF-7 (breast), 

A549 (lung) and PC3 (prostate), are also widely used as a model for the study of cytotoxicity 

of new drugs (FRANKLIN, 2018; RAZAK et al., 2019; RIBEIRO et al., 2020).  

The cytotoxic activity of Cu2+-complexes was expressed as the half-maximal inhibitory 

concentration (IC50). According to Figure 16 (A and B) we observed the decrease of cell survival 

after treatment of MCF-7, A549 and PC3 with different concentrations (0.5 to 3 μM) of R9 and 

R10 after 24 h. The cytotoxic activity of R9 and R10 was observed from 1 μM concentration 

and at the higher concentrations, whereas no detectable effect at the lowest concentration (0.5 

μM) was observed. The survival of MCF10A cells, used as a control for non-cancer cell line, 

treated with different concentrations of Cu2+-complexes ranging from 0.5 to 15 μM at 24 h is 

illustrated in Figure 16C. Finally, in Figure 16D, we can observe the survival of MCF-7, A549, 

PC3 and MCF10A cells treated with cisplatin (5 to 50 μM) for 24 h. The IC50 of Cu2+-complexes 

and cisplatin were calculated using the "Dose-response curves - Inhibition" equation and "log 

(inhibitor) vs. normalized response -- variable slope" with the aid of GraphPad Prism 7.0 soft-

ware. 

In Table 4, we can observe the IC50 values of metal-based complexes for the A549, 

MCF-7, PC3 and MCF10A cell lines. As shown in the Table 4, we observe a very low IC50 

values, close to 1 μM of Cu2+-complexes being required to kill/disrupt half of metabolic activity 

of all three cancer cells, contrasting with the high IC50 values found for cisplatin (13.74 ± 0.99, 

31.74 ± 2.14 and 36.22 ± 0.44 in MCF-7, A545 and PC3, respectively). Cisplatin was used as 

standard metal-based complex (Pt2+-complex) and chemotherapeutic drug mostly employed in 

cancer chemotherapy. For the MCF-7, A549 and PC3 cell lines treated with R9 we observed 

an IC50 (μM) of 1.01 ± 0.09, 1.02 ± 0.07 and 1.51 ± 0.06, respectively. On the other hand, MCF-

7, A549 and PC3 cell lines exposed to R10 exhibited an IC50 (μM) of 1.27 ± 0.14, 1.23 ± 0.09 

and 1.38 ± 0.16, respectively. Indeed, both Cu2+-complexes showed a significant higher cyto-

toxic activity, almost 14, 32 and 36-times higher than cisplatin in MCF-7, A549 and PC3 cell 

lines, respectively. Therefore, these results show that the Cu2+-complexes have a promising an-

ticancer potential compared to the chemotherapeutic drug, cisplatin. On the other hand, it is 
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interesting to note that MCF10A, healthy breast epithelial cells, as a control for non-cancer cell 

line after treatment with R9 and R10, showed the IC50 (μM) of 8.19 ± 0.87 and 6.93 ± 0.96, 

respectively which is approximately 7-8 times more resistant than MCF-7. The latter result 

demonstrated the enhance activity of the R9 and R10 in cancer cells (MCF-7) if compared with 

the healthy breast epithelial cell line, MCF10A (Figure 16C, Table 4). 

To make sure that the antitumor activity of the Cu2+-complexes was actually caused by 

the complexes, we performed the same assay exposing cells with the ligand, H3L1 alone or 

with the simple salt (copper chloride), both used for the synthesis of the complexes (Figure 

10A and Table 4). As expected, none of these compounds was cytotoxic to the cells. Further-

more, since DMSO in high concentrations may be toxic to cells and it was used as a solvent 

for the dilution of Cu2+-complexes in the concentration of 0.2%, we also tested its cytotoxicity. 

As expected, we did not observe any reduction on the cell viability (Table 4). 

The results obtained from the MTT assay showed that Cu2+-complexes, R9 and R10, 

had almost the same potential for antineoplastic activity against the types of cancer cell lines 

tested. Hence, subsequent analysis was performed only with the breast and lung cancer cell 

lines, exposed or not to Cu2+-complexes or to the standard chemotherapeutic drug, cisplatin. 

The concentrations tested in the other analysis were based on the IC50 values obtained. We used 

Cu2+-complexes with nearly close concentrations to IC50 (1 μM), the half of IC50 (0.5 μM) and 2 

times of the IC50 (2 μM), furthermore, the cisplatin were used in its IC50 concentration of 14 μM 

and 32 μM, in both cell lines MCF-7 and A549, respectively.  
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Figure 16. Effect of R9 and R10 on viability of MCF-7, A549, PC3 and MCF10A. MTT assay of 

MCF-7, A549 and PC3 cells treated with different concentrations of Cu2+-complexes ranging from 0.5 

to 3 μM during 24 h. (A) cell survival of MCF-7, A549 and PC3 cells treated with R9; (B) cell survival 

of MCF-7, A549 and PC3 cells treated with R10; (C) cell survival of MCF10A cells (control for non-

cancer cell line) treated with different concentrations of Cu2+-complexes (R9 and R10) ranging from 

0.5-15 μM during 24 h, and; (D) cell survival of MCF-7, A549, PC3 and MCF10A cells treated with 

cisplatin ranging from 5-50 μM during 24 h. Survival curves were plotted with the aid of GraphPad 

Prism 7.0 software. Data are shown as relative cell survival (mean % ± S.D bar) as compared with that 

in control (n = 3). *p<0.0001 compared to control. All statistics were performed by one-way ANOVA 

using Dunnet.  

 

Table 4: Cytotoxicity effect of R9 and R10 on mammalian cell lines. 

   IC50 (µM)    

 

Cell lines 

 

R9 

 

R10 

 

Cisplatin 

 

H3L1 

 

Cu(ClO4)2.6H2O 

 

DMSO 

MCF-7 

 (Breast cancer) 

1.01 ± 0.09 1.27 ± 0.14 13.74 ± 0.99 >100 >100 >100 

A549 

 (Lung cancer) 

1.01 ± 0.07 1.23 ± 0.09 31.74 ± 2.14 >100 >100 >100 

PC3 

 (Prostate cancer) 

1.51 ± 0.06 1.38 ± 0.16 36.22 ± 0.44 >100 >100 >100 

MCF10A (mammary 

epithelial cell) 

8.19 ± 0.87 6.93 ± 0.96 18.30 ± 1.39    _ _ _ 

IC50 values obtained after 24 h exposure of three different cancer cell lines, MCF-7, A549 and PC3, and 

non-cancer human mammary epithelial cell, MCF10A, to R9, R10, cisplatin, H3L1 ligand and Cu 

(ClO4)2.6H2O.  
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5.2 Assessment of cancer cell morphology. 

A simple observation on light microscopy corroborated the action of R9 and R10 to the 

probable cell alterations that can be indicative of cell death due to apoptosis. The treatment of 

MCF-7 and A549 cells with both R9 and R10 revealed some relevant morphological changes 

when compared to untreated cells (Figure 17). The population of attached cells in the control 

after 24 h is shown in Figures 17. For cells treated with R9 and R10 at IC50 concentration, we 

noted changes in the cell morphology after 24 hours of exposure, with cells detached from the 

well plate bottom and shrinkage appearance (Figure 17). The most significant alterations were 

rounding shape with swollen of cell body after treatment with both R9 and R10 (Figure 17).  

We further analyzed the relative granularity of cells using flow cytometer. Side scatter 

(SSC) and forward scatter (FSC) of light refraction differentiate the granularity and size within 

the cell populations. Granularity was measured by mean of side scatter height using flow cy-

tometry (Figure 18A). Illustrative dot plots of MCF-7 and A549 treated with R9 and R10 during 

24 h obtained by FACS analysis showed the increase in cell population in y axis (side scatter 

height SSC), suggesting that treated cells are granulocytic and have a high side scatter of light 

refraction compare to the untreated cells (Figure 18A). According to Figure 18B, we can ob-

serve an increase in granularity of MCF-7 after treatment with R9 and R10. The granularity 

was 2 and 2.6 times higher than the untreated MCF-7 cells, respectively. Moreover, in A549 

treated with R9 and R10, the increase in granularity was 1.5 and 1.4 times higher than that was 

observed by the untreated A549 cells, respectively. Our results revealed that Cu2+-complexes 

affect granularity of MCF-7 and A549 cells (Figures 17 and 18B). 

 

Figure 17. Change in morphology of MCF-7 and A549 cells after treatment with Cu2+-complexes. 

Cells were treated with IC50 of both Cu2+-complexes, and after 24 h pictures have been taken by NIKON 

Eclipse TS-100 inverted microscope. Data are represented as mean  S.D of at least 3 independent 

experiments (n=3). 
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Figure 18. Cu2+-complexes, R9 and R10, increase cell granularity in MCF-7 and A549 cells. MCF-

7 and A549 cells were treated with IC50 values of Cu2+-complexes for 24 h followed by flow cytometry 

analysis. (A) Plots of forward scatter (FSC) versus side scatter (SSC) are shown. (B) The bar diagram 

shows the mean in relative granularity of MCF-7 and A549. Data are represented as mean  S.D of at 

least 3 independent experiments (n=3). *p<0.0001 compared to control. All statistics were performed 

by one-way ANOVA using Dunnet. 

 

5.3 Evaluation of changes in mitochondrial membrane potential (ΔΨm). 

Detection of mitochondrial membrane potential changes can be followed by JC1 fluoro-

phore staining. Our results show a downward trend of red fluorescence (J-aggregates) in both the 

MCF-7 and the A549 cancer cell lines treated with Cu2+-complexes (Figure 19A and C, 20A and 
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C). The 24 h treatment of cells with R9 and R10 ensuing incubation for 30 minutes with fluoro-

chrome JC1 demonstrated a significant reduction in ΔΨm compared to untreated MCF-7 cells 

(Figure 19A and 19B) and in A549 cells (Figure 20A and 20B). After 34 min of reaction, 2 μM 

FCCP, the classical inhibitor of the mitochondrial function, was added to all systems in order 

to completely collapse the ΔΨm. 

The results indicated a marked reduction in mitochondrial polarization of MCF-7 and 

A549 with both Cu2+-complexes at the concentration of ½×IC50, IC50 and 2×IC50 (Figure 19A, 

19B, 20A and 20B). Cisplatin also induced the reduction in mitochondrial membrane potential 

at IC50 concentration in MCF-7 and A549 (Figure 19B and 20B). The reduction caused by 

cisplatin was 2.65 times higher in MCF-7 cells than that of in A549 (Figure 19A and C, 20A 

and C). Nearly complete depolarization of the mitochondrial membrane potential occurred at 

concentrations of 2×IC50 in MCF-7 (Figure 19A and B) and in A549 cells (20A and B). As 

expected, the addition of the classical inhibitor of the mitochondrial function reduced the mi-

tochondrial membrane potential in all the systems (Figure 19A and C, 20A and C). 

Treatment of the MCF-7 cells with both R9 and R10; result in mitochondrial depolari-

zation via dose-dependent manner. Interestingly, both Cu2+-complexes at IC50 concentration 

showed the same amount of reduction in mitochondrial membrane potential as cisplatin (3.7 

times lower than the control), and the Cu2+-complexes at 2×IC50 concentration displayed the 

same reduction in ΔΨm as the FCCP (5.8 times lower than the control) (Figure 19B, D). On 

the other hand, the decrease in ΔΨm in A549 via treatment with both Cu2+-complexes was even 

more interesting in comparison to cisplatin (Figure 20B, D). The Figure 20B and D showed that 

mitochondrial membrane depolarization occurred at IC50 concentration almost 2 times more 

than that of in control that is significantly higher than cisplatin (1.5 times higher than control) 

in both R9 and R10. 

 

 

 



51 
 

 

  

Figure 19. Evaluation of mitochondrial membrane potential (ΔΨm) in MCF-7 cells treated with 

Cu2+-complexes R9 and R10. Graphical representation of the level of ΔΨm, expressed as fluorescence 

arbitrary units (FAU) in MCF-7 cells treated with R9 (A) and R10 (C). The arrow indicates the time 

point (34 min) at which the uncoupler FCCP (2 µM) was added to the reaction system to collapse ΔΨm. 

ΔΨm values (expressed as FAU) shown in bar diagram before (34 min) and after (40 min) the addition 

of the uncoupler FCCP in MCF-7 cells treated with R9 (B) and R10 (D). P values were obtained com-

paring the control cells with the treated groups, and the * indicates that P<0.05. Statistics were per-

formed by one-way ANOVA using Tukey.  
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Figure 20. Evaluation of the mitochondrial membrane potential in A549 cells treated with Cu2+-

complexes, R9 and R10. Graphical representation of the level of membrane mitochondrial potential, 

expressed as fluorescence arbitrary units (FAU), in A549 cells treated with R9 (A) and R10 (C). The 

arrow indicates the time point (34 min) at which the uncoupler FCCP (2 µM) was added to the reaction 

system to collapse mitochondrial potential of cells. ΔΨm values (expressed as FAU) shown in bar dia-

gram before (34 min) and after (40 min) the addition of the uncoupler FCCP in A549 cells treated with 

R9 (B) and R10 (D). P values were obtained comparing the control cells with the treated groups, and 

the * indicates that P<0.05. Statistics were performed by one-way ANOVA using Tukey. 

 

5.4 Evaluation of ROS production.  

Decreased mitochondrial dehydrogenase assessed by MTT and morphological changes 

in cells, as well as a decrease in mitochondrial membrane potential, may be associated with 

cell death due to apoptosis. Evaluation of mitochondrial membrane potential showed potential 

damage to mitochondria and as a result may increase ROS production. Since cells constantly 

generate ROS during aerobic metabolism, the maintenance of oxidative balance is very imp-

ortant for cells; the powerful antioxidant system of cells can control the level of ROS to bypass 

the overproduction of ROS. In this context, ROS and the oxidative damage are thought to play 

an important role in many human diseases including cancer (SULLIVAN; CHANDEL, 2014).  

Quantification of intracellular oxidation can be easily accomplished by using the 

cell permeable fluorescent probe, 2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA), which 

when oxidized emits fluorescence and directly measures the redox state of a cell. The control 



53 
 

stands for the cells exposed to fluorescent probe but not Cu2+-complexes, whereas the positive 

control was carried out with cells treated with doxorubicin and menadione to make sure that 

the assay was properly performed. The fluorescence intensity (FI) represented the percentage 

of ROS (ROS%), and the mean fluorescence intensity (MFI) displayed the amounts of ROS 

produced after the effect of Cu2+-complexes, doxorubicin and menadione in cancer cell lines.  

The FI to represent the percentage of ROS (ROS%), showed that the MCF-7 cell line 

underwent an increase in intracellular oxidation as a result of treatment with the ½×IC50, IC50 

and 2×IC50 concentrations of R9, reaching about 1.8, 2.2 and 2.3 times higher than untreated 

cells, in MCF-7 respectively (Figure 21A). The obtained results for R10 showed that cells ex-

posed to the same concentrations presented similar increase in ROS%; 1.8, 2.1 and 2.4 times 

higher than the untreated cells in MCF-7 (Figure 21B). On the other hand, the amounts of ROS 

produced (mean fluorescence intensity MFI) in MCF-7 by the effect of R9 and R10 at the 

concentrations of IC50 and 2×IC50 were about (2 and 3.4) as well as (2 and 3.7) times higher 

than the control, respectively (Figure 21C and D). Our results of ROS% in A549 treated with 

R9 and R10 at the concentrations of ½×IC50, IC50 and 2×IC50 revealed an increase of 2.1, 2.8 

and 3.5 times and 2.1, 2.7 and 3.5-times higher fluorescence intensity compared to the control, 

respectively (Figure 22A and B). However, the mean fluorescence intensity MFI of ROS 

amounts calculated (1.9, 3.7 and 4.2) and (2.4, 4.1 and 4.6) times higher than control in A549 

treated with R9 and R10 at the concentrations of ½×IC50, IC50 and 2×IC50, respectively (Figure 

22C and D). 

 It is clearly seen in Figures 21A and B as well as 22A and B that upon R9 and R10 

treatment, even in lowest dose (½×IC50) the ROS generated cell percentage is increased in 

comparison to the control in both cell lines. In addition, our results suggest that Cu2+-complexes 

treatment induced ROS production is dose-dependent (Figure 21A and B, 22A and B). The 

increase in the amount of ROS produced after R9 and R10 treatment was significant and dose-

dependent in both cell lines (Figure 21C and D, 22C and D). Moreover, the amount of ROS pro-

duced after treatment in both cell lines was higher as compared to control except for ½×IC50 of 

R9 and R10 in MCF-7 (Figure 21C and D). Results showed that the significant increase of ROS 

at IC50 concentration after treatment with both compounds in both cell lines in a dose dependent 

way. 
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Figure 21. ROS production by MCF-7 cells treated with Cu2+-complexes, R9 and R10. Cells were 

treated for 24 hours in presence of ½×IC50, IC50, 2×IC50 R9 (A and C) and R10 (B and D) or doxorubicin 

(200 μg/mL) and menadione (30 μΜ). Doxorubicin and menadione were used as positive control for 

ROS production. Fluorescent intensity of ROS% in MCF-7 cells treated with R9 and R10 is displayed 

in (A) and (B). The mean fluorescent intensity (the amount of ROS produced) in MCF-7 cells treated 

with R9 and R10 is displayed in (C) and (D). Mean ± S.D of 3 independent experiments (n=3). 

*p<0.005, compared to control. All statistics were performed by one-way ANOVA using Tukey. 
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Figure 22. ROS production by A549 cells treated with Cu2+-complexes, R9 and R10. Cells were 

treated for 24 hours in presence of ½×IC50, IC50, 2×IC50 R9 and R10 or doxorubicin (200 μg/mL) and 

menadione (30 μΜ) used as positive control. Results were obtained by flow cytometer as described in 

materials and methods. The bar diagram is displayed the fluorescent intensity of percent of ROS pro-

duced in A549 cells treated with R9 (A) and R10 (B), doxorubicin and menadione. The mean fluores-

cent intensity showed the amount of ROS produced in A549 cells treated with R9 (C) and R10 (D), 

doxorubicin and menadione. Mean ± S.D of 3 independent experiments (n=3). *p<0.005, compared to 

control. All statistics were performed by one-way ANOVA using Tukey. 

 

5.5 Cell cycle analysis and DNA fragmentation. 

Cell cycle control or checkpoints play an important role in maintaining the fidelity and 

integrity of genome replication and repair. Regarding to DNA fragmentation, it may arise as a 

consequence of the process of apoptosis induced by the activation of caspase enzymes via an 

extrinsic and/or intrinsic signaling pathway. Furthermore, DNA fragmentation may also occur 

under conditions that directly cause DNA damage and therefore may stimulate the process of 

apoptosis through signaling pathways independent of caspase activation (FAVALORO et al., 

2012; LIU; BALIGA, 2005).  
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In order to verify the DNA fragmentation occurred by the treatment of MCF-7 and 

A549 cells with both Cu+2-complexes, we decided to evaluate the cell cycle phases as well as 

detection of cells with DNA content in Sub-G1 Phase. Cell-to-cell phases and cells with DNA 

fragmentation (Sub-G1) were analyzed with propidium iodide (PI). Figures 23(A-D) and 24(A-

D) represent the distribution of MCF-7 and A549 cells into phase/point where fragmented 

DNA is detected (Sub-G1) after R9 and R10 treatments. Distribution of the cell cycle phases 

shown in the MCF-7 untreated cells (Figure 23A) and after treatment with cisplatin (Figure 

23B), R9 (Figure 23C) and R10 (Figure 23D) at IC50 concentrations of each. The untreated 

control represented in A549 (Figure 24A), and after treatment with cisplatin (Figure 24B), R9 

(Figure 24C) and R10 (Figure 24D) at IC50 concentrations. In comparison with the untreated 

control, the number of cells shift to the left (Sub-G1) was evident in both cancer cell lines in 

all treatments. Furthermore, the number of cells decreased in all cell cycle phases, G1, S and 

G2/M phases after R9 and R10 treatment in both cancer cell lines (Figures 23(A-D) and 24(A-

D)).   

Treatment of both cancer cell lines with R9 and R10 caused the DNA content distribu-

tion decreased and this phenomenon indicated that Cu+2-complexes had an effect on cell cycle 

progression. After R9 and R10 exposure with MCF-7 cells, the cell population (cell percent-

age%) increase in the Sub-G1 phase raised from 0.47% to 86.21% and 77.66%, respectively. 

The G1 phase decreased from 68.05% to 11.65% and 19.76%, the S phase decreased from 

13.89% to 3.24% and 2.29% and G2/M decreased from 20.50% to 1.65% and 3.98% in MCF-

7 cells treated with R9 and R10, respectively (Figure 23E and F). In contrast, A549 cells treated 

with R9 and R10, showed the increase in the percentage in Sub-G1 phase from 0.49% to 

66.89% and 47.05%, respectively. Reduction in G1 phase occurred from 64.33% to 24.56% 

and 46.47%, reduction in S phase occurred from 13.89% to 2.29% and 3.57% and reduction in 

G2/M phase occurred from 20.50% to 3.98% and 1.91% in A549 cells treated with R9 and 

R10, respectively (Figure 24E and F). 

In comparison with untreated cells, we observed a high induction of DNA fragmenta-

tion in Sub-G1 phase in MCF-7 cells after R9 and R10 treatment (277.4 and 165.2 times higher 

than the control) (Figure 23E and F). Whereas, in A549 the DNA fragmentation was 136.5 and 

96 times higher than that of untreated cells (Figure 24E and F). Furthermore, Figure 23E dis-

played that the percentage of DNA in Sub-G1 phase in MCF-7 untreated cells change from 

0.47% to 51.39% after treatment with cisplatin (Figure 23E and F). The G1, S and G2/M phase 

decreased from 68.05%, 8.13% and 18.97% to 41.83%, 3.11% and 3.17% in A549 cells treated 

with cisplatin, respectively. Whereas, in A549 cells treated with cisplatin the percentage of 
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DNA in Sub-G1 phase increased from 0.49% to 20.63% (Figure 24E and F). In addition, G1, 

S and G2/M phase decreased from 64.33%, 13.89% and 20.50% to 72.94%, 3.34% and 1.65% 

in cisplatin-treated A549 cells, respectively (Figure 24E and F). Therefore, cisplatin exposure 

induced DNA percentage in the Sub-G1 phase that is 109.3 and 42 times higher than in un-

treated cells in MCF-7 and A549 cells (Figure 23E and F, 24E and F). 

At the IC50 concentration of R9 and R10, the levels of cells with DNA fragmentation 

and consequently apoptosis reaches more than 50% in both tested cell lines (Figure 23E and F, 

24E and F) that is significantly higher than the DNA fragmentation induced by cisplatin. The 

comparison with cisplatin demonstrated the percentage of DNA in Sub-G1 phase showed 1.6 

and 1.5 times more in MCF-7 treated R9 and R10, respectively and 3.2 and 2.2 times more in 

A549 treated R9 and R10, respectively (Figure 23E and F, 24E and F). Therefore, both Cu+2-

complexes demonstrated a significant greater capacity to induce DNA fragmentation. 
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Figure 23. Analysis of DNA fragmentation during treatment with Cu2+-complexes, R9 and R10 in 

MCF-7 cells. After treatment with Cu+2-complexes or cisplatin, the cells were incubated with propid-

ium iodide (10 μg/mL) containing 200 μg/mL of RNase A. The amount of DNA was measured by flow 

cytometry. The distribution of the cells through phase/point (Sub-G0 or Sub-G1, G0/G1, S, G2/M) from 

left to right in MCF-7 untreated cells (A), cells treated with cisplatin (B), R9 (C) and R10 (D) at IC50 

concentration. Quantification analysis of G0/G1, S and G2/M cell cycle from flow cytometry where the 

cell cycle percentages were derived from flow cytometric analysis of MCF-7 cells treated with R9 and 

R10 (1 μM) (F). The mean percentage of cells in Sub-G1 (E) is an indicative of cells in the process of 

apoptosis caused by treatments with Cu2+-complexes or cisplatin. *Statistically different in relation to 

the untreated cells, p <0.0001 #statistically different in relation to cisplatin p <0.0001. Statistics were 

performed by two-way ANOVA using Dunnet. 
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Figure 24. Analysis of DNA fragmentation during treatment with Cu2+-complexes, R9 and R10 in 

A549 cells. After treatment with Cu+2-complexes or cisplatin, the cells were incubated with propidium 

iodide (10 μg/mL) containing 200 μg/mL of RNase A. The amount of DNA was measured by flow 

cytometry. The distribution of the cells through phase/point (Sub-G0 or Sub-G1, G0/G1, S, G2/M) from 

left to right in A549 untreated cells (A), cells treated with cisplatin (B), R9 (C) and R10 (D) at IC50 

concentration. Quantification analysis of G0/G1, S and G2/M cell where the cell cycle percentages were 

derived from flow cytometry analysis of MCF-7 cells treated with R9 and R10 (1 μM) (F).  Percentage 

of cells in Sub-G1 (E) as an indicative of cells in apoptosis caused by treatment with Cu2+-complexes 

or cisplatin. *Statistically different in relation to the untreated cells, p <0.0001 #statistically different in 

relation to cisplatin p <0.0001. Statistics were performed by two-way ANOVA using Dunnet. 

 

5.6 Induction of DNA fragmentation by TUNEL (apoptosis).  

Although we observed an increase in the percentage of MCF-7 and A549 cells in Sub-

G1 after Cu+2-complexes treatment, we searched for an additional experiment to confirm the 
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occurrence of DNA fragmentation. Thus, we used the TUNEL technique to determine whether 

the cause of death could be a consequence of the apoptosis process. The results were analyzed 

through dot plots as shown in Figure 25A and 26A. The number of cells with DNA degradation 

can be showed by the red fluorescence intensity (FL3) (PI) versus green fluorescence intensity 

(FL1) (dUTP) where it is possible to verify the displacement of green fluorescence intensity in 

FL1-H. This is associated to the number of cells with DNA degradation that might be related to 

the apoptotic cells after treatment with Cu+2-complexes and cisplatin in comparison to untreated 

cells. Figures 25A and 26A represent the induction of DNA fragmentation in both MCF-7 and 

A549 cell lines after Cu+2-complexes and cisplatin at the IC50 concentration. It is shown that 

the population of cells with fragmented DNA that may be related to the apoptotic cells moved 

from the left to the right quadrant and has been detectable by green fluorescence intensity (FL1) 

in both treated cell lines (Figure 25A and 26A). Untreated MCF-7 and A549 cells showed 

16.8% and 20.8% of cells with DNA degradation, respectively (Figure 25B and 26B). The 

treatment with the Cu+2-complexes (R9 and R10) at the IC50 concentration prompted the in-

crease in the percentage of cells with DNA degradation to 60.2% and 61.2% in MCF-7 and 

43.6% and 45.3% in A549, respectively (Figure 25B, 26B). In comparison to the untreated 

cells, the percentage of DNA fragmentation induced by R9 and R10 in MCF-7 were 3.5 and 

3.6 times higher than the control, respectively (Figure 25B). On the other hand, the R9 and R10 

complexes induced about 2 times higher the percentage of DNA degraded cells compare to the 

control in A549 (Figure 26B). These results corroborate with detection of Sub-G1 cells. In both 

cell lines, Cu+2-complexes and cisplatin showed almost the same amount of DNA degradation, 

which is different from those obtained in Sub-G1 analysis (Figure 25B, 26B). 
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Figure 25. Induction of DNA fragmentation in MCF-7 cells treated with the Cu2+-complexes, R9 

and R10 complexes. The MCF-7 cells were treated with the IC50 concentrations of R9, R10 and cis-

platin for 24 h at 37ºC. At the end of the incubation period, the cells were washed, fixed with 4% 

paraformaldehyde and permeabilized with 70% ethanol and then used for TUNEL staining, for detect-

ing DNA with the free OH'3 end. (A) is a representative image of histograms presenting the percentage 

of cells with DNA degradation in MCF-7 treated with R9, R10 and cisplatin. (B) is represented the 

mean percentage of TUNEL positive cells with DNA degradation. (*) difference statistically significant 

in relation to control, p <0.0001. Statistics were performed by one-way ANOVA using Dunnet. 

 

  

Figure 26. Induction of DNA fragmentation in A549 cells treated with the Cu2+-complexes, R9 

and R10 complexes. The A549 cells were treated with the IC50 concentrations of R9, R10 and cisplatin 

for 24 h at 37ºC. At the end of the incubation period, the cells were washed, fixed with 4% paraform-

aldehyde and permeabilized with 70% ethanol and then used for marking with the TUNEL probe, for 

detecting DNA with the free OH'3 end. Panel A is the dot plots representative results of percentage of 

cells with DNA degradation in A549 treated with R9, R10, and cisplatin (A). Bar graph shows the 

percentage of cells with DNA degradation (B). (*) difference statistically significant in relation to con-

trol, p <0.0001. Statistics were performed by one-way ANOVA using Dunnet. 
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5.7 Determination of caspase 8 and 9 activity. 

Apoptosis cell death can occur by an extrinsic and/or intrinsic cellular signaling pathways 

with the consequent activation of specific caspases for each signaling pathway or even inde-

pendently of the caspases. To verify which signaling pathway could be activated during treatment 

with the Cu2+ -complexes, we determined the activity of caspase 8 and 9 enzymes because acti-

vation of caspase 8/10 and caspase 9 occurs in the first stage of signaling by extrinsic and intrinsic 

pathways, respectively (COHEN, 1997). For this assay, MCF-7 and A549 cell lines were treated 

for 24 h with the IC50 concentration (1 μM) of the Cu2+-complexes and cisplatin. According to 

the Figure 27A and C, we can observe that in both cancer lines, MCF-7 and A549, caspase 8 was 

not activated by the treatment with Cu2+-complexes. On the other hand, when we analyzed the 

activity of caspase 9, we verified a significant increase in the activity of this enzyme (Figure 

27B and D). The relative caspase 9 activity of untreated MCF-7 and A549 cells was 311.2 RLU 

(the number of relative light units). The relative caspase 9 activity calculated for MCF-7 cells 

treated with R9 and R10 reached to 684.4 RLU and 590.3 RLU, respectively. Thus, the treat-

ment with Cu2+-complexes showed a 2.2 and 1.9-fold increase in caspase 9 activity in compar-

ison to untreated cells. Regarding to caspase 9 activity in A549 cells, the treatment with Cu2+-

complexes increased to 891.1 RLU and 802.7 RLU, respectively, it represented a 2.8 and 2.5-

fold increase in caspase 9 activity (Figure 27B and D). Moreover, cisplatin-treated MCF-7 and 

A549 exhibited the relative caspase 9 activity of 785.4 RLU and 1241.8 RLU, respectively. 

Comparison of the active caspase 9 measured in cisplatin-treated MCF-7 and A549, revealed 

that the cisplatin showed non-significant difference compare to the R9 and R10-treated MCF-

7 cells. However, in A549 cells, cisplatin displayed 1.5 times more relative caspase 9 activity 

compare to the R10-treated A549 cells. 
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Figure 27. Caspase 8 and 9 activities in the MCF-7 and A549 cells after the treatment with the 

Cu+2-complexes, R9 and R10. Cells were treated with Cu+2-complexes at IC50 concentration or cispla-

tin at 32 μM and 14 μM in A549 and MCF-7 cell lines, respectively, for 24 h. A and B represent the 

relative activity of caspase 8 and caspase 9 in MCF-7 cells. C and D represent the relative caspase 8 

and caspase 9 activity in A549 cells. The results represent the mean and standard deviation of at least 

three independent experiments. (*) statistically different in relation to control. p*<0.003 one-way 

ANOVA using Dunnet. 

 

5.8 Competition between Cu+2-complexes and PI for DNA binding. 

Propidium iodide (PI) is a fluorescent intercalating agent that can bind between DNA bases 

with no sequence preference. In order to find whether both Cu2+-complexes can bind to DNA as 

an intercalating agent, we performed the assay based on competition with PI. The MCF-7 or 

A549 cells treated only with PI was used as our control in this experiment. Results indicated that 

the percentage of fluorescent MCF-7 cells (%) treated with IC50 concentration of R9 and R10 

was the same, 3.57%, showing no significant changes in comparison to untreated MCF-7 cells 

(3.3%). On the other hand, A549 treated with IC50 concentration of R9 and R10, represented 

the fluorescent cells percentage of 1.35% and 1.32%, respectively where there was no signifi-

cant difference compared to the untreated cells (1.34%) (Table 5). In both cell lines treated 
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with Cu2+-complexes we could not see any significant changes in % of fluorescent cells/fluo-

rescence intensity as compared to control. These results confirm that Cu2+-complexes cannot bind 

to DNA as an intercalating agent. 

 

Table 5. Competition between R9 and R10 with PI for DNA binding in MCF-7 and A549 cells. 

Systems Concentration of  

Cu2+-complexes (µm) 

Fluorescence 

intensity 

% of fluoresent 

cells 

MCF-7 cells - 18.54 ± 0.08 0.29 ± 0.08 

MCF-7 cells + PI - 73.39 ± 0.09 3.30 ± 0.08 

MCF-7 cells + R9 + PI 1 77.53 ± 0.75 3.57 ± 1.41 

MCF-7 cells + R10 + PI 1 80.10 ± 1.43 3.75 ± 1.13 

A549 cells - 33.23 ± 0.06 1.65 ± 0.07 

A549 cells + PI - 84.56 ± 0.05 1.34 ± 0.07 

A549 + R9 + PI 1 86.89 ± 1.07 1.35 ± 1.06 

A549 + R10 + PI 1 85.63 ± 1.61 1.32 ± 1.17 

 

5.9 Evaluation of R9 toxicity using in vivo models. 

5.9.1 Toxicity of R9 in Galleria mellonella model of study. 

The larvae of the greater wax moth have been shown to be an excellent model organism, 

convenient and inexpensive that replaces the use of small mammals for in vivo toxicity experi-

ments. Toxicity was carried out by injecting R9 or cisplatin at 1 mg/mL (50 mg/kg of G. 

mellonella) dose, as well as DMEM and DMSO 0.2%. After injection, the survival of larvae 

was evaluated up to 7 days in the dark. Analysis of the representative survival curve of G. 

mellonella larvae treated with DMSO and DMEM did not show any change in the percentage 

of survival as compared to the untreated larvae (Figure 28).  

 It was observed that, after R9 treatment, the survival rate decreased in 10%, only at the 

5th day and continued on day 6th to 20% reaching 30% at the 7th day (Figure 28A). On the other 

hand, the treatment with cisplatin promoted the reduction in the percentage of larvae survival 

in 20, 50, 60 and 70% after 3rd, 4th, 5th, 6th and 7th days, respectively (Figure 28A). The results 

clearly showed that at the same dose of cisplatin, the R9 complex was much more well tolerated 

presenting lower toxicity (30% of larvae death) in comparison to cisplatin the (70% larvae 

death); until day 7th R9 represented 2.3 times less toxicity than cisplatin (Figure 28A). We 

further monitored the number of animals in the larvae, pupae and wax moth life cycle (Figure 

28B, C and D). We observed that while by day 11th no larvae remained in cisplatin-treated 
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group, the same happened only at day 14th in R9-treated group, which was very close to ulti-

mate loss of larvae in the control group (day 15th) (Figure 28B). The insect at pupae stage is in 

its inactive immature form between larvae and adult. Conversion of larvae to pupae in the 

control group started at day 5th and reached to the highest number of animals (90%) at day 14th 

(Figure 28C). This conversion occurred in both R9 and cisplatin treatment on day 9th. While in 

former group it reached 70% on day 14th, in cisplatin group the conversion from larvae to pupae 

reached at 30% on day 12th continuing unchanged until day 20 (Figure 28C). Figure 28D show 

that in control at day 14th, pupae started to differentiate to wax moths (adults) from 10% and 

reached to 100% until the day 20th. In R9-treated group the conversion from pupae to wax moth 

occurred on day 15th from 10% and reached to 70% on day 20th. Moreover, in cisplatin none 

of pupae converted to wax moth (Figure 28D) revealing that cisplatin is highly toxic for G. 

mellonella. Regarding to R9, in comparison to cisplatin, it seems that G. mellonella well toler-

ate this Cu2+-complex. 

Figure 28. Toxicity of Cu2+-complex R9 and cisplatin on G. mellonella. Percentage of G. mellonella 

survival after exposure to 1 mg/mL of R9 or the clinical antitumor drug cisplatin over the period of 7 

days (A). The control groups constituted in a group harboring untreated G. mellonella. Percentage of 

number of G. mellonella larvae after exposures to 1 mg/mL of R9 or cisplatin (B). Percentage of number 

of pupae (C) and percent of number of wax moth (D) after 20 days. Experimental groups were com-

posed of 10 larvae, and the experiments were carried out in triplicates. The log-rank test was used to 

compare the survival rates; **p < 0.01 and *p < 0.05. 
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5.9.2 Toxicity of R9 in BALB/c nude mice. 

Since we observed reduced toxicity of R9 to Galleria mellonella, we further analyzed 

the toxicity of this Cu2+-complexes to BALB/c mice. For the in vivo toxicity test, female 

BALB/c nude mice were used. The approximately 20 g animals were divided into groups of 4 

and treated with the Cu2+-complex, R9, at dose of 0.8, 8 or 80 mg/kg for 30 days. By calculating 

nonlinear logarithmic regression, the toxicity curve was converted to a LD50 (Lethal Dose for 

50 % of mice) value of 71.6 mg/kg (Figure 29). This experiment didn’t finish and we have to 

repeat it again with more concentrations between 8 and 80 mg/kg to obtain a legitimate curve 

to calculate the proper LD50. 

 The value found is 10.5 times higher than the LD50 of cisplatin (6.6 mg/kg) (ASTON et 

al., 2017), which means a much lower toxicity to the living organism. These results corroborate 

the IC50 values found in MCF10A indicating that the Cu2+-complex R9 has a targeted activity 

to tumor cells, less damaging healthy cells. 
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Figure 29. Determination the LD50 of Cu2+-complex R9 in BALB/c nude mice. Mice weighing ap-

proximately 20 g were randomly divided into groups of 4 and subjected to treatment with 0.8, 8 or 80 

mg of the Cu2+-complex R9, per kg of the animal's weight. Survival of animals was monitored over 30 

days and expressed as percentage of survival. 

 

5.10 Analysis of differential expression of proteins in breast cancer cells in response to 

R10 treatment.  

Our strategy consisted of deciphering differentially expressed proteins after treatment 

with R10 and cisplatin in comparison to untreated cells. Label-free-based quantitative prote-

omics were employed to identify differentially expressed proteins, which are expressed after 

R10 and cisplatin treatments. 
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In the proteomics analysis, we identified a total of 1,098 proteins from all systems 

tested: R10-treated, cisplatin-treated and untreated cells. 167 in R10- treated cells were differ-

entially expressed proteins (DEP) recognized where 118 proteins were significantly downreg-

ulated and 49 proteins were upregulated. Moreover, 95 DEP in cisplatin-treated cells were 

founded which, 58 proteins were downregulated and 37 proteins were upregulated. All these 

proteins were identified with significant variation in their relative abundance by student T-test 

(p-value < 0.05) via Perseus software (Table 6). 

 
Table 6. Total number of proteins, down/upregulated proteins expressed after R10/cisplatin treatment 

of MCF-7 cells at 24 h identified and quantified by label-free analysis. 

  
 

Proteins 

Differentially expressed proteins 

R10-treated (p-value<0.05) 

Differentially expressed proteins 

cisplatin-treated (p-value<0.05) 

Label-free  

analysis 

 

1,098 

 

167 

 

95 

Downregu-

lated proteins  

 

- 

 

118 

 

58 

Upregulated  

proteins  

 

- 

 

49 

 

37 

 

The 167 DEP by treatment with R10 and 95 proteins dysregulated via treatment with 

cisplatin were presented in the form of heatmap to visualize the trend of variation in the proteins 

profile of cells (Figure 30A and B). The Heat map illustrating the differentially expressed pro-

teins (significantly up/downregulated) found in cells treated with R10/cisplatin. The complete 

list of protein analyzed comparing the systems treated or not with R10 and cisplatin was summa-

rized in supplementary file (Attachment 1 and 2) where the selection criteria for up- and down-

regulated proteins, gene name and GO biological process name included, besides p-value and/q-

value < 0.05, (n≥3). 
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Figure 30. Heat map showing differentially expressed proteins in breast cancer cells. A bidirec-

tional hierarchical clustering heat map constructed using Perseus 1.6.5.0. The expression values are log2 

fold changes (>1 or <−1, FDR <0.05)) between corresponding MCF-7 treated with R10 (A) and with 

cisplatin (B) after 24 h and untreated cells. Black represents no change in expression, green represents 

downregulation, and red represents upregulation.  



69 
 

 

The results in Volcano plot showed the quantitatively difference in the abundance of pro-

teins in cells treated with R10 vs control, R10 vs cisplatin and cisplatin vs control (Figure 31). 

To find the deregulated genes name and their GO biological process name, see Attachment 1 and 

2. 

 

Figure 31. Comparison of proteins altered by R10 and cisplatin treatments in MCF-7 cells. Graph-

ical representation of volcano plot illustrating the −log10 p-values as a function of log2 ratios between 

R10 and control (A), cisplatin and control (B), and R10 and cisplatin (C) treated samples analyzed in 

biological triplicates. Minus sign represents a decrease (red dots) and plus sign an increase (green dots) 

in protein expression from MCF-7 cells treated with R10/cisplatin. The gray squares are indicating no 

abundance change (log2 ratio = 0) and the p-value cut off (p<0.05) are indicated. 

 

Statistical analysis data revealed that from 167 proteins identified by R10-treated cells, a 

total of 194 pathways were altered. From the 167 altered proteins, 118 proteins were significantly 

downregulated and linked to the 189 downregulated pathways (Figure 32A and B). Moreover, 

49 proteins were upregulated that were defined 40 upregulated pathways (Figure 32C and D). 

On the other hand, from 95 proteins expressed after the treatment with cisplatin, a totally 127 

pathways were altered in which 58 proteins were downregulated being responsible for the 

downregulation of 105 pathways (Figure 33A and B). In addition, 37 proteins were upregulated 

being associated with the 47 upregulated pathways (Figure 33C and D).  
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Figure 32. Analysis of differentially expressed proteins and their related pathways after R10-

treated MCF-7 cells. Significantly downregulated proteins (A) and upregulated proteins (C) were iden-

tified with significant variation in their relative abundance by student T-test (p-value < 0.05) via Perseus 

software. KEGG mapper analysis was conducted on significantly downregulated proteins after R10-

treated MCF-7 cells to address the related downregulated pathways (B). KEGG mapper analysis of signifi-

cantly upregulated proteins to find the related upregulated pathways (D). Results extract from KEGG 

mapper and performed in GraphPad Prism version 7.0. Other include 1 protein participated in pathways. 

A protein was considered as differentially expressed when the fold change was strictly higher than 1 

with P < 0.05. 
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Figure 33. Analysis of differentially expressed proteins and their related pathways after cisplatin-

treated MCF-7 cells. Significantly downregulated proteins (A) and upregulated proteins (C) were iden-

tified with significant variation in their relative abundance by student T-test (p-value < 0.05) via Perseus 

software. KEGG mapper analysis was conducted on significantly downregulated proteins after cispla-

tin-treated MCF-7 cells to address the related downregulated pathways (B). KEGG mapper analysis of 

significantly upregulated proteins to find the related upregulated pathways (D). Results extract from 

KEGG mapper and performed in GraphPad Prism version 7.0. Other include 1 protein participated in 

pathways. A protein was considered as differentially expressed when the fold change was strictly higher 

than 1 with P< 0.05. 

 

Analysis of the results from R10-treated cells, using KEGG mapper for all 167 proteins 

showed total 189 pathways downregulated. The most downregulated pathways were belong to 
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the regulation of actin cytoskeleton (12 related proteins), viral carcinogenesis (10 related pro-

teins), metabolic pathways (9 related proteins) and PI3K-Akt signaling pathway (9 related pro-

teins), tight junction (8 related proteins), Fc gamma R-mediated phagocytosis (7 related pro-

teins), oocyte meiosis (7 related proteins), neurotrophin signaling pathway (7 related proteins), 

axon guidance (7 related proteins) and proteoglycans in cancer (7 related proteins), adherence 

junction (6 related proteins), apoptosis (6 related proteins), focal adhesion (6 related proteins), 

pathways in cancer (MAPK signaling pathway, calcium signaling pathway and ECM receptor 

interaction) (6 related proteins) and Rap1 signaling pathway (6 related proteins) (Figure 32B). 

The related proteins that participated in each pathway are listed in Table 7. On the other hand, 

the most upregulated pathways from R10-treated cells was ribosome and thermogenesis (5 re-

lated proteins), necroptosis (4 related proteins), metabolic pathways (4 related proteins) and 

oxidative phosphorylation (4 related proteins) (Figure 32D, Table 7).  

 

Table 7. Proteins differentially expressed in related to the most down/upregulated pathways after R10-

treated MCF-7 cells that were analyzed by KEGG mapper.  

 

KEGG 

ID 

Downregulated Upregulated No. of  

proteins 

Related proteins to  

each cell pathways 

hsa04810 Regulation of actin 

cytoskeleton 

_ 12 ARPC3 (actin related protein 2/3 complex subunit 3), 

ARPC2;actin related protein 2/3 complex subunit 2, CFL2;co-

filin 2,GSN;gelsolin, ITGB1; integrin subunit beta 1, MSN; 

moesin, NRAS; NRAS proto-oncogene, GTPase,MAPK1;mi-

togen-activated protein kinase 1, MAPK3;mitogen-activated 

protein kinase 3, EZR; ezrin, ACTN4; actinin alpha 4, 

CDC42;cell division cycle 42 

hsa05203 Viral carcinogenesis _ 10 GSN; gelsolin, NRAS; NRAS proto-oncogene GTPase, PKM; 

pyruvate kinase M1/2, MAPK1; mitogen-activated protein ki-

nase 1, MAPK3; mitogen-activated protein kinase 3, 

YWHAB; tyrosine 3-monooxygenase/tryptophan 5monooxy-

genase activation protein beta, YWHAE; tyrosine 3-monooxy-

genase/tryptophan 5-monooxygenase activation protein epsi-

lon, YWHAZ; tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein zeta, ACTN4; actinin alpha 

4, CDC42; cell division cycle 42 

hsa04151 PI3K-Akt signaling 

pathway 

_  CDC37; cell division cycle 37 HSP90 cochaperone, ITGB1; 

integrin subunit beta 1, NRAS; NRAS proto-oncogene, 

GTPase, PPP2CA; protein phosphatase 2 catalytic subunit al-

pha, MAPK1; mitogen-activated protein kinase 1, MAPK3; 

mitogen-activated protein kinase 3, YWHAB; tyrosine 

3monooxygenase/tryptophan 5-monooxygenase activation 

protein beta, YWHAE; tyrosine 3monooxygenase/tryptophan 

5-monooxygenase activation protein epsilon, YWHAZ; tyro-

sine 3monooxygenase/tryptophan 5-monooxygenase activa-

tion protein zeta 

hsa01100 Metabolic pathways _ 9 ADSS2; adenylosuccinate synthase 2, AHCY; adenosyl ho-

mocysteinase, GSR; glutathionedisulfide reductase, LAP3; 

leucine aminopeptidase 3, PGAM1; phosphoglycerate mutase 

1, ATP6V1B2; ATPase H+ transporting V1 subunit B2, PKM; 

pyruvate kinase M1/2, RPN2; ribophorin II, 

hsa04151 PI3K-Akt signaling 

pathway 

_ 9 CDC37; cell division cycle 37 HSP90 cochaperone, ITGB1; 

integrin subunit beta 1, NRAS; NRAS proto-oncogene, 
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GTPase, PPP2CA; protein phosphatase 2 catalytic subunit al-

pha, MAPK1; mitogen-activated protein kinase 1, MAPK3; 

mitogen-activated protein kinase 3, YWHAB; tyrosine 

3monooxygenase/tryptophan 5-monooxygenase activation 

protein beta, YWHAE; tyrosine 3monooxygenase/tryptophan 

5-monooxygenase activation protein epsilon, YWHAZ; tyro-

sine 3monooxygenase/tryptophan 5-monooxygenase activa-

tion protein zeta 

hsa04530 Tight junction _ 8 ACTR3; actin related protein 3, HSPA4; heat shock protein 

family A (Hsp70) member 4, ITGB1; integrin subunit beta 1, 

MSN; moesin PPP2CA; protein phosphatase 2 catalytic subu-

nit alpha, EZR; ezrin, ACTN4; actinin alpha4, CDC42; cell 

division cycle 42 

hsa04666 Fc gamma R-medi-

ated phagocytosis 

_ 7 ARPC3; actin related protein 2/3 complex subunit 3, ARPC2; 

actin related protein 2/3 complex subunit 2, CFL2; cofilin 2, 

GSN; gelsolin, MAPK1; mitogen-activated protein kinase 1, 

MAPK3; mitogen-activated protein kinase 3, CDC42; cell di-

vision cycle 42 

hsa04114 Oocyte meiosis _ 7 PPP2CA; protein phosphatase 2 catalytic subunit alpha, 

MAPK1; mitogen-activated protein kinase 1, MAPK3; mito-

gen-activated protein kinase 3, YWHAB; tyrosine 3monooxy-

genase/tryptophan 5-monooxygenase activation protein beta, 

YWHAE; tyrosine 3monooxygenase/tryptophan 5-monooxy-

genase activation protein epsilon, YWHAZ; tyrosine 

3monooxygenase/tryptophan 5-monooxygenase activation 

protein zeta, CALM3; calmodulin 3 

hsa04722 Neurotrophin sig-

naling pathway 

_ 7 ARHGDIA; Rho GDP dissociation inhibitor alpha, NRAS; 

NRAS proto-oncogene, GTPase, MAPK1; mitogen-activated 

protein kinase 1, MAPK3; mitogen-activated protein kinase 3, 

YWHAE; tyrosine 3-monooxygenase/tryptophan 5-monooxy-

genase activation protein epsilon, CALM3; calmodulin 3, 

CDC42; cell division cycle42 

hsa04360 Axon guidance _ 7 CFL2; cofilin 2, DPYSL2; dihydropyrimidinase like 2, 

ITGB1; integrin subunit beta 1, NRAS; NRAS proto-onco-

gene, GTPase, MAPK1; mitogen-activated protein kinase 1, 

MAPK3; mitogen-activated protein kinase 3, CDC42; cell di-

vision cycle 42 

hsa05205 Proteoglycans in 

cancer 

_ 7 ITGB1; integrin subunit beta 1, MSN; moesin, NRAS; NRAS 

proto-oncogene GTPase, MAPK1; mitogen-activated protein 

kinase 1, MAPK3; mitogen-activated protein kinase 3, EZR; 

ezrin, CDC42; cell division cycle 42 

hsa04520 Adherens junction _ 6 CSNK2A1; casein kinase 2 alpha 1, CSNK2B; casein kinase 2 

beta, MAPK1; mitogen-activated protein kinase 1, MAPK3; 

mitogen-activated protein kinase 3, ACTN4; actinin alpha 4, 

CDC42; cell division cycle 42 

hsa04210 Apoptosis _ 6 LMNB1; lamin B1, NRAS; NRAS protooncogene GTPase, 

MAPK1; mitogen-activated protein kinase 1, MAPK3; mito-

gen-activated protein kinase 3, SPTAN1; spectrin alpha, non-

erythrocytic 1, CAPN2; calpain 2 

hsa04510 Focal adhesion _ 6 ITGB1; integrin subunit beta 1, MAPK1; mitogen activated 

protein kinase 1, MAPK3; mitogen activated protein kinase 3, 

ACTN4; actinin alpha4, CAPN2; calpain 2, CDC42; cell divi-

sion cycle42 

hsa05200 Pathways in cancer _ 6 ITGB1; integrin subunit beta 1, NRAS; NRAS proto-onco-

gene, GTPase, MAPK1; mitogenactivated protein kinase 1, 

MAPK3; mitogenactivated protein kinase 3, CALM3; calmod-

ulin 3, CDC42; cell division cycle 42 

hsa04015 Rap1 signaling 

pathway 

_ 6 ITGB1; integrin subunit beta 1, NRAS; NRAS proto-onco-

gene, GTPase, MAPK1; mitogenactivated protein kinase 1, 

MAPK3; mitogenactivated protein kinase 3, CALM3; calmod-

ulin 3, CDC42; cell division cycle 42 

hsa03010 _ Ribosome 5 RPL7A; ribosomal protein L7a, RPL26; ribosomal protein 

L26, RPL37A; ribosomal protein L37a, MRPL12; 

mitochondrial ribosomal protein L12, MRPS9; mitochondrial 

ribosomal protein S9 
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hsa04714 _ Thermogenesis 5 ATP5PD; ATP synthase peripheral stalk subunit d, NDUFS3; 

NADH:ubiquinone oxidoreductase core subunit S3, 

ATP5F1E; ATP synthase F1 subunit epsilon, ATP5PB; ATP 

synthase peripheral stalk-membrane subunit b, SMARCC1; 

SWI/SNF related matrix associated actin dependent regulator 

of chromatin subfamily c member 1 

hsa04217 _ Necroptosis 4 PGAM5; PGAM family member 5, mitochondrial serine/thre-

onine protein phosphatase, H2AC4; H2A clustered histone 4, 

H2AC18; H2A clustered histone 18, AIFM1; apoptosis induc-

ing factor mitochondria associated 1 

hsa01100 _ Metabolic path-

ways 

4 ATP5PD; ATP synthase peripheral stalk subunit d, NDUFS3; 

NADH:ubiquinone oxidoreductase core subunit S3, ATP syn-

thase F1 subunit epsilon, ATP synthase peripheral stalk-mem-

brane subunit b 

hsa00190 _ Oxidative phos-

phorylation 

4 ATP5PD; ATP synthase peripheral stalk subunit d, NDUFS3; 

NADH:ubiquinone oxidoreductase core subunit S3, 

ATP5F1E; ATP synthase F1 subunit epsilon, ATP5PB; ATP 

synthase peripheral stalk-membrane subunit b 

The table shows the KEGG ID, the most down/up-regulated pathways, number of proteins and the 

proteins related to each pathway.   

 

Moreover, the KEGG mapper results of cisplatin-treated cells of all 95 proteins revealed 

the downregulation of 105 pathways. The most downregulated pathways were related to Mi-

croRNAs and proteoglycans in cancer (4 related proteins identified in each pathway), glycolysis/ 

gluconeogenesis (3 related proteins), pathways in cancer (apoptosis, ECM receptor interaction 

and cytokine-cytokine receptor interaction) (3 related proteins), oxidative phosphorylation (3 

related proteins), and thermogenesis (3 related proteins) (Figure 33B, Table 8). The most upreg-

ulated pathways related to the cisplatin-treated cells were ribosome (12 related proteins), met-

abolic pathways (4 related proteins), oxidative phosphorylation (3 related proteins) and ther-

mogenesis (3 related proteins) (Figure 33D, Table 8). 

 

Table 8. Proteins differentially expressed in related to the most down/upregulated pathways after cis-

platin-treated MCF-7 cells that were analyzed by KEGG mapper.  

  

KEGG 

ID 

Downregulated Upregulated No. of 

proteins 

Related proteins to  

each cell pathways 

hsa01100 Metabolic pathways _ 8 PTGES3; prostaglandin E synthase 3, ADH5; alcohol dehy-

drogenase 5 (class III), chi polypeptide, COX6A1; cyto-

chrome c oxidase subunit 6A1, ALDH3A1; aldehyde dehy-

drogenase 3 family member A1, NDUFAB1; NADH: ubiqui-

none oxidoreductase subunit AB1, ATP5F1C; ATP synthase 

F1 subunit gamma, PGAM1; phosphoglycerate mutase 1, 

UGDH; UDP-glucose 6-dehydrogenase 

hsa05206 MicroRNAs in can-

cer 

_ 4 STMN1; stathmin 1, STAT3; signal transducer and activator 

of transcription 3, EZR; ezrin, CASP3; caspase 3 

hsa05205 Proteoglycans in 

cancer 

_ 4 CTTN; cortactin, STAT3; signal transducer and activator of 

transcription 3, EZR; ezrin, CASP3; caspase 3 

hsa00010 Glycolysis / Gluco-

neogenesis 

_ 3 ADH5; alcohol dehydrogenase 5 (class III), chi polypeptide, 

ALDH3A1; aldehyde dehydrogenase 3 family member A1, 

PGAM1; phosphoglycerate mutase 1 

hsa05200 Pathways in cancer _ 3 LAMA5; laminin subunit alpha 5, STAT3; signal transducer 

and activator of transcription 3, CASP3; caspase 3 
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hsa04714 

 

Thermogenesis _ 3 COX6A1; cytochrome c oxidase subunit 6A1, NDUFAB1; 

NADH: ubiquinone oxidoreductase subunit AB1, ATP5F1C; 

ATP synthase F1 subunit gamma 

 

hsa00190 

 

Oxidative phosphor-

ylation 

_ 3 COX6A1; cytochrome c oxidase subunit 6A1, NDUFAB1; 

NADH: ubiquinone oxidoreductase subunit AB, ATP5F1C; 

ATP synthase F1 subunit gamma 

hsa03010 _ Ribosome 12 RPL35; ribosomal protein L35, RPL6; ribosomal protein L6, 

RPL11; ribosomal protein L11, RPL23A; ribosomal protein 

L23a,RPL26; ribosomal protein L26, RPL32; ribosomal pro-

tein L32, MRPL12; mitochondrial ribosomal protein L12, 

RPS11; ribosomal protein S11, RPS15; ribosomal protein 

S15, RPS17; ribosomal protein S17,RPS24; ribosomal pro-

tein S24, RPS26; ribosomal protein S26 

hsa01100 _ Metabolic path-

ways 

4 SACM1L; SAC1 like phosphatidylinositide phosphatase, 

NDUFS3; NADH:ubiquinone oxidoreductase core subunit 

S3, UQCRC2; ubiquinol-cytochrome c reductase core protein 

2, ATP6V0D1; ATPase H+ transporting V0 subunit d1 

 

hsa00190 _ Oxidative phos-

phorylation 

3 NDUFS3; NADH:ubiquinone oxidoreductase core subunit 

S3, UQCRC2; ubiquinol-cytochrome c reductase core protein 

2, ATP6V0D1; ATPase H+ transporting V0 subunit d1 

hsa04714 _ Thermogenesis 3 NDUFS3; NADH:ubiquinone oxidoreductase core subunit 

S3, SMARCC1; SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin subfamily c member 1, 

UQCRC2; ubiquinol-cytochrome c reductase core protein 2 

The table shows the KEGG ID, the most down/up-regulated pathways, number of proteins and the 

proteins related to each pathway.   

 

A total of 6 proteins related to the downregulation of apoptosis pathway in R10- treated 

cell include: lamin B1, NRAS proto-oncogene GTPase, mitogen-activated protein kinase 1, 

mitogen-activated protein kinase 3, spectrin alpha non-erythrocytic 1 (fodrin) and calpain 2. 

On the other hand, there is only one protein related to the upregulation of apoptosis, which is 

named apoptosis inducing factor mitochondria associated 1 (AIFM1) (Figure 34). In cisplatin-

treated cell, the caspase 3 was the only protein related to downregulation of apoptosis pathway 

while there are no reports of protein related to the upregulation of apoptosis pathway in our 

result (Figure 35). We can observe that treatment with R10 induced different proteins in both 

up and downregulated apoptotic pathways which are quite different from the proteins expressed 

in downregulated apoptosis pathway in cisplatin-treated cells. 
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Figure 34. Signaling cascade for inducing apoptosis in R10-treated MCF-7 cells. Down/upregulation of expression of genes in the apoptosis pathway of 

R10-treated MCF-7 cells. Microarray data was mapped using KEGG Mapper Search & Color pathway. Red colors stand for the downregulated proteins and 

purple indicates the upregulated protein. The figure was generated using the KEGG Mapper Search & Color pathway program (KEGG mapper https:// www.ge-

nome.jp/kegg-bin/color_pathway_object). 
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Figure 35. Signaling cascade for inducing apoptosis in cisplatin-treated MCF-7 cells. Microarray data was mapped using KEGG Mapper Search & Color 

pathway. Red colors indicate the downregulated proteins. The figure was generated using the  KEGG Mapper Search & Color pathway program (KEGG mapper 

https://www.genome.jp/kegg-bin/color_pathway_object). 

https://www.genome.jp/kegg-bin/color_pathway_object
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Venn diagram shows the comparison of up/downregulated proteins expressed in R10- 

and cisplatin-treated cells (Figure 36A and B). The 118 proteins identified in fraction with R10-

treated that is downregulated showed 64%, and 58 proteins in cisplatin-treated represent 

26.7%. Moreover, only 15 proteins (9.3%) were commonly expressed in both conditions (Figure 

36A). These 15 common proteins are responsible for downregulation of 15 pathways after 

treatment of MCF-7 cells with both R10 and cisplatin (Figure 37A and B). On the other hand, 

according to Figure 36B we can see that the 49 proteins expressed in R10-treated cells in upreg-

ulated condition indicated 50.7% while 37 proteins expressed in cisplatin-treated cells displayed 

34.7%. In addition, they share 14.7% of expressed proteins. 11 common proteins are related to 

the upregulation of 13 pathways in R0 treated cells and cisplatin-treated cells in MCF-7 cells 

(Figure 37A and C). These results exhibit the higher and differentiate expressed proteins after 

R10-treatment in comparison to cisplatin-treated cells. Taken together, we can conclude the 

possible difference in the mechanism of action of our Cu2+-complex and cisplatin. 

 

 

Figure 36. Comparison of the expressed down/upregulated proteins after R10/cisplatin treatment 

in MCF-7 cells. Venn diagram of overlap of downregulated proteins in R10-treated and cisplatin-

treated cells showed in blue and yellow color, respectively (A) and Venn diagram of overlap of upreg-

ulated proteins in R10-treated and cisplatin-treated cells showed in blue and yellow color, respectively 

(B). 
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Figure 37. KEGG mapper analysis of common proteins expressed by R10 and cisplatin-treated 

MCF-7 cells. The common proteins expressed after R10 and cisplatin-treated MCF-7 cells (A). The 

downregulated pathways related to the common proteins expressed after R10 and cisplatin-treated 

MCF-7 cells (B). The upregulated pathways related to the common proteins expressed after R10 and 

cisplatin-treated MCF-7 cells (C). The results extract from KEGG mapper and performed in GraphPad 

Prism version 7. 
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In more detailed analysis of R10-treated cells from the KEGG pathway, we highlighted 

the regulation of actin cytoskeleton, metabolic pathway, apoptosis, RNA transport and ribo-

some as the principal downregulated biological processes, respectively while, the thermogen-

esis and apoptosis were chosen as the main upregulated biological process (Figure 38). 
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Figure 38. The most expressed proteins and their relative pathways in MCF-7 cells treated with 

R10. KEGG pathway analysis of proteins with statistically significant variation of some of most down 

and up-regulated expressed proteins and their relative pathways. The results extract from KEGG map-

per and performed in GraphPad Prism version 7. 

 

Regarding to the regulation of actin cytoskeleton pathway we can observe that ezrin (-

341.86), moesin (-260.30) and gelsolin (-236.34) were the most downregulated expressed proteins 

after R10 treatment (Figure 38). The second obtained most downregulated pathway; metabolic 

pathways were associated to V-ATPase subunit B and pyruvate kinase with -225.93- and -

106.90-fold change, respectively. PI3K pathway were identified as the third most downregulated 

pathway associated with, NRAS proto-oncogene GTPase, HSP90, mitogen-activated protein ki-

nase 1, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon and 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta 3, tyrosine 3-

monooxygenase/tryptophan 5-mono oxygenase activation protein beta, mitogen-activated pro-

tein kinase3 and, integrin β. The related fold change calculated for these proteins were -173.95 
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-142.38, -139.09, -131.99, -129.59, -119.63, -104.42 and -102.43. The next most downregu-

lated pathway was adherence junction related to the two main proteins, casein kinase IIα (CK 

α) and casein kinase IIβ (CKβ) with related fold change -183.06 and -176.58, respectively. 

Apoptosis pathway, downregulated by downregulation of NRAS proto-oncogene GTPase, lamin 

B1, spectrin alpha chain, mitogen-activated protein kinase 1, calpain-2 catalytic subunit and mi-

togen-activated protein kinase 3 by -173.95, -172.97, -161.6, -139.09, -104.42-fold change, re-

spectively. GTP-binding nuclear protein Ran by fold change of -178.89 and exportin-1 by -

158.72-fold change downregulated the RNA transport that was obtained amongst other down-

regulated pathways. The last but not the least, was the proteasome function which due to R10 

treatment we identify the downregulation of proteasome subunit alpha type-3, proteasome sub-

unit alpha type-4 and proteasome subunit beta type-5 in -117.85, -155.16- and -2.17-fold 

change, respectively. 

Among upregulated pathways, the two most upregulated pathway were identified, ther-

mogenesis and apoptosis. Protein SWI/SNF complex subunit SMARCC1 was related to the 

upregulation of thermogenesis by 258.64-fold change and the upregulation of apoptosis was 

related to upregulation of apoptosis-inducing factor 1, mitochondrial by 112-fold change. 
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6. Discussion 

 

The increase in the incidence of various types of cancer in the world population has 

made this disease the second largest cause of death in the world. For this reason, great efforts 

to improve cancer prevention and therapies have been carried out in several countries. Within 

this context, chemotherapy remains the most common procedure used for several types of cancer. 

However, the intrinsic or acquired resistance of some tumors to specific drugs or to multiple drugs has 

been pointed out as the main limitation in cancer chemotherapy (SIDDIK, 2003; THIRUMARAN; 

PRENDERGAST; GILMAN, 2007). Thus, efforts are continuing to discover new antitumor drugs, 

increasing treatment options, and consequently therapeutic success. Therefore, based on the ther-

apeutic success of cisplatin, metal-based drugs have been highlighted as a promising alternative 

for the development of new strategies in chemotherapy treatment (LIU et al., 2013; ZAKI; 

ARJMAND; TABASSUM, 2016).  

Over the last century, the number of metal-based complexes used in medicine has in-

creased significantly (FREZZA et al., 2010; GENG et al., 2016; MEGGER et al., 2017; WU et 

al., 2016c). Recent developments of metallodrugs composed of different metals such as Pt, Cu, 

Fe, etc. have shown excellent potential as antitumor agents (FAGHIH et al., 2018; MURTINHO 

et al., 2015). Platinum-based drugs, such as carboplatin, cisplatin and oxaliplatin are being used 

in the treatment of approximately 50-70% of cancers (BRUNO et al., 2017). Following the 

success of platinum-based drugs and considering their high toxicity, other metal compounds have 

been investigated that aim to be more effective and efficient in terms of: (i) pharmacology; (ii) 

increased patient survival; (iii) reduction of side effects and; (iv) reduction of clinical treatment 

costs. In addition, the synthesis of such compounds aims to increase interaction with DNA, 

overcoming the inherent or acquired resistance to cisplatin. In particular, great focus has been 

directed towards the development of novel copper compounds, whose anticancer activity has 

guided many researches with the objective of discovering new agents that are capable of over-

come resistance and side effects associated with cisplatin. Therefore, due to the side effects of 

the drugs used in the current clinic, there is an urgent need in relation to the synthesis and 

development of new chemotherapeutic drugs. The high toxicity of platinum, causing a range 

of undesirable side effects, the emergence of tumor cell lines resistant to therapy and econom-

ical disadvantages, because platinum being a relatively rare metal, the cost of starting reagents 

for the synthesis of metallodrugs based on this metal are very expensive, which greatly in-

creases the final price of drugs. Most of these problems are avoided by applying copper to the 
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synthesis, a cheap metal, much more reactive than platinum (which reduces the synthesis time 

of metallodrugs) and, even more importantly, a physiological metal that significantly reduces 

the side effects associated with its prolonged use in chemotherapy cycles. 

Suntharalingam et al. (2016) have prepared a series of copper(II)-phenanthroline com-

plexes containing indomethacin ligands as the Cu metallodrugs (BOODRAM et al., 2016). 1,10-

Phenanthroline (phen) is a classic ligand in coordination chemistry, with specific properties that 

can increase versatility in metal ion binding. Indomethacin is nonsteroidal anti-inflammatory 

drug (NSAID) that is a potent inhibitor of COX isoenzymes, COX-1 and COX-2. Copper(II)-

4,7-diphenyl-1,10-phenanthroline complex bearing two indomethacin moieties was tested 

against two human mammary epithelial cell lines, human bulk breast cancer/CSC-depleted cells 

(HMLER) and breast CSC-enriched cells (HMLER-shEcad) for 72 h. The compound was found 

to be the most promising antitumor candidate, with potent toxicity (IC50 of 0.31 ± 0.01 μM) 

towards breast CSCs for HMLER-shEcad over HMLER (SHIN; ESKANDARI; SUNTHARA 

LINGAM, 2019). Mechanistic studies showed that these Cu+2-complexes containing phenan-

throline and indomethacin exerts a cytotoxic effect through inhibition of COX-2 activity. In 

addition, the oxidative mechanism by which these Cu+2-complexes induced DNA cleavage re-

vealed that H2O2 was the major ROS intermediate formed during the DNA cleavage process. 

Cu+2-complexes containing phenanthroline and indomethacin underwent reduction to the corre-

sponding coper(I) form by guanine bases in DNA. The copper(I) formed then reduced molecular 

oxygen to superoxide, which generated hydrogen peroxide.  

Metallodrugs containing Fe showed promising antitumor activity. Ferrocene-containi-

ng compounds an iron(II) metal center which is located between two cyclopentadienyl rings, 

have been extensively studied as antiproliferative agents (OSSOLA et al., 2003; PATRA; 

GASSER, 2017; SWARTS et al., 2008; ZHANG, PINGYU; SADLER, 2017). The antitumor 

properties of ferrocifen derivatives (derivatives of tamoxifen) designed to target hormone-in-

dependent breast cancers (JAOUEN; VESSIÈRES; TOP, 2015; PATRA; GASSER, 2017). Pigeon 

et al. (2017) recently reported that ferrociphenol compounds with cyclic imides have shown 

strong antiproliferative effects. Heterocyclic ferrociphenols bearing a succinimidyl compound 

were tested against three ovarian epithelial cancer cell lines, one of which is resistant to cispla-

tin, and exhibited high activity against SK-OV-3, A2780 and A2780-cisplatin resistant cell 

lines with IC50 (μM) of 0.30 ± 0.02, 0.035 ± 0.005 and 0.49 ± 0.003, respectively (PIGEON et 

al., 2017).  

In this work, the cytotoxicity of two new dinuclear Cu+2-complexes, [Cu2(μ-CH3COO) 

(OH2)(L2)]·1½H2O (R9) and [Cu2(μ-OH)(OH2)(HL2)]ClO4·2H2O (R10), were tested against MCF-
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7, A549 and PC3 and compared to cisplatin, a well-known standard metal-based chemothera-

peutic agent, which was used as a control. The metal complexes in this work were synthesized 

by the group of Professor Nicolás A. Rey from the Pontifícia Universidade Católica do Rio de 

Janeiro (PUC-RJ) (RAFAELA DOS SANTOS MORAES; NICOLÁS ÁDRIAN REY, 2016). 

A common characteristic of both metal complexes used in this work is the presence of the H3L1 

ligand. The structure of the Cu+2-complexes generated from H3L1, with exogenous hydroxide 

bridge (-OH) attached to the R9 and exogenous acetate bridge (-CH3COO) attached to the R10. 

The copper (II) dinuclear complexes generated from H3L1, both with an exogenous hydroxide 

bridge R9 and with exogenous acetate bridge R10 (prodrugs that would generate the biologi-

cally active form by hydrolysis reaction in the organism), have copper (II) centers unsaturated 

or containing labile ligands, such as the water molecule, which allows their interaction with 

biological macromolecules such as DNA, RNA and/or proteins. 

Copper is an endogenous biologically relevant metal, necessary in many biological 

pathways and in enzymatic catalytic processes (NDAGI; MHLONGO; SOLIMAN, 2017; 

ZHANG; SADLER, 2017b). Redox chemistry of free copper ions can lead to the formation of 

ROS. Hence, copper concentration in the body should be highly regulated (GINOTRA et al., 2016). 

Copper can be effectively trapped and transported across cell membranes because copper can easily 

bound by many amino acid residues, such as methionine, histidine and cysteine (ÖHRVIK; THIE-

LE, 2014). The importance of copper in the healthy functioning of cells, and the potential al-

tered metabolism in cancer cells have encouraged researchers to investigate the use of copper 

complexes as an anticancer agent (NDAGI; MHLONGO; SOLIMAN, 2017; ZHANG; SADL-

ER, 2017a). Many of copper complexes have been found to target DNA by intercalation, groove 

binding, inhibiting topoisomerase or proteasome enzymes (SANTINI et al., 2014).  

There are studies and developments that seek the transition between platinum and cop-

per, but have not yet achieved the desired result. For example, the Brazilian patent, BR112- 

0190241353, with priority date 05/18/2017, entitled “combination therapies for the treatment 

of cancer”, reports a method for treating cancer by means of combination therapy involving an 

inhibitor agent of poly [ADPribose] polymerase (PARP) signaling and a second agent that reg-

ulates activity within the tumor microenvironment, being an inhibitor of regulatory T cells 

(Treg), a macrophage inhibiting agent, an antigen specific immune response enhancing agent 

or even a combination of them. More specifically, the pharmaceutical composition described 

in this document deals with a group of macrophages inhibiting agents, among which a copper 

chelate stands out. The study deals with a therapy against cancer (breast, lung and/or prostate) 

through the adjuvant use of copper chelates, but does not propose the use of metallodrugs based 
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on the metal itself. In addition, the intrinsic mechanism behind the anti-tumor action is pro-

posed to be the improvement of the immune response or the increase in the activity of an im-

mune cell in cancer patient (KAIMING SUN, JING WANG, 2017). 

Another even closer example would be the document EP145711, with priority date 

06/10/1983, which is entitled “copper complex for cancer treatment” and presents copper (II) 

complexes exhibiting activities analogous to the enzyme superoxide dismutase (SOD) in mam-

malian cells. This property is used for the treatment of cancer, since it replaces the lost or 

significantly reduced SOD activity in cancer cells. The treatment proposed in document 

EP145711 has advantages when compared to other methods, demonstrating that copper has the 

potential to reduce tumor growth, increase the survival of the host organism, decrease tumor 

metastases or even effects on differentiation morphology of cancer cells. However, the pro-

posed mechanism of action targets only one of the characteristics of tumor cells, that is the 

recompositing of SOD activity lost in cancer cells, thus creating a condition to interrupt cell 

division and, consequently, tumor growth. As the mode of action of these complexes does not 

involve the cell death process, and therefore it is impossible to associate it to the concept of 

cytotoxicity (IC50), it is difficult to compare their effectiveness with other cytotoxic com-

pounds. Thus, it is clear that the rational development of new complexes that exhibiting alter-

native, and preferably multiple mechanisms of action can greatly improve the effectiveness of 

the new antitumor agents (OBERLEY LARRY; SORENSON JOHN R J, 1983). 

An important class of copper complexes proposed in the context of cancer chemother-

apy is described in American documents US5107005 and US5576326, dated 4/21/1992 and 

11/19/1996, respectively. Under the titles “Process to obtain new mixed copper aminoacidate 

complexes from phenylate phenanthrolines to be used as anticancerigenic agents” and “copper 

amino acidate diimine nitrate compounds and their methyl derivatives and a process for pre-

paring them”, these inventions refer to the synthesis of a series of new ternary copper (II) mon-

onuclear complexes containing amino acids and aromatic phenanthrolines as ligands. The com-

pounds have been proposed as antitumor agents with preferential therapeutic use for the treat-

ment of solid and blood tumors (e.g. leukemia). The cytotoxicity results showed that the copper 

mononuclear complex tested, namely [Cu(4,7-dimethyl-1,10-phenanthroline) (glycinate)]NO3 

has activity subtly superior to cisplatin, but inferior to mitomycin, reference drugs used in can-

cer therapy. In vivo study with experimental animals (rats of the B6D2F1 strain) showed that 

only at higher doses of the compound, it was possible to verify increased survival of animals 

affected by the inoculation of lymphoid leukemia cells. However, its lower activity in relation 

to the reference drug (mitomycin), the lack of an improved statistical test to compare the results 
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obtained with cisplatin, the lack of comparison of animal tests with the reference drugs, the 

lack of definition regarding the mechanism of death (e.g. apoptosis or necrosis) and the fact 

that the invention refers only to copper mononuclear complexes leave an open field for the 

improvement of these metallodrugs (AZUARA, 1992; AZUARA, 1996). 

The development of new drugs requires a series of laboratory tests to find out the basics 

of biological activity. An essential characteristic of a compound that is thought to be a potential 

antineoplastic drug is cytotoxicity in tumor cells. Cytotoxicity effect of Cu2+-complexes on lung, 

breast and prostate cancer cells was performed using the MTT method (ALBRECHT et al., 

2003). It is important to note that cisplatin was used as a positive control because it was the most 

successful antineoplastic coordination compound used in cancer therapeutics, though it is not the 

first line of chemotherapy treatment for breast cancer. 

The cytotoxic results obtained for the Cu2+-complexes used in this work were extremely 

promising. The complexes showed a very high cytotoxic effect close to 1 µM, against the can-

cer cell lines MCF-7, A549 and PC3. In comparison to the standard drug, cisplatin, the obtained 

IC50 values for each Cu2+-complexes (R9 or R10) was around 13 to 30 times lower than that of 

obtained for cisplatin in those three cancer cell lines (MCF-7, A549 and PC3). Despite the high 

cytotoxic effect of Cu2+-complexes on different types of cancer (breast, lung and prostate), the 

toxicity is reduced in healthy human mammary epithelial cell line MCF10A. Moreover, the 

cytotoxicity of R9 and R10 on MCF-10A cells was almost 7 and 8 times lower than that of 

observed in the MCF-7 cell line, respectively. The numerous copper-based complexes as an 

antineoplastic have been demonstrating high cytotoxicity effect with low IC50 in different tu-

mor types (CHAVEZ-GONZALEZ et al., 2017; RUIZ-AZUARA; E. BRAVO-GOMEZ, 2010; 

SANTINI et al., 2014). In this context, regarding to Cu+2-complexes, the series of mononuclear 

Cu+2-complexes named casiopeinas (set of coordination complexes with a central copper 

atom bound to organic ligands designed to be used as antineoplastic) are the most successful 

cupper-based complexes with antitumor potential (CARVALLO-CHAIGNEA U et al., 2008; 

CHAVEZ-GONZALEZ et al., 2017; RUIZ-AZUAR A; E. BRAVO-GOMEZ, 2010). Casiopeina III-ia 

[aqua, 4,4-dimethyl-2,2-bipyridine, acetylacetonate copper(II) nitrate] has completed preclinical 

trials and entered clinical phase I in Mexico (GALINDO-MURILLO et al., 2015; MEJÍA; 

ORTEGA-ROSALES; RUIZ-AZUARA, 2018). The casiopeina [Cu(L)(acetylacetonate-)]NO3, 

with L= (4,4'-dimethyl-2, 2'-bipyridine), named casiopeina III, has been one of the most investi-

gated prototypes of a wide series of similar complexes (BRAVO-GOMEZ et al, 2010). Casiopeina 

III showed promising in vivo activity against xenografts of HCT-15 colorectal cancer cells 

(CARVALLO-CHAIGNEAU et al, 2008). The in vitro effects of casiopeina III-Ea, on cells from 
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patients with chronic myeloid leukemia (CML) revealed an IC50 of 0.5 μM for K562 cells 

(human myelogenous leukemia cell line), 0.63 μM for MEG01 cells (human mega karyoblastic 

leukemia cell line), 0.38 μM for CML CD34+lin− cells [primary CD34+ Lineage-negative (Lin−)] 

cells selected from CML bone marrow) and 1 μM for normal CD34+lin− cells (CHAVEZ-GONZALEZ 

et al., 2017). The IC50 calculated in cancer cell lines (K562, MEG01 and CML CD34+lin−) was 2, 

1.5 and 2.6 times lower in cultures of CML cells as compared to their normal counterparts, re-

spectively. Given that, the histological analysis of casiopeina III revealed a chronic irritative ef-

fect for peritoneal necrosis. Comparing the effect of casiopeina III-Ea on normal cells counterparts 

(normal CD34+lin− cells) with our result showed that R9 and R10 are less harmful to the non-cancer 

cells. 

The mechanisms of cytotoxicity of metal-based drugs in general are quite diverse. Sub-

tle changes in the structure of the metal complexes can cause large changes in the physico-

chemical properties of them and consequently change their biological activity (LIN et al., 

2013). The activity of these classes of drugs depends not only on the metal itself but also on 

the oxidation state and the structure of the ligand. In this context, many metal-based complexes 

require redox modifications before reaching their goal to become active (CHEN et al., 2009; 

GILL; VALLIS, 2019). The active complexes may cause several cellular challenges, including 

DNA breaks, topoisomerase inhibition, ROS generation, endoplasmic reticulum stress and inhi-

bition of proteosome (GILL; VALLIS, 2019). These cellular effects may cease the cell cycle or 

cause the induction of apoptosis. After detection of promising activity of the Cu2+-complexes 

R9 and R10 in breast, lung and prostate cancer cell lines, the mechanism of action of the com-

pounds was investigated.  

Apoptotic cells can be identified by morphological changes such as shrinkage of the 

cell, condensation of chromatin (pyknosis), nucleus fragmentation (karyorrhexis) and disintegration 

of the cell to apoptotic body (SARASTE; PULKKI, 2000). As an early event in apoptosis, cells 

change to round shape and undergo the reduction of the cell size, loss of contact with their neigh-

bors and shrinkage (PISTRITTO et al., 2016; SARASTE; PULKKI, 2000). The cell rounding 

followed by chromatin condensation, organelle compaction, membrane blebbing and the formation 

of intact apoptotic bodies is the characteristic of apoptotic cells (HÄCKER, 2000; KERR; WYLLIE; 

CURRIE, 1972).  

We started exploring the mechanism of action of Cu2+-complexes by observation of the 

pictures of cells obtained by light microscope to evaluate the extension of morphological changes 

occurred after 24 h treatment of MCF-7 and A549 cells with IC50 concentration of R9 and R10. 

The results revealed some relevant morphological changes when compared to untreated cells. 
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The most significant alterations were rounding in shape with swollen of cell body after treat-

ment with both Cu2+-complexes. Foo et al. (2019) reported the change in morphology of MCF-7 

cells by the copper complex (S-benzyl dithiocarbazate and 3-acetylcoumarin) [Cu(SBCM)2]. The 

Cu(SBCM)2-treated MCF-7 cells at IC50 (30 μM) concentration demonstrated characteristics of 

apoptosis such as shrinkage at 48 hours. Nevertheless, other features of apoptosis such as chro-

matin condensation and formation of apoptotic bodies were not observed. While in our study, 

MCF-7 and A549 treated with R9 and R10 at IC50 (1 μM), both showed the shrinkage and de-

tachment of cells after 24 h that may relate to the higher activity of R9 and R10 against cancer 

cells in comparison to the [Cu(SBCM)2] (FOO et al., 2019). 

The morphologic alterations study of casiopeina III-ia [(4,4-dimethyl-2,2-bipiridine) 

(acetylacetonate) copper(II) nitrate] on colon adenocarcinoma HCT-15 cell line revealed that 

Cas III-ia induces morphological changes (CARVALLO-CHAIGNEAU et al., 2008). Treat-

ment of cells with 5 μM Cas III-ia after 24 h showed swollen organelles and rupture of plasmatic 

membrane that didn’t occur on lower concentration (2.5 μM). Comparing to our results, the con-

centration of Cas III-ia used was higher than that of used in our experiment with R9 and R10. 

This indicates that R9 and R10 seem to be more effective than Cas III-ia to induce cell mor-

phology changes. 

Perusing this result, we design our experiment to find the other plausible changes in the 

cancer cells after treatment with Cu2+-complexes. Thus, as cell death pathways, such as apop-

tosis, may also be associated with alterations in cellular granularity, we explore the effect of 

Cu2+-complexes on granularity of cancer cells (DIVE et al., 1992). The result suggests that 

change in morphology may also affect intracellular granularity, which in turn may be associ-

ated with cell death. Accordingly, our results showed an increase of intracellular granularity in 

both MCF-7 and A549 cell lines after R9 and R10 exposure at IC50 (1 μM) concentration for 

24 h. Increases in intracellular granularity have been observed during several physiological 

processes that include senescence, apoptosis and autophagy, making this phenotypic change a 

useful marker for identifying chemotherapeutic drug that induce cellular growth arrest or death 

(GAO et al., 2019; PUSPITA; BEDFORD, 2017). For example, treatment of DU145 prostate 

cancer cells with boric acid results in increased intracellular granularity and decreased prolif-

eration which indicates the growth arrest associated with increased intracellular granularity 

(BARRANCO; ECKHERT, 2006; HAYNES et al., 2009). As we know, one of the targets for cancer 

therapeutics is the cell death through autophagy and an important aspect of autophagy is the 

production of autophagic vacuoles (MARINKOVIĆ et al., 2018). The presence of numerous 

vacuole-like structures in autophagy reminiscent that autophagic cells progressively detached 
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from the others and acquired a rounded shape and increase granularity (GOSSELIN et al., 

2009). The chemotherapy drugs such as tamoxifen (anti-estrogens) cause extensive accumula-

tions of autophagic vacuoles in MCF-7 cells, metformin promotes autophagy and apoptosis in 

esophageal squamous cell carcinoma and docetaxel has been demonstrated to induce senescence 

in murine TC-1 cells that correlate with cell death (BURSCH et al., 1996; SAPEGA et al., 2018). 

Thus, chemotherapeutic exposure may be associated with increased intracellular granularity in 

cell lines derived from human cancers. Haynes et al. (2009) have developed a phenotypic assay 

regarding androgen-induced increases in intracellular granularity in the LNCaP prostate cancer 

cell line. This study revealed that intracellular granularity in cancer cell lines may provide a 

simple and rapid screening tool for agents that exhibit favorable qualities as cancer therapeutic 

agents. Herein, the increase intracellular granularity of both cancer cells after treatment with 

R9 and R10 can be an indicative of cellular injury similar to the process of apoptosis. 

Following the change in morphology and granularity of breast and lung cancer cells 

caused by Cu2+-complexes, we next determined whether Cu2+-complexes induce apoptosis in 

both cancer cells. According to the literature, the great majority of antineoplastic drugs show 

the induction of cell death by apoptosis as their mechanism of action. Hence, the experiments of 

Sub-G1 and TUNEL were chosen to measure the number of cells with DNA degradation. 

Treatment with R9 and R10 showed an increase of cell population in Sub-G1 and concomitant 

decrease in G1, S and G2/M phase in both tested cell lines. Comparing the results of DNA 

fragmentation in untreated cells (control), the induction of 277.4 and 165.2 times higher in 

DNA fragmentation (Sub-G1) was observed in R9- and R10-treated MCF-7. This amount was 

slight lower in A549 treated cells reaching to 136.5 and 96-times higher than control. In our 

experimental conditions, the levels of cells with DNA fragmentation and consequently possible 

apoptosis reached more than 50% in both tested cell lines by the effect of R9 and R10, that is 

significantly higher than the percentage of DNA fragmented cells induced by cisplatin. The 

comparison with cisplatin demonstrated the percentage of DNA in Sub-G1 phase showed 1.6 

and 1.5 times higher in MCF-7 treated by R9 and R10, respectively and 3.2 and 2.2 times 

higher in A549 treated by R9 and R10, respectively. Therefore, in the IC50 (μM) concentration 

tested both Cu+2-complexes demonstrated a significant greater capacity than cisplatin to induce 

DNA fragmentation. 

In recently synthesized copper complex (S-benzyl dithiocarbazate and 3-acetylcoumarin) 

[Cu(SBCM)2] it was found that Cu(SBCM)2 induced G2/M cell cycle arrest and apoptosis in 

MCF-7 cells (FOO et al., 2019). MCF-7 cells treated with IC50 concentration (30 μM) of 

Cu(SBCM)2 resulted in increments in G2/M phase in comparison to the untreated cells in which 
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the percentage was increased from 15.21 % in untreated control to 24.92% in treated cells at 

24 h (1.6 times higher than the control). Whereas, in our results, treatment with R9 and R10 

caused DNA fragmentation at concentration of IC50 (1 μM) after 24 h with percentage of DNA 

in Sub-G1 phase about 277.4 and 165.2 times higher than control. There is great difference 

between the results of Cu+2-complexes study here and the [Cu(SBCM)2] indicating that R9 and 

R10 may be a promising anticancer compounds. 

In other study, ternary complex [Cu(Z)-2-((1-(3-chlorophenyl)-3-methyl-5-oxo-4,5-di-

hydro1H-pyrazol-4-yl)(ptolyl)methylene) hydrazine carbothioamide, 1,10-phenanthroline] 

[Cu(TMCPMP-TS)(Phen)] was synthesized by Vyas et al. (2013). The cell cycle analysis of 

an untreated control group showed 3.33% of cells in the Sub-G1 phase whereas, the 

[Cu(TMCPMP-TS)(Phen)] effect on A549 at IC50 concentration (0.24 μM) after 24 h, recorded 

83.3% of cells in the Sub-G1 phase (25.2 times more than that of control) (Vyas et al 2013). 

The result of R9 and R10 at IC50 (1 μM), 24 h in the A549 cell was 136.5 and 96 times higher 

than control, respectively. Compared to [Cu(TMCPMP-TS)(Phen)], the R9 and R10 have more 

ability to induce apoptotic cells in A549 cell line. 

Cu+2-complex with tridentate N2O ligand di(2-pyridil) ketone-1-adamantoyl hydrazine 

(Addpy) of the formula [CuII
2 CuI

2(Addpy)2 Br2(μ -Br4)] synthesized by Rodić et al. (2016), 

showed IC50 of 1.24 ± 0.30 against HeLa cells. Treatment of HeLa cells with an IC50 concentra-

tions of the compound does not lead to any significant changes in the cell cycle distribution while, 

the 2×IC50 concentrations (2.5 μM) of this Cu+2-complex caused a slight increase of cells in 

the Sub-G1 phase (RODIĆ et al., 2016). Of note, our result clearly shows that R9 and R10 have 

the ability to increase the percentage of cells in the Sub-G1 phase at the IC50 concentration. 

Since we have observed the increase in percentage of cells in the Sub-G1 phase in MCF-

7 and A549 after Cu+2-complexes treatment, an additional experiment was necessary to con-

firm the occurrence of DNA fragmentation. The TUNEL analysis, as it is more sensitive and 

specific than the technique performed by detection of DNA fragmentation by Sub-G1, reduces 

the possibility of quantifying cells in other mechanisms of cell death such as necrosis or au-

tophagy. The results from TUNEL assay, displayed the number of cells with DNA degradation 

that might be related to the apoptotic cells. The percentage of cells with DNA degradation in-

duced by R9 and R10 in MCF-7 were 3.5 and 3.6 times higher than the control, respectively. 

On the other hand, the R9 and R10 induced the percentage of cells with DNA degradation to 

2.1 times higher than control in A549. The result corroborates with the one observed in the 

analysis performed with the cells in Sub-G1 except for the cisplatin that induced the same 

percentage of apoptotic cells as R9 and R10 in both cell lines. The fact that cytotoxicity occurs 
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by induction of apoptosis is particularly important since this type of cell death, as it is contained 

in apoptotic bodies, avoid triggering an inflammatory process and damaging to neighboring 

tissues (SALGANIK, 2001). For example, copper-based complexes with variations of the ligand 

thiosemicarbazone (TSC) such as [Cu+1(TSC)(H2O)2]Cl2,2H2O) promote DNA fragmentation 

and induction of apoptosis in tumor cells (TISATO et al., 2010).  

Two Cu+2-complexes of the type [Cu(bimda)(diimine)], where bimda is N-benzylimino 

diacetic acid, diimine is 1,10-phenanthroline (phen) and dipyrido[3,2-d: 2’,3’-f]quinoxaline 

(dpq) were reported to assess their cytotoxicity against human breast cancer cell lines (MCF-

7) after 24 h of treatment that exhibited IC50 (μM) of 13.4 ± 1.8 and 9.2 ± 0.7, respectively 

(SANTINI et al., 2014). Moreover, they induced a remarkable DNA fragmentation in MCF-7 

cells at IC50 concentration after 24 h about 70% and 76.5%. In Comparison to our result, R9 

and R10 induced 60.2% and 61.2% of the DNA degraded cells in MCF-7 at the IC50 concen-

tration (1 μM). Though in both studies, the MCF-7 cells treated with Cu+2-complexes resulted 

in more than 50% of DNA fragmented cells, but our compounds, R9 and R10 induced DNA 

fragmentation at 1 μM concentration whereas, [Cu(N-benzyliminodiacetic acid)(1,10-phe-

nanthroline)] and [Cu(N-benzyliminodiacetic acid)(dipyrido[3,2-d: 2’,3’-f]quinoxaline)] in-

duced DNA damaged at the concentration of 13.4 μM and 9.2 μM, respectively. The concen-

trations of R9 and R10 used in our experiment is around 13 and 10 times lower than complexes 

synthesized by Santini et al. 2014, respectively. Hence, R9 and R10 may have higher potential 

to act as effective anticancer drugs than [Cu(N-benzyliminodiacetic acid)(1,10-phenanthro-

line)] and [Cu(N-benzyliminodiacetic acd)(di-pyrido[3,2-d: 2’,3’-f]quinoxaline)].  

The casiopeinas were explicitly designed to interact with genetic material, producing ox-

idation and DNA fragmentation, through the generation of ROS after copper reduction (SERME 

NT-GUERRERO et al., 2011). Serment-Guerreo et al. (2011), studied the genotoxicity of four 

complexes. (a) casiopeina III-Ea [Cu(4,7-dimethyl-1,10-phenanthroline) acac]NO3, (b) casio-

peina III-Ia [Cu(4,4´’-dimethyl-2,2´-bipyridine)acac]NO3, (c) casiopeina III-Ha [Cu(4,7-diphe-

nyl-1,10-phenanthroline)acac]NO3, and (d) casiopeina II-gly [Cu(4,7-dimethyl-1,10-phenan-

throline)(glycinato)]NO3. DNA degradation was assessed in Hela cells by SCGE (single cell 

gel electrophoresis). It can be seen that all casiopeinas exposed to almost 40×IC50 concentration 

(40 μM) at 30 min, produced DNA fragmentation with cell percentage of 37%, 19%, 85% and 

9% in casiopeina III-Ea, casiopeina III-Ia, casiopeina III-Ha and casiopeina II-g, respectively. 

Comparing to our results, the treatment time induction in this study was 30 minutes that is 12 

times lower than the treatment time in our study (24 h). Moreover, the concentration of casio-
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peinas induced in Hela cells were 40 μM which is 40 times higher than the R9 and R10 con-

centration induced in MCF-7 and A549. Overall, these four casiopeinas, R9 and R10 are capa-

ble of damaging in DNA.  

Several reports show that cell apoptosis can be indicated via the mitochondrial pathway, 

which may be dependent on ROS generation (CUI et al., 2018; LI et al., 2014; SINHA et al., 

2013). Mitochondrial-derived ROS have increasingly been reported to function as signaling 

molecules that might change cellular physiology. The excessive generation of ROS is one of 

the factors that lead to intracellular damage which may cause the activation of the intrinsic 

pathway of apoptosis signaling. Oxidative stress occurs in cells when the phase generation of 

ROS overwhelms the cellular antioxidant system. Oxidative imbalance due to metabolic prop-

erties has been observed in various types of cancer. One of the consequences of increased ROS 

is that cancer cells become more susceptible to agents that cause oxidative damage. Hence, the 

development of drugs that cause an oxidative imbalance has been shown to be an efficient 

alternative for the elimination of neoplastic cells (SULLIVAN; CHANDEL, 2014).  

Our results showed the induction of ROS in both MCF-7 and A549 cell lines after 24 h 

of treatment with R9 and R10 in all concentration tested ½ IC50, IC50 and 2×IC50. The increase 

of ROS occurred in a dose dependent way. In recently synthesized Cu+2-complex (S-benzyl 

dithiocarbazate and 3-acetylcoumarin) [Cu(SBCM)2], the induction of intracellular ROS was 

not detected in MCF-7 cells (FOO et al., 2019). On the other hand, The Cu+2-complex 1-me-

thyl-2-(2-pyridinyl) benzimidazole Cu(pbzMe) synthesized by Prosser et al. (2017), showed 

the intracellular ROS generation in the A549 cell line after 1.5 h at 2×IC50 (10 μM), showed 

the induction of ROS that was 6 times higher than that of in control (PROSSER et al., 2017). 

In our result, A549 cell line treated with both Cu+2-complexes at the concentrations of 2×IC50 

after 24 h revealed the %ROS generated 3.5 times higher than the control. Given the difference 

in time incubation of cells with Cu(pbzMe), R9 and R10, we can conclude that ROS can sig-

nificantly generate in all complexes of both study in A549 cells. 

Borges et al (2013) reported the effect of [bis-(2-oxindol-3-yl-imino)-2-(2-aminoethyl) 

pyridine-N, N] copper(II) perchlorate [Cu(isaepy)], on melanoma TM1MNG3 and TM1G3 

cells (melanoma cell line that lost galectin-3 expression). Exposing cells to 60 μM [Cu(isaepy)] 

for 24 h led to increases of 1.6 and 1.8 times higher in mean fluorescence intensity (MFI) 

intracellular oxidation in melanoma TM1MNG3 and TM1G3 cells, respectively compared with 

the control (BORGES et al., 2013). However, in our results, mean fluoresce intensity in MCF-

7 by the effect of R9 and R10 at the highest concentrations 2×IC50 (2 μM) were about 3.4 and 

3.7 times higher than that of in control, respectively. Furthermore, in R9 and R10-treated A549 
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cells, MFI calculated at the highest concentration 2×IC50 (2 μM) was 4.2 and 4.6 times higher 

than control, respectively. The ROS induction calculated in both MCF-7 and A549 treated with 

R9 and R10 at 2 μM concentrations was much higher than that of induced in TM1MNG3 and 

TM1G3 cells at 60 μM by [Cu(isaepy)]. 

The copper(II) complex derived from N,N`-dimethyl ethylene diamine and 2-hydroxy-

acetophenone Schiff base ligand, Cu(BrHAP)2 demonstrated increase in ROS formation at 

2×IC50 concentration (6 μM) after 24 h in colon carcinoma HT-29 cells (HAJREZAIE et al., 

2012). The ROS produced by Cu(BrHAP)2 at the IC50 (2.87 μM) concentration was non-sig-

nificant while at 2×IC50, ROS production increased 2 times more than untreated cells 

(HAJREZAIE et al., 2012). In our results, the amount of ROS produced by the effect of R9 

and R10 at 2×IC50 (2 μM) were about 3.4 and 3.7 times higher than the control in MCF-7 and 

4.2 and 4.6 times higher than the control in A549 cells, respectively. We can clearly see that 

the induction of ROS in HT-29 cells by Cu(-BrHAP)2 at 6 μM concentration was lower than 

that of induced by R9 and R10 at 2 μM in MCF-7 and A549 cells. Study the mechanism of 

Cu(4,7-dimethyl-phenanthroline)(glycinate)]NO3(Casiopeína IIgly) on A549 by Kachadou-

rian et al. (2010) showed that A549 cells treated with Cas IIgly at IC50 concentration (5 μM) 

after 24 h, showed increased levels of ROS around 2 times higher than untreated control 

(KACHADOURIAN et al., 2010). R9 and R10 showed the production of ROS after 24 h at 

IC50 concentration (1 μM) in A549 about 3.7 and 4.1, respectively that is higher than the ROS 

amount produced by Cas IIgly.  

Increased intracellular oxidation in both MCF-7 and A549 cells might have effect on 

mitochondrial membrane potential dissipation. The mitochondrial membrane potential (ΔΨm) 

is an essential component in the process of energy production generated by complexes I, III and 

IV (proton pumps) during oxidative phosphorylation. The movement of electrons along the res-

piratory chain pumps protons across the inner mitochondrial membrane during aerobic respiration 

building an electrochemical proton motive force, embracing of a hyperpolarized transmembrane 

voltage (ΨIM, negative inside) (GLAGOLEV; SKULACHEV, 1978). Via an electrochemical gra-

dient, protons move down through ATP synthase to generate ATP. Dissipation of hyperpolariza-

tion across inner mitochondrial membranes, lead to open the voltage-sensitive permeability 

transition pore (PTP) and may release pro-apoptotic agents (e.g. cytochrome c) into the cyto-

plasm and drive apoptotic cell death (ZAMZAMI et al., 1995). Many researchers indicate that 

in some apoptosis there is a change in mitochondrial structure and (ΔΨm). Marzo et al (2001) 

showed that loss of ΔΨm may occur in two stages. Initially, ΔΨm dissipation occurs before the 

caspase is activated, so that the loss of an initial partial ΔΨm may be due to a non-caspase agent that 



97 
 

is still sufficient to signal an obligation for the cell to undergo apoptosis. Subsequently, the release 

of cytochrome c (Cyt c) and/or AIF with the activation of caspase-9 leads to caspase activation 

and increased ΔΨm dissipation. Therefore, the activation of the caspase may provide a reinforc-

ing feedback loop that result in the destruction of ΔΨm. Finally, complete loss of ΔΨm and 

induction of apoptosis may occur due to an unknown caspase (MARZO et al., 2001). Our re-

sults indicated a marked reduction in mitochondrial membrane potential of MCF-7 and A549 

with both Cu2+-complexes at the concentration of ½ IC50, IC50 and 2×IC50 and a nearly complete 

depolarization of the mitochondrial membrane potential at concentrations of 2×IC50 like the in-

hibitor of the mitochondrial function FCCP. The copper-imidazo[1,2-a]pyridines complex has 

been reported by Harmse et al. (2019) represented high cytotoxicity effect against HT-29 cells 

with an IC50 value lower than 1 μM. Treatment of HT-29 cells with the copper-imidazo[1,2-

a]pyridines complex at 10×IC50 after 12 h resulted in a loss of mitochondrial membrane poten-

tial. In our study, we performed the assay with ½IC50, IC50 and 2×IC50 concentrations at 24 h which 

we observed the loss of mitochondrial membrane potential in all concentrations (HARMSE et al., 

2019). Given that, Harmse et al. and colleagues performed lower treatment time (12 h) compare 

to our study, but to induction of mitochondrial dissipation, they used the 10 times higher con-

centration (10×IC50) of compound because at the lower concentration they didn’t see mito-

chondrial depolarization. It might be concluded that R9 and R10 may have higher impact on 

mitochondrial depolarization at lower concentration than copper-imidazo[1,2-a]pyridines com-

plex. 

Cu(4,7-dimethyl-phenanthroline)(glycinate)]NO3 (Casiopeína IIgly) investigated by 

Remy Kachadourian et al.(2010) on A549 caused a depolarization of the mitochondrial mem-

brane of A549 cells at IC50 concentration (5 μM) after 16 h. R9 and R10 lead to mitochondrial 

membrane loss of A549 at ½IC50, IC50 and 2×IC50 concentrations which is lower than the concen-

tration of Casiopeína IIgly used by Kachadourian et al. (2010) (KACHADOURIAN et al., 

2010). 

Maciel et al.(2020) reported the synthesis of copper complex [Cu(L1)Cl]Cl.2H2O, 

where L1= 1-[2-hydroxybenzyl(2-pyridylmethyl)amino]-3-(1-naphthyloxy)-2-propanol with 

IC50 of 26.5 µM ± 1.1 on lung carcinoma cell NCI-H460. After 24 h treatment with 2×IC50, 

cells showed high loss of mitochondrial membrane potential. Dissipation of mitochondrial 

membrane occurred by R9 and R10 in A549 and MCF-7 at ½IC50, IC50 and 2×IC50 concentra-

tions that is very lower than the concentration of [Cu(L1)Cl]Cl.2H2O used by Maciel et al 

(MACIEL et al., 2020). 
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Cytotoxic compounds can induce apoptosis by different signaling pathways (e.g. ex-

trinsic and/or intrinsic signal). In the intrinsic pathway, internally damages caused by cytotoxic 

drugs provokes changes in mitochondrial functioning and thus, altering the mitochondrial mem-

brane potential, which permits the release of cytochrome c. Consequently, the release of Cyt c 

from mitochondria promotes the activation of Apaf-1 protein, which leads to the activation of 

caspase 9 (ELMORE, 2007; WU et al., 2016a). Caspase 9 is an initiator caspase, belongs to a 

family of caspases, cysteine-aspartic proteases involved in apoptosis and cytokine signaling 

and is a key player in the intrinsic or mitochondrial pathway which is involved in various stim-

uli, like chemotherapies, stress agents and radiation (LI et al., 2017; MCILWAIN; BERGER; 

MAK, 2013). Thus, in order to ascertain by which signaling, extrinsic or intrinsic, the Cu2+-com-

plexes induced the process of apoptosis, we evaluated whether caspase 8 and/or caspase 9 en-

zymes are activated. Since our results point to the activation of caspase 9, but not the caspase 

8, in breast and lung cancer cells treated with Cu2+-complexes, we conclude that the mechanism 

of action of both Cu2+-complexes is related to the induction of intrinsic apoptotic signaling 

pathway.  

Study of copper-imidazo[1,2-a]pyridines complex at 10×IC50 on HT-29 cells at 12 h  re-

sulted in increased caspase-9 activity. The absence of caspase-8 activity indicated activation of 

the intrinsic apoptotic pathway (HARMSE et al., 2019). In our study, results showed in both 

MCF-7 and A549 cell lines, R9 and R10 induced caspase 9 activity with IC50 concentrations 

at 24 h. Hence, copper-imidazo[1,2-a]pyridines and our Cu2+-complexes induced intrinsic apop-

totic pathway by activation of caspase 9 activity in different cancer cell lines.  

The activity of casiopeina II [Cu(1,4-dimethyl-1,10-phenanthroline)(glycine)NO3], was 

tested in CH1 human ovarian carcinoma by De Vizcaya-Ruiz et al. (2000). Cell line treated by 

casiopeina II at 2×IC50 concentration (3 μM) at 24 h showed the increase of caspase activity by 3 

times when compared with that of the untreated cells. Caspase activation (measured by Z-Asp-

Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin; Z-DEVD-AFC) confirm that casiopeina II 

can induced apoptotic cell death (DE VIZCAYA-RUIZ et al., 2000). In our study, R9 and R10-

treated MCF-7 cells with 1 μM at 24 h showed the 2.2 and 1.9 times higher relative caspase 9 

activity than that of control, respectively. In addition, in A549 treated cells with R9 and R10, 

the relative caspase 9 activity was 2.8 and 2.5 times above the control, respectively. Comparing 

to the casiopeina II, in our study, the induction of caspases activity in cancer cells with R9 and 

R10 was performed at almost 3 times less concentration. This might help us to explain the 

lower amount of caspase 9 induced by R9 and R10 comparing to the casiopeina II. 
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Copper ions are involved in regular activities such as cellular respiration hence; the 

interaction of copper ions with DNA has received special attention (GOVINDARAJU et al., 

2013). Copper can generate large number of DNA attacking ROS via a Fenton reaction lead to 

lipids, proteins and DNA damage (HARTTER; BARNEA, 1988). Copper can also directly bind 

to protein and DNA leading to structural and functional modifications and is involved in chro-

matin condensation. The presence of metal-binding sites in DNA structure makes it a good 

target for metallodrugs such as cisplatin (ROSENBERG et al., 1969). There are many reports in 

the literature describing the interaction of Cu+2-complexes with DNA (DIMIZA et al., 2011; 

ERXLEBEN, 2018; PAGES et al., 2015). In order to investigate whether the Cu+2-complexes 

tested in this study present the ability to bind DNA, we set the simple experiment based on the 

DNA binding competition between the Cu+2-compounds with PI. Interestingly, our results con-

firmed that Cu+2-complexes couldn’t bind to DNA as an intercalating agent; however, since 

we did not analyze any other form of DNA binding, we cannot reject any other possible inter-

action with DNA.  

The binding ability of Schiff-base metal complex including Cu(II) to DNA has been 

reported by Dehkhodaei M et al, 2018. The experimental DNA-binding results (spectroscopic 

and viscosity measurements) as well as computational docking and ONIOM data suggest that the 

Cu+2(2-tert-butyliminomethyl-phenol)2 interact with DNA, presumably by the groove-binding 

mechanism (DEHKHODAEI et al., 2018). In another study, mononuclear and dinuclear Cu+2-

complexes with thiophene carboxylic acid, [Cu(3‐TCA)2(2,2′‐bpy)],  and [Cu2(2,5‐TDCA) (DM-

F)2(H2O)2(2,2′‐bpy)2] (ClO4)2 (where 3‐ TCA=3‐thiophene carboxylic acid; 2,5‐TDCA=thiophene‐

2,5‐dicarboxylic acid; 2,2′‐ bpy=2,2′‐bipyridyl; DMF=N,N‐dimethylformamide), were synthesized 

and by computational analysis the authors suggest that these compounds can bind to the minor 

groove DNA (GURUDEVARU et al., 2018). These studies and many other in literature may sup-

port the possible hypothesis about binding of R9 and R10 on DNA maybe occurred through 

minor or major groove but undoubtedly, they would not act as an intercalating agent.  

Despite the wide variety of available antineoplastic drugs, they are generally unable to 

fight tumor tissue without affecting the patient's healthy cells and tissues (SARASTE; PULKKI, 

2000). Thus, it is extremely important that the side effects of new drugs be minimized (CAMPI-

LLOS et al., 2008). Therefore, it is necessary to know the toxicity of the compounds so that the 

treatment dose used is as less harmful as possible. Larvae of G. mellonella have been widely 

used as in vivo screening model to assess the therapeutic potential of different novel drugs 

(CUTULI et al., 2019; ENTWISTLE; COOTE, 2018; HORNSEY; WAREHAM, 2011). The innate 

defenses of insects G. mellonella, consist of structural and passive barriers as well as humoral and 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dehkhodaei%20M%5BAuthor%5D&cauthor=true&cauthor_uid=29119261
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cellular responses within the hemolymph that is analogous to the blood of mammals (DUNPHY; 

THURSTON, 2018). The larvae of the greater wax moth have been shown to be an excellent 

model organism, convenient and inexpensive that replaces the use of small mammals for in vivo 

toxicity experiments (KAVANAGH; REEVES, 2004; RENWICK; KAVANAGH, 2007). In vivo 

study by G. mellonella, revealed the lower toxicity of R9 in comparison to cisplatin at the same 

concentration (50 mg/kg) on G. mellonella that agrees with the LD50 calculated in mice treated 

with R9 and cisplatin. This result is in a line with the results of toxicity evaluation of R9 and 

cisplatin by G. mellonella via injecting 50 mg/kg. G. mellonella showed lower tolerance to 

cisplatin, and high toxicity of cisplatin (70% kill) being observed at 50 mg/kg compare to R9 

(30% kill). This value for cisplatin correlates well with the known LD50 value for this drug (6.6 

mg/kg body weight) and LD50 value of R9 (71.6 mg /kg) in the mouse model. These differences 

may occur in mammals due to the dose-limiting toxicity of cisplatin toward renal tubular dam-

age (DEO et al., 2018; JOHNSTONE; SUNTHARALINGAM; LIPPARD, 2016). The result ob-

tained in mice is promising since the value of 71.6 mg/kg is much higher than the LD50 of 

cisplatin, 6.6 mg/kg (ASTON et al., 2017). In addition, the results of LD50 is well correlated 

with the data obtained during the treatment with the MCF10A cells showing that the R9 com-

plex has a low toxicity to its relative non-cancerous cells. This result from MTT assay showed 

the toxicity of our compound R9 is 10.85 times lower than the cisplatin and it has a great 

potential of chemotherapeutic drug. The in vivo drug tolerance of dinuclear Cu2+ bis-phenan-

throline octanedioate compound [Cu2(µ2-oda)(phen)4](ClO4)2 synthesized by Kellet et al. 

(2011) represented 50% kill at 67 mg/kg after 3 days in G. mellonella. In addition, cisplatin 

was the least tolerated of the test compounds, with high toxicity (100% kill) being observed at 

67 mg/kg (KELLETT et al., 2011). In our study cisplatin was the least tolerated in G. 

mellonella, with high toxicity (20% kill) being observed at 50 mg/kg of G. mellonella compare 

to R9 (0% kill) after day 3. The comparison clearly illustrated that R9 is less toxic than the 

[Cu2(µ2-oda)(phen)4](ClO4)2 to G. mellonella. On the other hand, the difference in our results 

of both study regarding cisplatin is controversial and may be related to experimental condition. 

According to Hall et al. 2014, DMSO has the ability to react with the complexes, interfering in 

their cytotoxicity (HALL et al., 2014). We presume that the high toxicity observed in Kellet et 

al. groups might be related to the DMSO not the cisplatin per se. In our study while cisplatin was 

dissolve in DMEM instead of DMSO. 

Since we observed a similar profile of R9 and R10 in both MCF-7 and A549 cell lines, 

we decided to choose R10 to investigate the differential expression of proteins in MCF-7 cells. 

Until now, our study revealed that R9 and R10 is cytotoxic for breast and lung cancer cells 
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showing changes in granularity, dissipation of mitochondrial membrane potential, induction of 

ROS, DNA fragmentation and activate the intrinsic apoptosis pathway. By using label free pro-

teomics, we searched for the most relevant proteins expressed with significant fold change (con-

trol vs treatment) higher than 1.2 to correlate and improve our previous results. The Label-free-

based quantitative proteomics were employed to identify differentially expressed proteins after 

R10 and cisplatin treatment.  

Statistical analysis data revealed that from 167 proteins identified by R10-treated cells, 

a total of 194 pathways were altered. Moreover, from these 167 altered proteins, 118 proteins 

were significantly downregulated and linked to the 189 downregulated pathways, and 49 proteins 

were upregulated indicating that 40 pathways being upregulated. On the other hand, from 95 

proteins expressed after the treatment with cisplatin, a totally of 127 pathways were altered in 

which 58 proteins were downregulated being responsible for the downregulation of 105 path-

ways. In addition, 37 proteins were upregulated being associated with the upregulation of 47 

pathways. 

The most downregulated pathways after R10 treatment, belong to the regulation of actin 

cytoskeleton (12 related proteins), viral carcinogenesis (10 related proteins), metabolic path-

ways (9 related proteins) and PI3K-Akt signaling pathway (9 related proteins), tight junction 

(8 related proteins), Fc gamma R-mediated phagocytosis (7 related proteins), oocyte meiosis 

(7 related proteins), neurotrophin signaling pathway (7 related proteins), axon guidance (7 re-

lated proteins), and proteoglycans in cancer (7 related proteins), adherence junction (6 related 

proteins), apoptosis (6 related proteins), focal adhesion (6 related proteins), pathways in cancer 

(MAPK signaling pathway, calcium signaling pathway and ECM receptor interaction) (6 re-

lated proteins) and Rap1 signaling pathway (6 related proteins). On the other hand, the most 

upregulated pathways from R10-treated cells were ribosome (5 related proteins), thermogenesis 

(5 related proteins), necroptosis (4 related proteins), metabolic pathways (4 related proteins) and 

oxidative phosphorylation (4 related proteins). 

The most downregulated pathways after cisplatin treatment, were related to Micro- 

RNAs and proteoglycans in cancer (4 related proteins identified in each pathway), glycolysis/ 

gluconeogenesis (3 related proteins), pathways in cancer (apoptosis, ECM receptor interaction 

and cytokine-cytokine receptor interaction) (3 related proteins), oxidative phosphorylation (3 

related proteins), and thermogenesis (3 related proteins). The most upregulated pathways re-

lated to the cisplatin-treated cells were ribosome (12 related proteins), metabolic pathways (4 

related proteins), oxidative phosphorylation (3 related proteins) and thermogenesis (3 related 

proteins). 
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Of note, 6 proteins related to the downregulation of apoptosis pathway in R10-treated 

cell include: Lamin B1, NRAS proto-oncogene, mitogen activated protein kinase 1, mitogen ac-

tivated protein kinase 3, spectrin alpha and calpain 2. Whereas, there is one protein participated 

in upregulation of apoptosis named apoptosis inducing factor mitochondria associated 1 

(AIFM1). Moreover, in cisplatin-treated cells there is only 1 protein associated to the downreg-

ulation of apoptosis pathway, named caspase 3 while there is no report regarding the upregulation 

of apoptosis pathway in cisplatin-treated cells in our result.  

Hence, treatment with R10 induced different proteins in apoptotic pathway in both up 

and downregulated ways that is completely different from proteins expressed in apoptosis path-

way downregulated in cisplatin-treated cells. The results from Venn diagram confirmed the 

difference of up/downregulated proteins expressed in R10 and cisplatin-treated cells. It showed 

the only 9.3% of expressed proteins were common amongst the downregulated proteins in 

R10/cisplatin-treated cells whereas, 14.7% of expressed proteins were the same in upregulated 

proteins in R10/cisplatin-treated cells. Based on the results, we might suggest the possible dif-

ferent mechanism of action of our Cu2+-complex R9 and cisplatin.  

In more detailed analysis of R10-treated cells, we highlighted the regulation of actin 

cytoskeleton, metabolic pathway, apoptosis, RNA transport and ribosome as the principal 

downregulated biological processes, respectively. While, the thermogenesis and apoptosis 

were identified as the main upregulated biological process. 

Focus on highlighted pathways and their associate proteins revealed that the most down-

regulated expressed protein was ezrin that together with other downregulated proteins like 

moesin and gelsolin, have an important role in the regulation of actin cytoskeleton. Ezrin is an 

important member of the ERM (ezrin-radixin-moesin) cytoskeleton-associated proteins family, 

which is a transit protein between membrane proteins and actin filaments (BRETSCHER; RECZ 

EK; BERRYMAN, 1997). Ezrin was found to be upregulated in breast cancer tissues (LI et al., 

2019a). Studies have revealed that ezrin is an important signaling molecule that plays a vital 

role in tumorigenesis, development, invasion and metastasis in a variety of human malignan-

cies as well as breast cancer via association with many cellular processes, including cell pro-

liferation, cell adhesion, cell motility and signal transduction (DENG et al., 2007; FRÖSE et 

al., 2018; LI et al., 2019a; ZHANG et al., 2019). The proteins in biological pathways associated 

with ezrin include protein kinase C, Rho-kinase, NF-kB, PI3 kinase/Akt (LONG; WANG, 2016; 

QUAN et al., 2019). Sperka et al. (2011), suggests that ezrin not only acts as a scaffold assem-

bling RAS and SOS (son of sevenless) but also participates in SOS activity control (SPERKA et 

al., 2011). Our experiments on cell shape and morphology confirmed the impact of the R10 on 
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actin cytoskeleton. The actin cytoskeleton is key to cell shape and motility, that are important 

in the metastasis phenomenon. In this regard, a finding that may be of interest in anticancer 

strategies. Proteomic study of 8-hydroxyquinoline-copper complex on leukemic cells RAW 

264.7 cell line after 24 h of treatment time by Dalzon et al. (2019) also showed the modulation 

of actin cytoskeleton pathway, but they didn’t correlate the changes in cytoskeleton with the 

changes of relevant target proteins involved in the cytoskeleton organization (DALZON et al., 

2019). 

The downregulation of ezrin may affect the activation of RAS, which was downregulated 

in our study and reduce RAS/MAPK signaling (MAPK1 and MAPK3 mitogen activated protein 

kinase). This might happen through downregulation of multiprotein complex at the plasma mem-

brane in response to low ezrin that comprises RAS, SOS, filamentous actin, and co-receptors 

such as β1-integrin. Co-receptors, in this case β1-integrin, which is downregulated, responsible to 

focus these complexes to relevant sites of receptor tyrosine kinase (RTK) activity at the plasma 

membrane/F-actin interface. 

The MAPK pathway contains several key signaling components and phosphorylation 

events that play an important role in tumorigenesis. Anomalies in the RAS-MAPK complex 

have been implicated in several human cancers, suggesting that this complex would be an attrac-

tive therapeutic target (NEUZILLET et al., 2013; PRATILAS; SOLIT, 2010; YANG; LIU, 2017; 

GHASEMISHAHRESTANI et al., 2020). Activation of receptor tyrosine kinase RTK, generates 

binding sites for adaptor proteins like growth factor receptor-bound protein 2 (GRB2), that 

recruit the (guanine nucleotide exchange factor GEF) SOS at the plasma membrane and in turn 

activates the membrane-bound RAS by converting GDP to GTP (RAMOS, 2008). Upon acti-

vation of RAS, RAF acts as a MAP kinase kinase kinase (MAPKKK) to activate MEK1 and 

MEK2, which in turn, catalyze the activation of the effector ERK1 and ERK2 kinases, and their 

translocation into the nucleus. Once activated, ERK1/ERK2 broadly phosphorylate several nu-

clear and cytoplasmic effector proteins such as FOXO involved in diverse cellular responses 

such as cell proliferation, survival, differentiation and motility in this regard, downregulation of 

RAS can downregulate the RAF-MEK-ERK cascade (CHAMBARD et al., 2007; VAIDYAN 

ATHAN et al., 2007). 

The 3-tyrosine monooxygenase, 5 tryptophan monooxygenase (14-3-3 protein) epsilon ε, 

beta β, and zeta ζ were also downregulated in our result. The 14-3-3ε protein appears to function 

in multiple RTK pathways, indicating that it is a component of the RAS1 signaling cascade. 

14-3-3 β has oncogenic potential, through enhancing Raf-1 activation result in amplification of 

MAPK signaling cascade (TAKIHARA, 2000). 14-3-3ζ has been shown to be involved in the 



104 
 

onset and progression of cancer and its overexpression in all types of cancer is reported in the 

literature. In contrast, 14-3-3 sigma σ can act as a tumor suppressor and its expression is lost 

in many breast cancers which is interestingly we did not observe any changes in 14-3-3 sigma 

σ in our results (FERGUSON et al., 2000). It is known that 14-3-3 proteins can form homo-

dimers or heterodimers with other isoforms (VERDOODT et al., 2006). In the cancer field, 

overexpression of 14-3-3ζ may impair the balance of different dimer compositions in the cell 

that lead to substrate bias for 14-3-3ζ dimers, which may explain why the increase in 14-3-3ζ, 

even in the presence of other 14-3-3 proteins, leads to an increase in alteration of apoptosis. 

Neal CL et al. (2009), reported 14-3-3ζ binding to phosphorylated FOXO3a transcription factor 

leads to translocation of it to the cytoplasm and sequestration of FOXO3a that can mediate 

apoptosis resistance (BRUNET et al., 1999; NEAL et al., 2009). The FOXO is a subfamily of 

forkhead transcription factor family that plays an important role in tumor suppression in a wide 

range of cancers. Given this, downregulating 14-3-3ζ may sensitize cells to apoptosis by in-

creased activity of FOXO via ERK and serve as effective anticancer strategies in patients with 

breast cancer with overexpressed 14-3-3ζ. ERK mediated FOXO3 phosphorylation through ERK 

leads to interaction with MDM2 (Mouse double minute 2 also known as E3-ubiquitin ligase) 

(YANG et al., 2008). MDM2 polyubiquitinates FOXO3 rendering it a substrate for proteasomes 

and proteolysis. 

Exportins are transport receptor proteins for nuclear export better studied as potential tar-

gets in tumorigenesis (DAS et al., 2015). The most important and best studied exportin is CRM1 

(chromosomal maintenance 1) also called exportin 1 (XPO1) (LI et al., 2019b). In our results, the 

downregulation of RAN GTPase-RAS-related nuclear protein and CRM1/XPO1 may be related 

to reduce the FOXO (Members of the class O of forkhead box transcription factors) transloca-

tion to the cytoplasm and help in the apoptotic process. PFOXO3a in turn acts as an inhibitor 

of nuclear factor-kappa B (NF-kB). It has been reported that CRM1/XPO1 is responsible for the 

transport of many tumor suppressor proteins and oncoproteins such as FOXOs and NF-kB which 

are significant targets in oncogenesis (SENAPEDIS; LANDESMAN, 2014). 

 Our results revealed that downregulation of casein kinase α and β and subsequently 

downregulation of calpain, may results in downregulation of NF-kB. Casein kinase (CK2) is a 

tetrameric holoenzyme, with two catalytic (CK α) and two regulatory (CKβ) subunits (ALLENDE; 

ALLENDE, 1995). CK2 activity and/or expression are significantly increased in many human 

cancers such as breast cancer (FILHOL et al., 2015). In addition, the ubiquitous calpains were 

notably shown to regulate the cell cycle with two key cyclins, cyclin D1 and cyclin E (JÁNOS 

SY et al., 2004). Downregulation of calpain is in agreement with our biochemical assay results 
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which showed the cell cycle arrest of breast cancer cell line after R10 treatment (Section 5.5). 

CK2 can regulate signal transduction cascades such as NF-kB-regulated pathway, and may 

promote tumorigenesis through stabilization of the proto-oncogene Myc and activation of NF-

kB (anti-apoptotic factor) in breast cancer (CHANNAVAJHALA; SELDIN, 2002; DOMINGUEZ; 

SONENSHEIN; SELDIN, 2009; ROMIEU-MOUREZ et al., 2002). Therefore, downregulation of 

CK2 through calpain dependent, may cause the reduction of NF-kB activity especially when the 

proteasome activity halted as proteasome is responsible for degradation of IkB (inhibitor of NF-

kB) and subsequent translocation of active NF-kB to the nucleus. In our study, it seems the down-

regulation of casein kinase α, β and subsequently downregulation of calpain may results in down-

regulation of NF-kB. On the other side, we showed through the downregulation of RAS/ERK 

pathway, we would have probably increased the activity of FOXO that act as an inhibitor of NF-

kB. NF-kB and its target genes have been implicated as mediators in all of the hallmarks of 

cancer (HANAHAN; WEINBERG, 2011; PAHL, 1999). Constitutive activation of NF-kB has 

been demonstrated in breast cancer cell line (CHUA et al., 2007). In response to factors such 

as stress like effect of R10, IkBα, an inhibitor of NF-kB, can be targeted for ubiquitination and 

proteasomal degradation. 

The ubiquitin proteasome pathway (UPP) selectively mediates cellular protein degra-

dation which regulates cell cycle progression, signal transduction, differentiation, proliferation and 

apoptosis (NALEPA; ROLFE; HARPER, 2006). The labeled proteins are degraded by the 26S 

proteasome, which consists of one 20S core particle and two 19S regulatory particles (Peters 

JM, 1993). The results of downregulated catalytic subunit β5 as well as the regulatory subunits 

α3 and α4 may related to induce cancer cell death in breast cancer cells. Verani et al. (2012) 

demonstrated the association of the inhibition of proteasomal CT-like (chymotrypsin-like) ac-

tivity with tumor cell apoptosis revealing the selective inhibition of proteasome in cancer cells 

could be a potential anticancer strategy (VERANI, 2012). In this regard, Zhang et al. (2015), 

studied the effect of three ternary copper complexes with 3-indole carboxylic and 1,10-phe-

nanthroline in human breast cancer cells that inhibit the CT-like activity of the proteasome and 

induce cancer cell death in human cancer cells via binding with catalytic site of subunit β5 

(ZHANG et al., 2017). The downregulation of catalytically active β5 together with α3 and α4 

regulatory subunit in our result, may be related to induce cancer cell death in breast cancer 

cells. Numerous proteins identified in the proteasome/ubiquitin pathway, known to be a target 

of the copper complexes (CHEN et al., 2009; DALZON et al., 2019; DANIEL et al., 2004; 

OLIVERI et al., 2017). Dalzon et al. (2019) reported the effect of 8-hydroxyquinoline-copper 

complex on leukemic cells RAW 264.7 cell line after 24 h of treatment, lead to decrease all 
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modulated proteasome subunits detected in the proteomic screen, suggesting a destabilization 

of the proteasome (DALZON et al., 2019). 

Apoptosis-inducing factor (AIF) is a mitochondrial oxidoreductase that aids cell death 

programs and participates in the assembly of the respiratory chain. During apoptosis and upon 

dissipation of the mitochondrial membrane potential, AIF is released from the mitochondria and 

translocate to the nucleus in a caspase-independent manner (SUSIN et al., 1996, 1999). Based 

on our proteomic results, upregulation of AIF might have related to non-caspase apoptosis. The 

upregulation of AIF can be explained by the fact that during apoptosis, AIF nuclear transloca-

tion occurs downstream of mitochondrial permeabilization via the increase in the levels of ROS 

and dissipation of mitochondrial membrane potential that is in agreement with our previous bio-

chemical study results (Section 5.3 and 5.4). In the cytosol, truncated AIF physically interacts with 

multiple proteins, including heat shock 70-kDa protein (HSP70). Hence, downregulation of 

HSP70 that promotes AIF retention in the cytoplasm may related in free AIF, which is released 

from the mitochondria and translocate to the nucleus in a caspase-independent manner (RAVA- 

GNAN et al., 2001). Ferrando-May et al. (2001) reported the existence of caspase-independent 

pathways that show the initiation of death program through the signal to the nucleus (FERRA 

NDO-MAY et al., 2001). In this regard, it might be reasonable to assume that AIF translocation 

does not require active transport, but may be facilitated by the increased permeability of the 

nuclear pore complex during cell death (BANO et al., 2010; FERRANDO-MAY et al., 2001). 

Lamins contribute to the structural integrity of the nucleus and are important for the spacing of 

nuclear pores (ALHABOUBI et al., 2011; GOLDBERG et al., 1995; OSOUDA et al., 2005; SMYTH 

E; JENKINS; HUTCHISON, 2000). In this context, the downregulation of lamin in our result, 

might favor the entrance of AIF. 

The Vacuolar ATPase (V-ATPase) is a complex multisubunit enzyme that translocate 

protons from the cytoplasm into intracellular compartments and across the plasma membrane. It 

helps in maintaining an alkaline intracellular environment favorable for growth and an acidic 

extracellular environment favorable for invasion (SENNOUNE; MARTINEZ-ZAGUILAN, 2007). 

A hallmark of cancer is the Warburg effect where cells shift from oxidative phosphorylation to 

aerobic glycolysis. Alkalization of cytosol activates glycolysis while suppressing oxidative phos-

phorylation (ALFAROUK et al., 2014). Therefore, downregulation of V-ATPase may help to re-

verse this process from suppressing the glycolysis to reactivate the oxidative phosphorylation. 

Our previous biochemical results revealed the ROS production after effect of R10 on MCF-7 

that might be correlated with the reverse of cancer metabolism from glycolysis to oxidative 

phosphorylation (section 5.4). In tumors, V-ATPase expression has been shown to be higher 
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and lead the proliferating of many cancer cells like breast, prostate, lung cancers (COTTER et 

al., 2015). The high expression of V-ATPase is a well-designed compensatory mechanism which 

evolves survival and growth advantages of cancer cells (FORGAC, 2007). In our result, the 

downregulation of V-ATPase may help in suppressing the growth and survival of tumor. 

Pyruvate kinase (PKM2), which converts phosphoenolpyruvate (PEP) to pyruvate, regu-

lates the glycolytic flux and lactate production in cancer cells. In the majority of cancer cells, 

the expression of PKM2 is increased, which suggests that downregulation of PKM2 may be an 

attractive target for cancer therapy (DONG et al., 2016; GHASEMISHAHRESTANI et al., 2020). 

The increased of PKM2 activity is well correlated with metastasis and advanced tumor stage 

and size (LU et al., 2016). In this regard, together with downregulated V-ATPase the downreg-

ulation of pyruvate kinase muscle isozyme M2 (PKM2) in result, might have a great impact in 

tumor growth and survival suppression. 

SWI/SNF chromatin remodeler was the most abundant expressed protein found in this 

study. The proper functioning of the SWI/SNF chromatin-remodeling complex is vital to appro-

priate cell cycle control and tumor suppression. The SWI/SNF complex control cell prolifera-

tion and act as tumor suppressor via its association with cell cycle checkpoint genes, such as 

BRCA1, cyclin E, p21, p53 and p16 (BETZ et al., 2002; DEL BOVE et al., 2011). Highly 

expression of SWI/SNF complex may be related to the tumor suppressor activity of the com-

plex on MCF-7 via cell cycle control that could be related to our previous results regarding the 

DNA fragmentation in MCF-7 cells at concentration of IC50 in about 77% (Session 5.5). 

In summary, R10 treatment may cause MCF-7 cell death mainly through intrinsic apop-

tosis pathway or by direct activation of apoptosis through AIF by downregulation of RAS-ERK 

pathway. The downregulation of protein casein kinases, calpain as well as catalytic and regu-

latory subunits of proteosome may also activate pathways for DNA degradation. Moreover, 

downregulation of a rate-limiting glycolytic enzyme pyruvate kinase may have great impact in 

downregulation of glycolysis and force the cells through oxidative phosphorylation (Figure 

39). 
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Figure 39. The effect of Cu2+-complexes in breast cancer cell signaling pathways. The cytotoxicity, significant reduction in ΔΨm, induction of high amount 

of ROS, and together by activation of caspase 9 and DNA break at Sub-G1 showed that R9 and R10 treatment may cause cell death mainly through intrinsic 

apoptosis pathway or by direct activation of apoptosis through AIF by downregulation of RAS-ERK pathway. The downregulation of protein casein kinases, 

calpain as well as catalytic and regulatory subunits of proteosome may also activate pathways for DNA degradation. Moreover, downregulation of a rate-limiting 

glycolytic enzyme pyruvate kinase may have great impact in downregulation of glycolysis and force the cells through oxidative phosphorylation. The pink color 

represents the downregulated proteins and the purple color shows the upregulated protein.
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7. Conclusion 

 

❖ MCF-7, A549 and PC3, all presented high cytotoxicity effect against R9 and R10 with 

IC50 around 1µM that is very low as compare to cisplatin. 

❖ Despite the high cytotoxic effect of Cu2+-complexes on breast, lung and prostate cancer, 

the toxicity is reduced in healthy human mammary epithelial cell line MCF10A cells 

almost 7 and 8 times lower than observed for the MCF-7 cell line 

❖ There is significant cell morphology change and increase granularity through effect of 

R9 & R10 in both cell lines MCF-7 and A549.  

❖ Both compounds exhibited mitochondrial membrane potential disruption, show similar 

effects to cisplatin in MCF-7 and have a greater effect than cisplatin in the A549. 

❖ Percentage of ROS and the amount of ROS produced by R9 and R10 was high when 

compared to control. 

❖ Activation of caspase 9, improves that the treatment may causing cell death through 

intrinsic apoptosis pathway. 

❖ MCF-7 and A549 showed the DNA damage (fragmentation) after treatment with R9 & 

R10. 

❖ R9 and R10 didn’t bind to DNA as an intercalator. 

❖ In vivo assay by G. mellonella revealed the low toxicity of R9 in comparison to cispla-

tin. 

❖ The LD50 values from BALB/c nude mice represent 10.85 times less toxicity of R9 

compare to the therapeutic drug cisplatin. 

❖ Treatment with R10 induces different proteins in apoptotic pathway in both up and 

downregulated ways that is completely different from proteins expressed in apoptosis 

pathway down/upregulated in cisplatin-treated cells. 

❖ Regarding to the regulation of actin cytoskeleton pathway we observed that ezrin, moesin 

and gelsolin were the most downregulated expressed proteins after R10 treatment. 

❖ The second obtained most downregulated pathway; metabolic pathways were associ-

ated to V-ATPase subunit B and pyruvate kinase. 

❖ PI3K pathway were identified as the third most downregulated pathway associated with, 

NRAS proto-oncogene GTPase, HSP90, MAPK 1, MAPK 3, 14-3-3 protein β, 14-3-3 pro-

tein ε and 14-3-3 protein ζ and, integrin β.  
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❖ The next most downregulated pathway was adherence junction related to the two main 

proteins, casein kinase IIα (CK α) and casein kinase IIβ (CKβ). 

❖ Apoptosis pathway, downregulated by downregulation of NRAS proto-oncogene GTP 

ase, lamin B1, spectrin alpha chain, MAPK 1, calpain-2 catalytic subunit and MAPK 3. 

❖ GTP-binding nuclear protein Ran and exportin-1 downregulated the RNA transport. 

❖ Proteosomal function downregulated via downregulation of proteasome subunit alpha 

type-3, alpha type-4 and proteasome subunit beta type-5. 

❖ Among upregulated pathways, the two most upregulated pathway were identified, ther-

mogenesis and apoptosis. Protein SWI/SNF complex subunit SMARCC1 was related 

to the upregulation of thermogenesis and the upregulation of apoptosis was related to 

upregulation of apoptosis-inducing factor 1. 

❖ The results may consider R9 and R10 a potential therapeutic agent for breast, lung and 

prostate cancer that is highly competitive with cisplatin chemotherapy drug. 

 

The main mechanism of action of the Cu2+-complexes seems to occur by dissipation of 

mitochondrial membrane potential and generation of ROS that appears to play an important 

role in the cytotoxicity of these compounds and in the induction of apoptosis signaling. Due to 

the cytotoxicity and induction of high amount of ROS, significant reduction in ΔΨm and to-

gether by activation of caspase 9 and DNA break at Sub-G1 we conclude that R9 and R10 

treatment induce cell death mainly through intrinsic apoptosis pathway or by direct activation 

of apoptosis through AIF by downregulation of RAS-ERK pathway. The downregulation of 

protein casein kinases, calpain as well as catalytic and regulatory subunits of proteosome may 

also activate pathways for DNA degradation. Moreover, downregulation of a rate-limiting gly-

colytic enzyme pyruvate kinase may have great impact in downregulation of glycolysis and 

force the cells through oxidative phosphorylation. Moreover, the in vivo assay by G. mellonella 

revealed the low toxicity of R9 in comparison to cisplatin and this result was confirmed with 

the LD50 values from BALB/c nude mice that represent 10.85 times less toxicity of R9 compare 

to the therapeutic drug cisplatin. Overall, the results may consider R9 and R10 a promising 

therapeutic agent for breast, lung and prostate cancer. 
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8. Perspective of the project 

 

 In our biochemical assays, we observed the very close result of induction of intrinsic 

apoptosis pathway via induction of high amount of ROS, significant reduction in ΔΨm, acti-

vation of caspase 9 and DNA break at Sub-G1 in R9 and R10 Cu2+-complexes compare to 

cisplatin. However, there are some questions remained unclear. 

• Do Cu2+-complexes bind to DNA directly or indirectly? 

• How will be the metal homeostasis in the cell? 

• Which organelle is the most affected by treatment with the Cu2+-complexes? 

• What is the cell's capacity to produce energy when exposed to Cu2+-complexes? 

• Do the compounds remain intact or dissociate? 

• How animal models (xenograft model) would respond to cancer treatment with 

these Cu2+-complexes? 

• Will the use of these compounds in combination with cisplatin or other drugs 

be beneficial or not? 

 

Regarding the last question, our proteomic results revealed the very high probability of 

different proteins expressed after R10 and cisplatin treatment. This clearly show the possibility 

of different mechanism of action in R10 and cisplatin. Clarification of some of the mechanisms 

of action of the Cu2+-complexes, after its proven effectiveness in combating tumor cells, and 

the possible different mechanism of action of our Cu2+-complex with cisplatin provides im-

portant information for finding the synergism tests between these compounds and cisplatin or 

other currently available antitumor drugs.  
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                            10. Attachments 

 
Attachment 1. List of differential Proteins expressed by R10 on MCF-7. Accession number, gene name, fold change, q-value, up/downregulated proteins 

and their GO biological process name. 

Accession 

 number Gene name 

fold 

change q-value  Regulation GOBP name 

P15311 EZR -341.86 0.000831841 Down Actin cytoskeleton organization; Proteoglycans in cancer, Tight junction 

P22392-2 NME2 -310.10 0.00473651 Down Biological adhesion; biological regulation; biosynthetic process 

P26038 MSN -260.30 0.0018044 Down Anatomical structure development; biological adhesion 

P11413-2 P11413-2 -249.72 0.0197693 Down Alcohol biosynthetic process; alcohol catabolic process 

P06396 GSN -236.34 0.0296707 Down Actin cytoskeleton organization; Proteoglycans in cancer, Tight junction 

P61204 ARF3 -225.94 0.0260694 Down Biological regulation; biosynthetic process 

P21281 ATP6V1B2 -225.93 0.0158571 Down Metabolic pathways, Oxidative phosphorylation, mTOR signaling pathway 

P82979 SARNP -225.80 0.00502156 Down Biological regulation; biosynthetic process 

P60174 TPI1 -220.21 0.0153248 Down Metabolic pathways, Carbon metabolism, Inositol phosphate metabolism 

E9PAV3 NACA -212.62 0.0042344 Down Biological regulation; biosynthetic process 

Q01082 SPTBN1 -196.26 0.0173689 Down Actin filament capping; axon guidance; biological regulation 

P04083 ANXA1 -188.88 0.0163012 Down Alpha-beta T cell differentiation 

P18669 PGAM1 -188.28 0.00874454 Down Glycolysis / Gluconeogenesis, metabolic pathway 

Q99729-2 HNRNPAB -185.36 0.00968497 Down Anatomical structure morphogenesis; biological regulation 

P68400 CSNK2A1 -183.06 0.0065269 Down Adherens junction; cell death; cell division 

P62826 RAN -178.89 0.0141059 Down RNA transport  

P67870 CSNK2B -176.58 0.0188121 Down Adherens junction 

P01111 NRAS -173.95 0.0361131 Down PI3K-Akt signaling pathway, apoptosis 

P20700 LMNB -172.97 0.00653491 Down Apoptosis 

Q13283 G3BP1 -170.63 0.0135105 Down Biological regulation; cellular macromolecule metabolic process 

P27695 APEX1 -168.62 0.0288133 Down Regulation of apoptotic process  

P17931 LGALS3 -168.34 0.0110758 Down Anatomical structure development; biological regulation 

Q13813 SPTAN1 -161.60 0.00643425 Down Actin filament capping; apoptosis 

https://www.ebi.ac.uk/QuickGO/term/GO:0042981
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P68032 ACTC1 -160.51 0.0312561 Down Actin filament-based movement  

P08758 ANXA5 -160.39 0.0186809 Down Biological regulation 

P00390 GSR -158.78 0.0412565 Down Metabolic pathway 

O14980 XPO1 -158.72 0.0397152 Down RNA transport 

P25789 PSMA4 -155.16 0.0294159 Down Proteasomal protein catabolic process  

O75821 EIF3G -154.47 0.00897153 Down RNA transport 

P52565 ARHGDIA -153.11 0.0237821 Down Biological regulation; cell surface receptor linked signaling pathway 

P27797 CALR -148.14 0.00960142 Down Actin cytoskeleton organization 

Q14204 DYNC1H1 -146.72 0.00968497 Down Antigen processing and presentation 

P09234 SNRPC -146.45 0.0361131 Down Cellular component assembly 

Q02880 TOP2B -145.33 0.00140085 Down DNA topological change 

Q6DD88 ATL3 -145.23 0.0294159 Down Endoplasmic reticulum organization  

P04844 RPN2 -143.84 0.0537831 Down Metabolic pathway 

P29144 TPP2 -142.73 0.0361581 Down Proteolysis 

Q16543 CDC37 -142.38 0.00925193 Down PI3K-Akt signaling pathway 

P26583 HMGB2 -142.27 0.00545579 Down Anatomical structure development; apoptosis 

P60953 CDC42 -142.26 0.0460909 Down Regulation of actin cytoskeleton; regulation metabolic process 

P28838 LAP3 -141.91 0.0560915 Down Proteolysis 

Q09666 AHNAK -140.86 0.00948588 Down Biological regulation; cellular component assembly 

P00338-3 LDHA -139.11 0.0296707 Down Glycolytic process, response to hypoxia  

P46777  RPL5 -139.09 0.00948588 Down Ribosome, biosynthetic process; catabolic process 

P28482 MAPK1 -139.09 0.0192685 Down PI3Ksignaling pathway 

Q14157-5 UBAP2L -138.58 0.0178295 Down Cell recognition; cell-cell recognition 

Q07955 SRSF1 -138.42 0.00844671 Down Biological regulation; biosynthetic process 

P62857 RPS28 -137.53 0.00520552 Down Biosynthetic process; catabolic process 

P06753-2 TPM3 -136.63 0.00915199 Down Actin filament-based movement; actin filament-based process 

P13797 PLS3 -136.43 0.0460288 Down Anatomical structure development; bone development 

P61158  ACTR3 -134.19 0.0554742 Down Actin polymerization-dependent cell motility  

P62258 YWHAE -131.99 0.00461913 Down PI3K signaling pathway; apoptosis; cell cycle; cell cycle process 

https://www.ebi.ac.uk/QuickGO/term/GO:0030048
https://www.ebi.ac.uk/QuickGO/term/GO:0010498
https://www.ebi.ac.uk/QuickGO/term/GO:0006265
https://www.ebi.ac.uk/QuickGO/term/GO:0007029
https://www.ebi.ac.uk/QuickGO/term/GO:0006508
https://www.ebi.ac.uk/QuickGO/term/GO:0006508
https://www.ebi.ac.uk/QuickGO/term/GO:0006096
https://www.ebi.ac.uk/QuickGO/term/GO:0070358
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P11387 TOP1 -130.75 0.0294159 Down DNA replication  

P63104 YWHAZ -129.59 0.00461913 Down PI3K signaling pathway, amine transport; apoptosis, cell cycle 

Q05519 SRSF11 -127.72 0.0454764 Down Biosynthetic process; cellular biosynthetic process 

O43707 ACTN4 -127.38 0.00106039 Down Actin cytoskeleton organization 

P09429 HMGB1 -125.23 0.00461913 Down Apoptosis; base-excision repair, DNA ligation 

O15145 ARPC3 -124.68 0.0416197 Down Regulation of actin cytoskeleton 

P40925-3 MDH1 -122.43 0.00948588 Down Acetyl-CoA catabolic process; acetyl-CoA metabolic process 

Q15056 EIF4H -122.36 0.0984128 Down Cadherin binding, translation factor activity, RNA binding  

Q14444 CAPRIN1 -121.47 0.00739486 Down Negative regulation of biological process 

P30520 ADSS2 -120.29 0.0484145 Down Metabolic pathways 

P31946 YWHAB -119.63 0.00818932 Down PI3K signaling pathway; apoptosis; cell cycle 

P12429 ANXA3 -119.33 0.010545 Down Biological regulation; cell activation 

P67809 YBX1 -118.34 0.000892855 Down Biological regulation; biosynthetic process; cellular biosynthetic process 

P23526 AHCY -118.29 0.00461913 Down Metabolic pathways 

P62937 PPIA -118.01 0.00461913 Down Biological regulation; biosynthetic process 

P25788 PSMA3 -117.85 0.0162398 Down Activation of immune response 

O00629 KPNA4 -116.78 0.0427357 Down Nuclear import signal receptor activity  

Q5SRD1 TIMM23B -116.29 0.0285846 Down Protein import into mitochondrial matrix  

P62316 SNRPD2 -115.98 0.00915199 Down Cellular component assembly 

Q6UXN9 WDR82 -115.69 0.0488734 Down Histone H3-K4 trimethylation  

P12814-4 ACTN1 -115.51 0.0203601 Down Actin crosslink formation; actin cytoskeleton organization 

Q16555 DPYSL2 -113.64 0.0018044 Down Anatomical structure development, biological regulation 

O15144 ARPC2 -113.44 0.00668988 Down Regulation of actin cytoskeleton 

Q9Y281 CFL2 -113.32 0.0100448 Down Actin cytoskeleton organization 

Q9BZZ5 API5 -112.59 0.0294159 Down Apoptosis; biological regulation; cell death 

O00429-6 DNM1L -112.43 0.0184193 Down Apoptotic mitochondrial changes  

O15347  HMGB3 -111.87 0.0432298 Down DNA recombination  

O14744 PRMT5 -111.34 0.0294159 Down RNA transport  

P05387  RPL5 -110.31 0.00502156 Down  Ribosome, biosynthetic process; catabolic process 

https://www.ebi.ac.uk/QuickGO/term/GO:0006260
https://www.ebi.ac.uk/QuickGO/term/GO:0045296
https://www.ebi.ac.uk/QuickGO/term/GO:0061608
https://www.ebi.ac.uk/QuickGO/term/GO:0030150
https://www.ebi.ac.uk/QuickGO/term/GO:0080182
https://www.ebi.ac.uk/QuickGO/term/GO:0008637
https://www.ebi.ac.uk/QuickGO/term/GO:0006310
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P17655 CAPN2 -110.26 0.0412691 Down Focal adhesion; apoptosis 

P23219-5 PTGS1 -110.18 0.0460909 Down Inflammatory response, regulation of cell population proliferation  

Q9NQC3 RTN4 -110.15 0.0296707 Down Apoptotic process  

P42167 TMPO -109.11 0.0336521 Down Lamin binding  

P29401-2 TKT -108.88 0.0154888 Down Alcohol biosynthetic process; alcohol catabolic process 

P0DP25 CALM3 -108.40 0.00192719 Down Rap1 signaling pathway 

P62244 RPS15A -107.79 0.0118932 Down Biosynthetic process; catabolic process 

P31949 S100A11 -107.76 0.0387137 Down Biological regulation; cellular process 

P42677 RPS27 -106.95 0.00948588 Down Biological adhesion; biosynthetic process; catabolic process 

P14618 PKM -106.90 0.0472681 Down Glycolysis/Gluconeogenesis, metabolic pathway 

O95373 IPO7 -106.18 0.0294159 Down Protein import into nucleus  

Q16630-2 CPSF6 -105.26 0.00948588 Down Cellular component assembly; cellular component organization 

Q14697-2 GANAB -104.57 0.0474527 Down Carbohydrate metabolic process 

P27361 MAPK3 -104.42 0.0467589 Down PI3Ksignaling pathway 

P51148-2 RAB5C -103.82 0.00461913 Down GDP binding, GTPase activity  

Q9Y237-2 PIN4 -103.67 0.0280516 Down DNA and RNA binding  

P05556 ITGB1 -102.43 0.0202324 Down Actin cytoskeleton organization;PI3Ksignaling pathway 

P67775 PPP2CA -102.43 0.00844671 Down PI3Ksignaling pathway; apoptosis 

Q86V81 ALYREF -102.34 0.00473651 Down RNA transport; biosynthetic process; cell differentiation 

P84090 ERH -102.27 0.0177163 Down Biological regulation; biosynthetic process; cell cycle; cell differentiation 

Q9NVA2-2 SEPTIN11 -101.57 0.00461913 Down Cell cycle; cell division; cellular component assembly 

Q9UHD8 SEPTIN9 -100.59 0.0410607 Down Cell cycle; cell division; cellular component assembly 

P22626 HNRNPA2B1 -100.13 0.0118932 Down Biological regulation; cellular macromolecule metabolic process 

O75915 ARL6IP5 -21.36 0.0460909 Down Acidic amino acid transport 

Q9Y4L1 HYOU1 -20.94 0.00461913 Down Protein processing in endoplasmic reticulum 

P98179 RBM3 -18.25 0.00345038 Down Biological regulation; biosynthetic process 

Q9UM00 TMCO1 -15.97 0.0610605 Down Endoplasmic reticulum calcium ion homeostasis  

P34932 HSPA4 -15.38 0.0110758 Down Tight junction 

Q12792-3 TWF1 -15.31 0.00561608 Down Biological regulation; cellular component organization 

https://www.ebi.ac.uk/QuickGO/term/GO:0006954
https://www.ebi.ac.uk/QuickGO/term/GO:0006915
https://www.ebi.ac.uk/QuickGO/term/GO:0005521
https://www.ebi.ac.uk/QuickGO/term/GO:0006606
https://www.ebi.ac.uk/QuickGO/term/GO:0019003
https://www.ebi.ac.uk/QuickGO/term/GO:0003681
https://www.ebi.ac.uk/QuickGO/term/GO:0032469
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Q14103 HNRNPD -14.50 0.00461913 Down Biological regulation; biosynthetic process 

Q9H8Y8-3 GORASP2 -11.89 0.0439162 Down Cell cycle; cellular component organization 

Q9Y3Y2-3 CHTOP -10.41 0.00968497 Down Biological regulation; biosynthetic process 

P13639 EEF2 -10.11 0.0612693 Down AMPK signaling pathway 

P28074 PSMB5 -2.17 0.0260694 Down Activation of immune response; activation of innate immune response 

P37802-2 TAGLN2 -2.07 0.00106039 Down Cell differentiation; cellular developmental process 

Q01105 SET -1.92 0.0324279 Down Biological regulation; biosynthetic process; cell cycle 

P07900-2 HSP90AA1 -1.68 0.00123674 Down Apoptosis; axon guidance; biological regulation 

Q86UP2 KTN1 10.20 0.0412691 UP Biological regulation; cellular component movement 

Q96HE7 ERO1A 10.98 0.0260694 UP Metabolic process; transport 

P24539 ATP5PB 11.07 0.0512197 UP ATP synthesis coupled proton transport  

Q15637-5 SF1 12.61 0.0260694 UP Biological regulation; biosynthetic process; cell differentiation 

P52815 MRPL12 18.22 0.00844671 UP Biological regulation; 

P07437 TUBB 18.78 0.010545 UP Biological regulation; cell cycle; induction of apoptosis 

Q9BVA1 TUBB2B 20.98 0.0488734 UP Mitotic cell cycle, microtubule cytoskeleton organization 

P41091 EIF2S3 24.16 0.0202324 UP Biosynthetic process; transport 

O75489 NDUFS3 100.03 0.0189917 UP Oxidative phosphorylation, metabolic pathway 

Q96HS1 PGAM5 100.13 0.0280356 UP Necroptotic process  

P38646 HSPA9 100.23 0.010545 UP RNA degradation; cellular metabolic process, transport 

Q9UJZ1 STOML2 100.53 0.0237821 UP Signaling pathway; ATP metabolic process; transmembrane transport 

P52272 HNRNPM 101.47 0.00461913 UP Cellular metabolic process 

Q5BKZ1 ZNF326 102.47 0.0360792 UP Regulation of DNA-templated transcription, elongation  

Q68CZ2 TNS3 103.63 0.0460909 UP Anatomical structure development; biological regulation; cell migration 

P10809 HSPD1 105.56 0.0197693 UP RNA degradation, activation of caspase activity; signaling pathway 

P49411 TUFM 108.19 0.00915199 UP Biosynthetic process 

Q5JPE7 NOMO2 108.61 0.0189917 UP Biological regulation, metabolic process 

Q8NFH4 NUP37 109.76 0.0178295 UP RNA transport; cell cycle; signaling pathway 

Q9P2K5 MYEF2 111.00 0.0260694 UP Cell differentiation, metabolic process 

P14866 HNRNPL 111.12 0.0203601 UP Cellular metabolic process 

https://www.ebi.ac.uk/QuickGO/term/GO:0015986
https://www.ebi.ac.uk/QuickGO/term/GO:0000278
https://www.ebi.ac.uk/QuickGO/term/GO:0070266
https://www.ebi.ac.uk/QuickGO/term/GO:0032784
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P62424 RPL7A 111.53 0.0361131 UP Biosynthetic process; catabolic process 

O95831 AIFM 112.44 0.0460909 UP Activation of caspase activity; apoptosis 

P55795 HNRNPH2 113.00 0.0189917 UP Cellular  metabolic process; 

O14950 MYL12B 114.82 0.0136898 UP Transmembrane receptor protein tyrosine kinase signaling pathway 

P04264 KRT1 115.08 0.0410607 UP Complement activation, lectin pathway  

Q9BTT0 ANP32E 116.34 0.0860691 UP Inhibits activity of protein phosphatase 2A (PP2A) 

Q6FI13 H2AC4 116.68 0.0141047 UP Chromatin organization  

Q92499 DDX1 117.60 0.0249827 UP Biological regulation 

P04908 H2AC18 120.28 0.00795725 UP Keratinocyte activation  

Q92804 TAF15 120.99 0.0464077 UP Basal transcription factors 

P21291 CSRP1 121.61 0.0104337 UP Cellular process 

Q92688 ANP32B 122.37 0.00897153 UP Negative regulation of cell differentiation  

O75947 ATP5PD 124.99 0.0684144 UP Oxidative phosphorylation, metabolic pathway 

P35908 KRT2 129.50 0.0186809 UP keratinization 

Q13126-2 MTAP 131.73 0.0388999 UP  Metabolic process 

Q96EE3-1 SEH1L 135.50 0.00795725 UP Attachment of spindle microtubules to chromosome 

Q15370-2 ELOB 137.65 0.0410336 UP Biological regulation 

P26196 DDX6 137.74 0.00461913 UP RNA degradation 

P82933 MRPS9 142.70 0.0484145 UP Biosynthetic process 

P35232 PHB 143.17 0.0460909 UP Biological regulation, steroid hormone receptor signaling pathway 

Q9UGI8 TES 148.09 0.00473651 UP Negative regulation of cell proliferation 

P61513 RPL37A 152.56 0.00844671 UP Cellular catabolic process 

P61254 RPL26 154.80 0.0186809 UP Biosynthetic process; catabolic process 

P56381 ATP5F1E 160.14 0.0193612 UP Thermogenesis, metabolic pathway, oxidative phosphorylation 

P31689 DNAJA1 161.78 0.0173689 UP Protein processing in endoplasmic reticulum 

P35527 KRT9 183.81 0.0412691 UP Intermediate filament organization  

P84103 SRSF3 225.18 0.0460288 UP Spliceosome 

Q92922 SMARCC1 258.64 0.0197693 UP Thermogenesis, anatomical structure development 

https://www.ebi.ac.uk/QuickGO/term/GO:0001867
https://www.ebi.ac.uk/QuickGO/term/GO:0006325
https://www.ebi.ac.uk/QuickGO/term/GO:0032980
https://www.ebi.ac.uk/QuickGO/term/GO:0045596
https://www.ebi.ac.uk/QuickGO/term/GO:0031424
https://www.ebi.ac.uk/QuickGO/term/GO:0045109
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Attachment 2. List of differential Proteins expressed by cisplatin on MCF-7. Accession number, gene name, fold change, q-value, up/downregulated 

proteins and their GO biological process name. 

Accession 

 number Gene name 

fold 

change q-value  Regulation GOBP name 

O60493 SNX3 -332.66 0.103807411 Down Endocytic recycling, regulation of intracellular protein transport 

Q9Y237-2 PIN4 -270.58 0.048057182 Down rRNA processing 

Q14103 HNRNPD -269.36 0.164431289 Down Regulation of RNA metabolic process 

P61077-3 UBE2D3 -239.58 0.013162483 Down Ubiquitin-dependent protein catabolic process 

P16949 STMN1 -237.91 0.257636154 Down Mitotic cytokinesis, regulation of cytoskeleton organization 

Q3ZCQ8-2 TIMM50 -226.64 0.241708149 Down Protein import into mitochondrial matrix 

P30838 ALDH3A1 -191.41 0.319114133 Down Cellular aldehyde metabolic process 

P25788 PSMA3 -178.97 0.355549923 Down Proteasomal protein catabolic process 

Q9H444 CHMP4B -167.11 0.138569601 Down Autophagy 

P40763 STAT3 -166.48 0.19012899 Down Cytokine-mediated signaling pathway 

P20073 ANXA7 -165.68 0.33537125 Down Autophagy, epithelial cell differentiation 

P60983 GMFB -159.28 0.061430831 Down Actin filament debranching 

P04733 MT1F -154.58 0.317503005 Down Cellular response to copper ion 

P13797 PLS3 -152.97 0.087473714 Down Actin filament bundle assembly 

P50238 CRIP1 -148.03 0.334168232 Down Cellular response to antibiotic, immune response 

P04732 MT1E -146.93 0.342561477 Down Detoxification of copper ion 

P68371 TUBB4B -143.11 0.617686766 Down Microtubule-based process 

Q9Y2S7 POLDIP2 -142.24 0.365400766 Down Error-free translation synthesis 

P22392-2 NME2 -141.65 0.075132753 Down Regulation of apoptotic process 

Q5SRD1 TIMM23B -139.40 0.120169279 Down Protein import into mitochondrial matrix 

O75821 EIF3G -137.22 0.271243168 Down Translational initiation 

P42574 CASP3 -136.14 0.154260839 Down Keratinocyte differentiation, neuron differentiation 

O15230 LAMA5 -134.54 0.031898359 Down Morphogenesis of a polarized epithelium, tissue development 

Q99436 PSMB7 -134.22 0.360948072 Down Proteasomal protein catabolic process 

Q15428 SF3A2 -133.86 0.374272932 Down Spliceosomal complex assembly 
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P82933 MRPS9 -133.24 0.37011471 Down DNA damage response, detection of DNA damage 

Q02790 FKBP4 -129.77 0.250261504 Down Protein peptidyl-prolyl isomerization 

Q92905 COPS5 -128.47 0.147612662 Down Negative regulation of apoptotic process 

P40121 CAPG -125.71 0.286092654 Down Protein-containing complex assembly 

O00629 KPNA4 -124.16 0.279675689 Down NLS-bearing protein import into nucleus 

O60701 UGDH -123.35 0.021179047 Down Glycosaminoglycan biosynthetic process 

Q14247 CTTN -122.05 0.245396433 Down Positive regulation of actin filament polymerization 

P28799 GRN -121.90 0.234449764 Down Regulation of inflammatory response 

P09382 LGALS1 -121.43 0.013457713 Down Regulation of apoptotic process 

Q15056 EIF4H -121.30 0.098349678 Down Regulation of translational initiation 

Q86U86 PBRM1 -121.13 0.078997212 Down ATP-dependent chromatin remodeling 

P09493-5 TPM1 -118.43 0.619240763 Down Actin filament organization 

P29144 TPP2 -118.37 0.38827112 Down Proteolysis 

O14744 PRMT5 -117.10 0.052276137 Down Histone arginine methylation 

O14787-2 TNPO2 -115.58 0.442885913 Down Protein import into nucleus 

P58546 MTPN -115.24 0.060050142 Down Positive regulation of cell growth 

P15311 EZR -111.88 0.097505058 Down Actin cytoskeleton reorganization 

P00450 CP -111.32 0.19012899 Down Iron ion homeostasis 

P61011 SRP54 -110.99 0.632344629 Down Protein targeting to ER, response to drug 

Q10713 PMPCA -110.72 0.473455877 Down Protein processing involved in protein targeting to mitochondrion 

Q96P70 IPO9 -110.70 0.589208467 Down Protein import into nucleus 

P61758 VBP1 -110.54 0.429441048 Down Microtubule-based process 

O14561 NDUFAB1 -108.11 0.39001549 Down Mitochondrial respiratory chain complex I assembly 

Q15185 PTGES3 -106.30 0.122299138 Down Protein folding 

P11766 ADH5 -106.23 0.35392907 Down Formaldehyde catabolic process 

P49773 HINT1 -102.71 0.636239029 Down Intrinsic apoptotic signaling pathway by p53 class mediator 

P51148-2 RAB5C -102.37 0.312268869 Down Intracellular protein transport, Rab protein signal transduction 

P18669 PGAM1 -100.72 0.021819468 Down Glycolytic process 

P12074 COX6A1 -18.82 0.499183294 Down Mitochondrial electron transport, cytochrome c to oxygen 
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Q13526 PIN1 -12.44 0.19012899 Down Negative regulation of amyloid-beta formation 

P36542 ATP5F1C -11.40 0.556655322 Down ATP biosynthetic process 

Q8IWS0 PHF6 -10.17 0.488364874 Down RNA binding, tubulin binding, histone deacetylase binding 

O75915 ARL6IP5 -1.19 0.355549923 Down Intrinsic apoptotic signaling pathway in response to oxidative stress 

P62750 RPL23A 1.18 0.030955303 Up Ribosomal large subunit assembly 

P84103 SRSF3 1.27 0.205252324 Up Regulation of alternative mRNA splicing, via spliceosome 

Q9UG63-2 ABCF2 12.65 0.147612662 Up ATP binding 

Q9NRP0-2 OSTC 13.61 0.234449764 Up Protein N-linked glycosylation via asparagine 

P04264 KRT1 14.31 0.474443644 Up Complement activation, lectin pathway 

P35527 KRT9 21.60 0.442659363 Up Intermediate filament organization 

P26583 HMGB2 100.64 0.018775575 Up Chromatin remodeling 

P42766 RPL35 102.14 0.014461538 Up Maturation of LSU-rRNA from tricistronic rRNA transcript 

O15162 PLSCR1 102.75 0.042987455 Up Apoptotic process 

P04908 H2AC4 104.89 0.138569601 Up Chromatin organization 

Q9NTJ5 SACM1L 107.08 0.334851581 Up Phosphatidylinositol dephosphorylation 

Q99459 CDC5L 107.43 0.014461538 Up Signal transduction involved in DNA damage checkpoint 

Q9H2P0 ADNP 107.64 0.174208931 Up Cellular response to extracellular stimulus 

P62841 RPS15 107.73 0.335371256 Up Ribosomal small subunit assembly 

P62913 RPL11 108.24 0.258971065 Up Cytoplasmic translation 

P08708 RPS17 108.79 0.013162483 Up Erythrocyte homeostasis 

Q6P2E9 EDC4 109.38 0.053322399 Up Deadenylation-independent decapping of nuclear-transcribed mRNA 

P62280 RPS11 109.46 0.261597506 Up Translation 

P62910 RPL32 111.13 0.008415824 Up Cytoplasmic translation 

Q04637-9 EIF4G1 112.22 0.567356359 Up Regulation of translational initiation 

P61421 ATP6V0D1 117.66 0.319114133 Up Vacuolar acidification 

Q02878 RPL6 117.80 0.021179047 Up Ribosomal large subunit assembly 

P62847 RPS24 118.38 0.226834511 Up Erythrocyte homeostasis 

O14974 PPP1R12A 119.56 0.190293055 Up Centrosome cycle 

P61254 RPL26 122.94 0.014461538 Up Cytoplasmic translation 
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O43809 NUDT21 124.13 0.103807411 Up Messenger ribonucleoprotein complex assembly 

P22695 UQCRC2 126.92 0.165209447 Up Protein processing involved in protein targeting to mitochondrion 

O15347 HMGB3 129.52 0.189988235 Up Chromatin remodeling 

Q5BKZ1 ZNF326 133.25 0.149729965 Up Regulation of DNA-templated transcription, elongation 

O75489 NDUFS3 140.32 0.24795612 Up Negative regulation of intrinsic apoptotic signaling pathway 

P62854 RPS26 144.36 0.02390207 Up Cytoplasmic translation 

Q9UIQ6 LNPEP 147.74 0.29950131 Up Metalloaminopeptidase activity 

P52815 MRPL12 153.39 0.04805718 Up Mitochondrial translational elongation 

P69905 HBA1 158.42 0.48215501 Up Positive regulation of cell death 

Q9BVA1 TUBB2B 191.09 0.50486869 Up Microtubule cytoskeleton organization 

Q92804 TAF15 206.22 0.1169057 Up Positive regulation of transcription, DNA-templated 

Q92922 SMARCC1 267.46 0.0611784 Up ATP-dependent chromatin remodeling 
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Abstract: Background: Low molecular weight 1,2,3-triazoles and naphthoquinones are endowed 

with various types of biological activity, such as against cancer, HIV and bacteria. However, in 

some cases, the conjugation of these two nuclei considerably increases their biological activities. 

Objective: In this work, we decided to study the synthesis and screening of bis-naphthoquinones 

and xanthenes tethered to 1,2,3-triazoles against cancer cell lines, specifically the human breast 

cancer cell line MCF-7.  

Results: Starting from lawsone and aryl-1H-1,2,3-triazole-4-carbaldehydes (10a-h) several new 7-

(1-aryl-1H-1,2,3-triazol-4-yl)-6H-dibenzo[b,h]xanthene-5,6,8,13(7H)-tetraones (12a-h) and 3,3'-

((1-aryl-1H-1,2,3-triazol-4-yl)methylene)bis(2-hydroxynaphthalene-1,4-diones) 11a-h were syn-

thesized and evaluated for their cytotoxic activities using the human breast cancer cell line MCF-7 

and the non-tumor cell line MCF10A as control. We performed test of cell viability, cell prolifera-

tion, intracellular ATP content and cell cytometry to determine reactive oxygen species (ROS) 

formation.  

Conclusions: Based on these results, we found that compound 12a promotes ROS production, in-

terfering with energy metabolism, cell viability and proliferation, and thus promoting whole cell 

damage. 

Keywords: Cell viability, naphthoquinones, lawsone, MTT assay, ATP, CyQuant assay. 

1. INTRODUCTION 

There are several synthetic and natural naphthoquinones 
of low molecular weight with many applications in various 
scientific and technological fields. These naphthoquinones 
also have potential clinical utility in the treatment of several 
diseases. Naphthoquinones bearing pyran ring [1] have been 
reported to have bioactivity against several microorganisms  
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and cancer cell lines due to their ability to accept one or two 
electrons in the so-called redox cycle. This allows them to 
form deleterious species in situ such as free radicals, anion 
radicals and hydrogen peroxide, which are known as a reac-
tive oxygen species (ROS) [2, 3]. Through this mechanism, 
quinones are cytotoxic and lead cells to a programmed death 
pathway (apoptosis) [4, 5].

 
Among the pyranonaphthoqui-

nones, β-lapachone (1) has received great attention because 
of its pronounced cytotoxic activity. Indeed, it has been in 
clinical trials for the treatment of pancreatic cancer as 
ARQ501 [6] (ArQule Inc.) combined with Taxol or Gemcit-
abine [7, 8]. As further advances new clinical trials were 
started with ARQ 761 (Code C99146), a water-soluble pro-
drug clinical trials [9]. It is also worth noting that pyranon-
aphthoquinones 2 and 3 can inhibit dengue virus replication 
(Fig. 1) [10].   

1875-6638/19 $58.00+.00 © 2019 Bentham Science Publishers
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Xanthenes are a general class of natural and synthetic 
heterocyclic compounds [11-13] that exhibit a broad spec-
trum of activities, including antiviral [14], antibacterial [15, 
16], antiplasmodial [17, 18], anti-malarial [19], anti-fungal 
[20], anti-inflammatory [21], anticancer [22-25] and anti-
hypertensive properties [26]. 

2-Hydroxy-1,4-naphthoquinone (lawsone, 9) can react 
with 1H-1,2,3-triazole-4-carbaldehydes to generate bis-
pyranonaphthoquinones 11a-h, which are fused to the pyran 
ring on two sides. In this case, there is the possibility for the 
formation of open adduct 4 and three structural isomers 5, 6 
and 7 (Fig. 2). According to the literature, the formation of 
symmetrical isomer 5 starts with the addition of lawsone (9) 
to the appropriate aldehyde under acidic conditions, leading 
to an o-quinone methide intermediate. That intermediate 
reacts with a second molecule of lawsone, which upon cycli-
zation affords the bis-pyranonaphthoquinones. A wide vari-
ety of aryl and heteroaryl aldehydes possessing different 
functional groups have been used in these reactions, which 
can be carried out in several solvents or solvent-free condi-
tions using diverse catalysts [27-37]. Despite the methods 
described in the literature for preparing compounds with 
general structures 4 (3,3'-(arylmethylene) bis(2-hydroxyna-
phthalene-1,4-dione) and 5 (dibenzo[b,i]xanthene), the cor-
responding synthesis of dibenzoxanthenes of 6 (dibenzo[b, 
h]xanthene) has not yet been reported and recently our re-

search group reported the preparation of 7 (6H-Dibenzo[b, 
h]xanthenes) [38]. 

It is well established that structural modifications in the 
naphthoquinone unit can greatly increase their bioactivity [1, 
39]. In fact, our research group has previously shown that 
1,2-furanonaphthoquinones linked to 1,2,3-1H-triazoles, 
such as compound 8 (Fig. 3), were highly selective against 
lymphoblastic leukemia yet have low activity against normal 
hematopoietic cells [40]. 

Continuing our interests in the chemistry of pyranonaph-
thoquinones, in this work, we decided to study this cycload-
dition reaction with the expectation of preparing the triazole-
linked-isomer type of 7 from the open bis-adduct, and 
screening that family of compounds against cancer cell lines, 
specifically the human breast cancer cell line MCF-7. 

2. MATERIALS AND METHODS 

2.1. Chemistry 

The reagents were purchased from Sigma-Aldrich Brazil 
and were used without further purification. Column chroma-
tography was performed with silica gel 60 (Merck 70-230 
mesh). Analytical thin layer chromatography was performed 
with silica gel plates (Merck, TLC silica gel 60 F254), and 
the plates were visualized using UV light or aqueous solu-
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Fig. (1). Important pyranonaphthoquinones. 
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Fig. (2). Possible structural isomer formed in the reaction of 9 with aldehydes. 
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tions of ammonium sulfate. The indicated yields refer to 
chromatographically and spectroscopically homo-geneous 
materials. Melting points were obtained on a Fischer-Johns 
apparatus and were uncorrected. Infrared spectra were col-
lected using KBr pellets on a Perkin-Elmer model 1420 FT-
IR spectrophotometer, and the spectra were calibrated rela-
tive to the 1601.8 cm

-1
 absorbance of polystyrene. NMR 

spectra were recorded on a Varian Unity Plus VXR (500 
MHz) instrument in DMSO-d6 or CDCl3 solution. The 
chemical shift data were reported in units of  δ (ppm) down-
field from solvent, and solvent was used as an internal stan-
dard; coupling constants (J) are reported in hertz and refer to 
apparent peak multiplicities. High-resolution mass spectra 
(HRMS) were recorded on a MICROMASS Q-TOF mass 
spectrometer (Waters). 

2.1.1. General Procedure for the Preparation of 11a-h  

In a 50 mL round-bottom flask containing a solution of 9 
(1 mmol) and triazole aldehyde 10 (1 mmol) in 30 mL of 
ethanol/H2O 1:1 was heated to reflux for 4-6 h. A yellow 
precipitate formed in the reaction flask, and it was isolated 
by filtration under reduced pressure. 

3,3'-((1-phenyl-1H-1,2,3-triazol-4-yl)methylene)bis(2-hy-
droxynaphthalene-1,4-dione) (11a). Yellow solid, 52 % 
yield; m.p. 224-225 ºC; IR (KBr, cm

-1
): ν 3332, 3291, 3145, 

1673, 1650, 1591, 1500, 1460, 1366, 1341, 1280, 1253, 
1230, 1178, 1048, 1028, 979, 760, 742, 726, 688, 657; 

1
H 

NMR (DMSO-d6, 500.00 MHz): 8.29 (1H, s), 7.98 (2H, dd, 
J  0, 7 and 7.5 Hz), 7.97 (2H, dd, J 0,7 and 7.5 Hz), 7.83 
(2H, td, J 1.4 and 7.4 Hz), 7.78 (2H, td, J 1.4 and 7.4 Hz), 
7.76 (2H, d, J 8.7 Hz), 7.71 (1H, d, J  2.5 Hz), 7.66 (1H, dd, 
J 2.5 and 8.7 Hz), 6.20 (1H, s); 

13
C NMR (DMSO-d6, 125.0 

MHz APT): 29.4, 121.4, 125.2, 125.7, 127.0, 127.3, 129.5, 
130.6, 131.6, 131.9, 132.0, 132.7, 134.3, 135.3, 146.2, 156.3, 
180.9, 182.9; HR-ESIMS [M+H] m/z calcd. for C29H18N3O6: 
504.1196. Found: m/z 504.1175. Δ = 4.2 ppm. 

3,3'-((1-(3,4-dichlorophenyl)-1H-1,2,3-triazol-4-yl)meth-
ylene)bis(2-hydroxynaphthalene-1,4-dione) (11b). Yellow 
solid, 72 % yield; m.p. 212-213 ºC; IR (KBr, cm

-1
): ν 3323, 

3136, 3095, 2973, 2594, 1680, 1643, 1593, 1578, 1487, 
1460, 1439, 1362, 1338, 1305, 1276, 1246, 1219, 1073, 
1011, 1003, 837, 819, 742, 735, 729; 

1
H NMR (DMSO-d6, 

500.00 MHz): 8.64 (1H, s), 8.17 (1H, d, J 2.6 Hz), 8.01 (2H, 
dd, J 1.0 and 7.5 Hz), 7.96 (2H, dd, J 1.0 and 7.5 Hz), 7.94 

(1H, d, J 2.6 Hz), 7.84 (2H, td, J 1.4 and 7.5 Hz), 7.82 (1H, 
d, 8.9 Hz), 7.79 (2H, td, J 1.4 and 7.5 Hz), 6.13 (1H, s); 

13
C 

NMR (DMSO-d6, 125.0 MHz APT): 29.9, 119.3, 120.8, 
121.5, 125.7, 126.1, 129.9, 130.4, 131.8, 132.3, 132.4, 133.2, 
134.8, 136.4, 148.3, 156.6, 181.2, 183.2; HR-ESIMS [M+H] 
m/z calcd. for C29H16Cl2N3O6: 572.0416. Found: m/z 
572.0392. Δ = 4.2 ppm. 

3,3'-((1-(3,5-dichlorophenyl)-1H-1,2,3-triazol-4-yl)meth-
ylene)bis(2-hydroxynaphthalene-1,4-dione) (11c). Yellow 
solid, 82 % yield; m.p. 209-210ºC; IR (KBr, cm

-1
): ν 3393, 

3351, 3144, 3090, 2974, 1672, 1645, 1593, 1582, 1479, 
1459, 1439, 1368, 1334, 1306, 1276, 1232, 1217, 1045, 725; 
1
H NMR (DMSO-d6, 500.00 MHz): 8.65 (1H, s), 8.01 (2H, 

dd, J 0.9 and 7.5 Hz); 7.99 (2H, d, J 1.8 Hz), 7.96 (2H, d, J 
7.5 Hz), 7.84 (2H, td, J 1.3 and 7.5 Hz), 7.79 (2H, td, J 1.2 
and 7.5 Hz), 7.68 (1H, t, J 1.8 Hz), 6.15 (1H, s); 

13
C NMR 

(DMSO-d6, 125.0 MHz APT): 30.1, 118.2, 121.5, 121.8, 
126.1, 126.5, 127.9, 130.4, 132.7, 133.5, 135.1, 135.8, 138.8, 
148.8, 157.3, 181.7, 183.5; HR-ESIMS [M+H] m/z calcd. for 
C29H16Cl2N3O6: 572.0416. Found: m/z 572.0433. Δ = 3.0 
ppm. 

3,3'-((1-(2,5-dichlorophenyl)-1H-1,2,3-triazol-4-yl)meth-
ylene)bis(2-hydroxynaphthalene-1,4-dione) (11d). Yellow 
solid, 74 % yield; m.p. 221-222ºC; IR (KBr, cm

-1
): ν 3257, 

2345, 1668, 1637, 1350, 1279, 1046, 727; 
1
H NMR (DMSO-

d6, 500.00 MHz): 8.30 (1H, s), 7.99 (2H, dd, J 1.0 and 7.6 
Hz), 7.97 (2H, dd, J 1.0 and 7.7 Hz), 7.83 (2H, td, J 1.4 and 
7.6 Hz), 7.78 (2H, td, J 1.4 and 7,5 Hz), 7.76 (1H, d, J 
8.7Hz), 7.72 (1H, d, J 2.5 Hz), 7.67 (1H, dd, J 2.5 and 8.7 
Hz),6.18 (1H, s); 

13
C NMR (DMSO-d6, 125.0 MHz APT): 

29.8, 121.8, 125.6, 126.1, 127.4, 127.8, 129.9, 131.0, 132.1, 
132.2, 132.4, 133.2, 134.7, 135.8, 146.7, 156.6, 181.3, 183.3; 
HR-ESIMS [M+H] m/z calcd. for C29H16Cl2N3O6: 572.0416. 
Found: m/z 572.0411. Δ = 0.8 ppm. 

3,3'-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyle-
ne)bis(2-hydroxynaphthalene-1,4-dione) (11e). Yellow solid, 
39 % yield; m.p. 168-169ºC; IR (KBr, cm

-1
): ν 3400, 2974, 

1671, 1647, 1593, 1501, 1454, 1364, 1303, 1277, 1217, 
1093, 1048, 984, 834, 729; 

1
H NMR (DMSO-d6, 500.00 

MHz): 8.59 (1H, s), 8.01 (2H, dd, J 1.3 and 7.4 Hz), 7.96 
(2H, dd, J 1.6 and 7.6 Hz), 7.91 (2H, d, J 8.8 Hz), 7.84 (2H, 
td, J 1.8 and 7.6 Hz), 7.79 (2H, td, J 1.8 and 7.6 Hz), 7.62 
(2H, d, J 8.8Hz), 6.12 (1H, s); 

13
C NMR (DMSO-d6, 125.0 

MHz APT): 29.8, 120.9, 121.0, 121.6, 125.6, 126.1, 129.7, 
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129.9, 132.3, 132.4, 133.1, 134.6, 135.6, 147.9, 156.6, 181.2, 
183.2; HR-ESIMS [M+H] m/z calcd. for C29H17ClN3O6: 
538.0806. Found: m/z 538,0807. Δ = 0.2 ppm. 

3,3'-((1-(m-tolyl)-1H-1,2,3-triazol-4-yl)methylene)bis(2-
hydroxynaphthalene-1,4-dione) (11f). Yellow solid, 51 % 
yield; m.p. 257-258 ºC; IR (KBr, cm

-1
): ν 3330, 3147, 2973, 

1673, 1651, 1613, 1592, 1494, 1460, 1366, 1341, 1300, 
1279, 1232, 1049, 786, 742, 735, 726; 

1
H NMR (DMSO-d6, 

500.00 MHz): 8.44 (1H, s), 7.94 (2H, dd, J 1.0 and 7.5 Hz), 
7.89 (2H, dd, J 1.0 and 7.6 Hz), 7.77 (2H, td, J 1.3 and 7,5 
Hz), 7.72 (2H, td, J 1.3 and 7.5 Hz ), 7.61-7.58 (2H, m), 7.34 
(1H, t, J 7,6 Hz), 7.17 (1H, d, J 7.6 Hz), 6.07 (1H, s), 2.31 
(3H, s); 

13
C NMR (DMSO-d6, 125.0 MHz APT): 21.0, 

29.9,116.5, 119.7, 120.9, 121.7, 125.6, 126.1, 128.7, 130.0,  
132.8, 133.1, 134.7, 136.9, 139.5, 147.6, 156.6, 181.3, 183.3; 
HR-ESIMS [M+H] m/z calcd. for C29H17N4O8: 518.1352. 
Found: m/z 518.1327. Δ = 4.8 ppm. 

3,3'-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)methylene) 
bis(2-hydroxynaphthalene-1,4-dione) (11g). Yellow solid, 72 
% yield; m.p. 225-226ºC; IR (KBr, cm

-1
): ν 3352, 3132, 

1683, 1645, 1597, 1578, 1524, 1346, 1305, 1230, 1073, 960, 
857, 737, 722; 

1
H NMR (DMSO-d6, 500.00 MHz): 8.89 (1H, 

s), 8.53 (2H, d, J 9.2 Hz), 8.30 (2H, d, J 9.3 Hz), 8.14 (2H, 
dd, J 1.0 and 7.5 Hz), 8.08 (2H, dd, J 1.0 and 7.5 Hz), 7.96 
(2H, td, J 1.5 and 7.5 Hz), 7.91 (2H, td, J 1.4 and 7.5 Hz), 
6.26 (1H, s); 

13
C NMR (DMSO-d6, 125.0 MHz APT): 29.9, 

119.8, 121.3, 121.4, 125.6, 125.7, 126.1, 129.9, 132.3, 133.1, 
134.8, 141.1, 146.4, 148.7, 156.6, 181.2, 183.2. HR-ESIMS 
[M+H] m/z calcd. for C29H18N3O6: 549.1046. Found: m/z 
549.1043. Δ = 0.5 ppm. 

3,3'-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl-
ene)bis(2-hydroxynaphthalene-1,4-dione) (11h). Yellow 
solid, 55 % yield; m.p. 191-192ºC; IR (KBr, cm

-1
): ν 3314, 

3149, 1681, 1639, 1604, 1519, 1460, 1334, 1276, 1233, 
1078, 1025, 964, 877, 835, 808, 770, 742; 

1
H NMR (DMSO-

d6, 500.00 MHz): 8.44 (1H, s), 8.03 (2H, dd, J 1.0 and 7.6 
Hz), 7.96 (2H, dd, J 1.0 and 7.0 Hz), 7.83 (2H, td, J 1.5 and 
7.5 Hz), 7.80-7.78 (2H, m), 7.76 (2H, d, J 9.1Hz), 7.08 (2H, 
d, J 9.0Hz), 6.15 (1H, s), 3.80 (3H, s); 

13
C NMR (DMSO-d6, 

125.0 MHz APT): 29.9, 55.6, 114.8, 121.0, 121.8, 125.6, 
126.1, 130.0, 130.4, 132.3, 133.1, 134.7, 147.4, 156.5, 158.9, 
181.3, 183.3. HR-ESIMS [M+H] m/z calcd. for C30H20N3O7: 
534.1301. Found: m/z 534.1281. Δ = 3.7 ppm. 

2.1.2. General Procedure for Preparing 12a-h 

Bis-naphthoquinones (1 mmol) and 10 mL of sulfuric 
acid were combined in a 50 mL round bottomed flask. The 
reaction was carried out at room temperature and was moni-
tored by TLC. When finished, the reaction mixture was 
poured into ice water. The mixture was then extracted with 
chloroform (2 x 50 mL). The combined organic phases were 
washed with distilled water (1 x 50 mL) and dried with an-
hydrous sodium sulfate. Evaporation of the solvent gave 
12a-h as yellow solids. 

7-(1-phenyl-1H-1,2,3-triazol-4-yl)-5H-dibenzo[b,h]xant-
hene-5,6,8,13(7H)-tetraone (12a). Orange solid, 54 % yield; 
m.p. 259-260ºC; IR (KBr, cm

-1
): ν 3434, 1662, 1611, 1591, 

1502, 1363, 1286, 1227, 1194, 1042, 944, 776, 719; 
1
H 

NMR (DMSO-d6, 500.00 MHz): 8.78 (s, 1H), 8.17-8.15 (1H, 
m), 8.11 (1H, d, J 7.3 Hz), 8.06-8.02 (2H, m), 7.97 (1H, td, J 

1.0 and 7.8 Hz), 7.95-7.90 (2H, m), 7.83 (2H, d, J 7.8 Hz), 
7.76 (1H, td, J 1.0 and 7.8 Hz), 7.54 (2H, t, J 7.8 Hz), 7.44 
(1H, t, J 7.6 Hz), 5.44 (1H, s); 

13
C NMR (DMSO-d6 and 

CF3CO2D, 125.0 MHz APT): 184.2, 181.8, 180.1, 174.4, 
169.4, 167.6, 162.2, 156.7, 147.9, 135.3, 133.7, 132.9, 131.3, 
130.5, 130.4, 130.3, 126.7, 126.2, 124.5, 122.2, 122.0, 121.3, 
121.3, 120.9, 120.7, 120.4, 30.6.; HR-ESIMS [M+H] m/z 
calcd. for C29H16N3O5: 486.1090. Found: m/z 486.1085. Δ = 
1.0 ppm. 

7-(1-(3,4-dichlorophenyl)-1H-1,2,3-triazol-4-yl)-5H-dib-
enzo[b,h]xanthene-5,6,8,13(7H)-tetraone (12b). Orange 
solid, 63 % yield; m.p. 255-257ºC; IR (KBr, cm

-1
): ν 3067, 

1661, 1559, 1487, 1363, 1284, 1226, 1188, 1096, 1041, 941, 
880, 824, 770, 715, 611; 

1
H NMR (DMSO-d6, 500.00 MHz): 

8.89 (1H, s), 8.17-8.15 (2H, m), 8.12 (1H, d, J 7.7 Hz), 8.07 
(1H, d, J 7.1 Hz), 8.07-8.02 (1H, m), 7.98 (1H, t, J 7.7 Hz), 
7.92-7.91 (2H, m), 7.89 (1H, dd, J 2.2 and 11.0 Hz), 7.80 
(1H, d, J 8.8 Hz), 7.76 (1H, t, J 7.7 Hz), 5.45 (1H, s); 

13
C 

NMR (DMSO-d6 and CF3CO2D, 125.0 MHz APT): 183.5, 
182.6, 177.8, 177.2, 156.2, 149.5, 147.9, 135.5, 135.0, 134.6, 
133.0, 132.6, 132.1, 131.8, 131.4, 131.3, 130.8, 130.7, 130.3, 
129.6, 129.0, 128.5, 122.3, 122.1, 121.8, 120.1, 113.8, 25.0; 
HR-ESIMS [M+Na] m/z calcd. for C29H13Cl2N3NaO5: 
576.0130 Found: m/z 576.0111. Δ = 3.3 ppm. 

7-(1-(3,5-dichlorophenyl)-1H-1,2,3-triazol-4-yl)-5H-dib-
enzo[b,h]xanthene-5,6,8,13(7H)-tetraone (12c). Orange 
solid, 63 % yield; m.p. 246-247ºC; IR (KBr, cm

-1
): ν 3144, 

3066, 2919, 2850, 1660, 1613, 1508, 1359, 1265, 1226, 
1191, 1094, 1040, 1009, 973, 944, 853, 802, 767, 719, 666; 
1
H NMR (DMSO-d6, 500.00 MHz): 8.92 (1H, s), 8.17-8.15 

(1H, m), 8.12 (1H, dd, J 1.1 and 7.7 Hz), 8.07 (1H, dd, J 1.1 
and 7.7 Hz), 8.05-8.03 (1H, m), 7.98 (1H, dd, J 1.1. and 8.9 
Hz), 7.97 (2H, d, J 1.6 Hz), 7.93-7.91 (m, 2H), 7.76 (1H, td, 
J 1.1 and 8.2 Hz), 7.68 (1H, s), 5.45 (1H, s); 

13
C NMR 

(DMSO-d6 and CF3CO2D, 125.0 MHz APT): 183.8, 182.8, 
181.4, 178.1, 177.5, 177.2, 156.6, 156.4, 149.6, 148.4, 148.2, 
135.7, 135.7, 134.9, 134.6, 132.7, 130.9, 130.5, 130.2, 129.8, 
129.2, 126.4, 125.9, 124.7, 122.5, 121.8, 119.6, 118.3, 25.2; 
HR-ESIMS [M+Na] m/z calcd. for C29H13Cl2N3NaO5: 
576.0130. Found: m/z 576.0103. Δ = 4.6 ppm. 

7-(1-(2,5-dichlorophenyl)-1H-1,2,3-triazol-4-yl)-5H-dib-
enzo[b,h]xanthene-5,6,8,13(7H)-tetraone (12d). Orange 
solid, 93 % yield; m.p. 239-240ºC; IR (KBr, cm

-1
): ν 3609, 

3098, 2920, 2851, 1663, 1614, 1592, 1436, 1354, 1269, 
1227, 1195, 1147, 1097, 1037, 1007, 945, 878, 804, 769, 
714; 

1
H NMR (DMSO-d6, 500.00 MHz): ): 8.55 (1H, s), 

8.17-8.15 (1H, m), 8.12 (1H, d, J 7.7 Hz), 8.08-8.05 (2H, m), 
7.98 (1H, td, J 1.1 and 7.7 Hz), 7.94-7.92 (2H, m), 7.78 (1H, 
td, J 1.1 and 7.7 Hz ), 7.77-7.74 (2H, m), 7.67 (1H, dd, J 2.2 
and 11.0 Hz), 5.47 (1H, s); 

13
C NMR (DMSO-d6 and 

CF3CO2D, 125.0 MHz APT): 185.0, 182.7, 181.5, 180.6, 
172.8, 166.8, 156.4, 155.8, 145.0, 135.0, 134.9, 133.6, 132.5, 
132.2, 132.1, 130.5, 130.1, 126.3, 125.9, 117.7, 117.0, 115.5, 
20.8; HR-ESIMS [M+H] m/z calcd. for C29H14Cl2N3O5: 
554.0311. Found: m/z 554.0309. Δ = 0.4 ppm. 

7-(1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)-5H-dibenzo 
[b,h]xanthene-5,6,8,13(7H)-tetraone (12e). Orange solid, 98 
% yield; m.p. 237-239ºC; IR (KBr, cm

-1
): ν 3444, 1663, 

1614, 1593, 1502, 1361, 1287, 1229, 1195, 1095, 1041, 989, 
945, 773; 

1
H NMR (DMSO-d6, 500.00 MHz): 8.80 (1H, s), 
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8.17-8.15 (1H, m), 8.12 (1H, dd, J 1.1 and 7.7 Hz), 8.06 (1H, 
dd, J 1.1 and 8.2 Hz), 8.04-8.02 (1H, m), 7.97 (1H, td, 1.6 
and 7.7 Hz), 7.93-7.92 (2H, m), 7,86 (2H, d, J 9.3 Hz), 7.76 
(1H, td, J 1.1 and 7.7 Hz), 7.60 (2H, d, J 9.3 Hz), 5.45 (1H, 
s); 

13
C NMR (DMSO-d6 and CF3CO2D, 125.0 MHz APT): 

183.0, 182.7, 177.9, 177.3, 177.1, 168.8, 149.5, 147.7, 135.1, 
134.6, 133.3, 131.4, 130.7, 130.1, 129.9, 129.6, 129.1, 128.5, 
126.5, 126.3, 124.5, 122.6, 122.2, 122.0, 121.9, 113.9, 25.0; 
HR-ESIMS [M+Na] m/z calcd. for C29H14ClN3NaO5: 
542.0520. Found: m/z 542.0507. Δ = 2.4 ppm. 

7-(1-(m-tolyl)-1H-1,2,3-triazol-4-yl)-5H-dibenzo[b,h]xa-
nthene-5,6,8,13(7H)-tetraone (12f). Orange solid, 85 % 

yield; m.p. 251-252ºC; IR (KBr, cm
-1

): ν 3132, 2923, 1659, 

1611, 1591, 1360, 1283, 1225, 1192, 1093, 1043, 1008, 973, 

944, 849, 771, 715, 659, 645; 
1
H NMR (DMSO-d6, 500.00 

MHz): 8.73 (1H, s), 8.17-8.15 (1H, m), 8.12 (1H, dd, J 1.0 

and 7.8 Hz), 8.06 (1H, dd, J 1.1 and 7.3 Hz), 8.05-8.03 (1H, 

m), 7.97 (1H, td, J 1.4 and 7.8 Hz), 7.95-7.93 (1H, m), 7.76 

(1H, td, J 1.1 and 7.3 Hz), 7.65 (1H, s), 7.61 (1H, dd, J 1.5 

and 7.8 Hz), 7.41 (1H, t, J 7.8 Hz), 7.26 (1H, dd, J 1.1. and 

7.3 Hz), 5.45 (1H, s), 2.38 (3H, s); 
13

C NMR (DMSO-d6 and 

CF3CO2D, 125.0 MHz APT): 183.7, 182.7, 181.3, 178.0, 

177.3, 177.1, 168.2, 156.2, 149.6, 147.5, 140.8, 139.9, 137.3, 

133.2, 132.4, 130.2, 129.7, 128.2, 126.4, 124.6, 122.0, 120.7, 

117.4, 93.6, 25.1, 20.9; HR-ESIMS [M+H] m/z calcd. for 

C30H18N3O5: 500.1246. Found: m/z 500.1225. Δ = 4.2 ppm. 

7-(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-5H-dibenzo 
[b,h]xanthene-5,6,8,13(7H)-tetraone (12g). Orange solid, 51 

% yield; m.p. 239-240ºC; IR (KBr, cm
-1

): ν 3435, 1661, 

1615, 1596, 1520, 1506, 1345, 1266, 1228, 1195, 1114, 

1039, 946, 775; 
1
H NMR (DMSO-d6, 500.00 MHz): 9.00 

(1H, s), 8.38 (2H, d, J 9.3 Hz), 8.17-8.14 (1H, m), 8.15 (2H, 

d, J 9.3 Hz), 8.13 (1H, d, J 7.8 Hz), 8.07 (1H, dd, J 1.0 and 

7.8 Hz), 8.05-8.03 (1H, m), 7.98 (1H, td, J 1.0 and 7.8 Hz), 

7.93-7.91 (2H, m), 7.76 (1H, td, J 1.0 and 7.8 Hz), 5.48 (1H, 

s); 
13

C NMR (DMSO-d6 and CF3CO2D, 125.0 MHz APT): 

183.9, 183.9, 181.8, 181.5, 161.7, 160.0, 156.5, 148.5, 147.7, 

147.0, 141.5, 141.3, 140.7, 135.1, 133.5, 132.5, 131.1, 130.1, 

128.7, 127.6, 126.5, 126.0, 125.7, 125.6, 121.7, 120.5, 111.4, 

20.9; HR-ESIMS [M+Na] m/z calcd. for C29H14N4NaO7: 

553.0760. Found: m/z 553.0742. Δ = 3.2 ppm. 

7-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-5H-diben 
zo[b,h]xanthene-5,6,8,13(7H)-tetraone (12h). Orange solid, 

91 % yield; m.p. 247-249ºC; IR (KBr, cm
-1

): ν 3393, 2917, 

2848, 1658, 1613, 1591, 1518, 1360, 1254, 1225, 1193, 

1041, 1010, 945, 833, 769, 714; 
1
H NMR (DMSO-d6, 500.00 

MHz): 8.65 (1H, s), 8.16-8.14 (1H, m), 8.11 (1H, dd, J 1.1 

and 7.7 Hz), 8.06 (1H, dd, J 1.1 and 7.7 Hz), 8.05-8.02 (1H, 

m), 7.97 (1H, td, J 1.3 and 7.7 Hz), 7.93-7.91 (2H, m), 7.75 

(1H, td, J 1.1 and 7.7 Hz), 7.72 (2H, d, J 8.8 Hz), 7.07 (2H, 

d, J 8.8 Hz), 5.43 (1H, s), 3.80 (3H, s); 
13

C NMR (DMSO-d6 

and CF3CO2D, 125.0 MHz APT): 183.9, 183.0, 181.7, 181.6, 

162.0, 156.5, 147.4, 135.1, 133.6, 133.5, 132.6, 130.2, 128.7, 

127.4, 126.5, 126.0, 122.8, 122.8, 122.1, 121.8, 121.7, 115.4, 

115.4, 115.3, 115.3, 111.4, 55.9, 30.4; HR-ESIMS [M+H] 

m/z calcd. for C30H18N3O6: 516.1196. Found: m/z 516.1172. 

Δ = 4.6 ppm. 

2.2. Biological Assays  

2.2.1. Cells 

MCF-7 cell line was obtained from the Rio de Janeiro 

Cell Bank (BCRJ; www.bcrj.org.br) and the human non-

tumor cell line MCF10A was a kind gift from Dr. Mitzi 

Brentani (USP, São Paulo, Brazil). The former was grown in 

Dulbecco’s modified Eagle’s medium (DMEN, Invitrogen, 

São Paulo, SP, Brazil) supplemented with 10% (v/v) fetal 

bovine serum (FBS; Invitrogen, São Paulo, SP, Brazil) and 5 

mM L-glutamine (Sigma-Aldrich Chemical Co, St Louis, 

MO USA) and the later was kept in DMEM/F12 medium 

(Invitrogen, São Paulo, SP, Brazil) supplemented with 5% 

fetal horse serum (FHS; Invitrogen, São Paulo, SP, Brazil) 

containing 0.02 μg/ml epidermal growth factor (EGF), 5 

μg/ml insulin, 1.25 μg/ml hydrocortisone and 0.1 μg/ml 

cholera toxin (Sigma-Aldrich Chemical Co, St Louis, MO, 

USA). The cells were grown at 37°C at a 5% CO2 atmos-

phere [41].  

2.2.2. MTT Assay 

The cells metabolic activity was assayed using the MTT 

assay as described previously [42]. Cells were seeded in 96-

well plates (5 x 10
4
 cells/well) and grown to confluence. 

Then, the medium was removed, fresh medium was added, 

and the cells were returned to the incubator in the presence 

of different drugs used. After 24 h, the cells were incubated 

with 5 mg/mL MTT reagent (3,4,5-dimethiazol-2,5-

diphenyltetrazolium bromide, Sigma–Aldrich Co., St. Louis, 

MO, USA) for 3 h. Thereafter, the formazan crystals were 

dissolved in DMSO, and the absorbance at 560 nm was 

evaluated using a VICTOR3 multilabel microplate reader 

(PerkinElmer, Waltham, MA, USA) with subtraction of the 

background absorbance at 670 nm. 

2.2.3. Intracellular ATP Quantification 

ATP quantification. Cells were seeded in 96-well plates 

(5 x 10
4
 cells/well) and grown to confluence. Then, the me-

dium was removed, fresh medium was added, and the cells 

were treated with different drugs for 24 h. After this incuba-

tion, the medium was removed, and the ATP Lite kit rea-

gents (Luminescence ATP Detection Assay System - Perki-

nElmer, Waltham, MA, USA) were added. This system is 

based on the production of light by luciferase because it con-

sumes ATP and D-luciferin. The luminescence is propor-

tional to the concentration of cellular ATP and was analyzed 

using a VICTOR3 multilabel microplate reader (Perki-

nElmer, Waltham, MA, USA) [43]. 

2.2.4. Cell Proliferation Assay 

MCF-7 cells proliferation was assessed by the CyQuant 

method (Thermo Fisher Scientific, Waltham, MA, USA). 

Cells were seeded in 96-well plates (5 x 10
4
 cells/well) and 

grown to confluence. Then, the medium was removed, fresh 

medium was added, and the cells were treated with different 

drugs for 24 h. After this incubation, the medium was re-

moved, and the instructions of the manufacturer were strictly 

followed. 
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2.2.5. Cell Viability and ROS Production 

Cells were seeded in 24-well plates (1 x 10
5
 cells/well) 

and grown in DMEN supplemented with 10% FBS for 24 
hours. After this period, 10 µM DCFDA was added and cells 
were incubated for 30 minutes. Then, the medium was re-
moved and a fresh medium containing the different treat-
ments were added and cells were incubated for additional 24 
hours. Then, the medium was removed, the cells were 
hashed, and suspended in phosphate buffer solution contain-
ing 1% bovine serum albumin and 1 µM 7-AAD. The stain-
ing was evaluated on a Muse

®
 Cell Analyzer (Merck Milli-

pore, Billerica, MA, USA). 

3. RESULTS AND DISCUSSION 

Initially, the triazole aldehydes 10a-h were prepared ac-
cording to the reported methodology [44, 45] from the proto-
col based on a Huisgen 10,3-dipolar cycloaddition. In this 
reaction, the reaction between an aryl azide and a propar-
gylic alcohol was catalyzed by Cu(I), providing only the 1,4-
disubstituted regioisomer, followed by partial oxidation of 
the alcohol to generate the 4-carboxaldehyde-1H-1,2,3-

triazoles (10a-h) with overall yields ranging from 34-66 % 
(Scheme 1). 

Recently, our research group demonstrated that the cy-

cloaddition of lawsone (9) to substituted benzaldehydes in 

the presence of a ground mixture of solid p-toluenesulfonic 

acid and silica gel at 80°C in a pre-heated oven over 6-7 h 

produced 7 (6H-dibenzo[b,h]xanthenes) in high yields, rather 

than the isomer 5, as has been reported in some studies [29-

34]. However, the reaction temperature of these reactions 

must be strictly controlled. We found that increasing the 

temperature to 100°C causes the yield of products to de-

crease dramatically with the use of 1H-1,2,3-triazole-4-

carbaldehydes (10a-h). If the temperature exceeds 120°C, 

there is complete degradation of both the starting material 

and the product.  

Thus, to obtain triazole-linked-xanthenes 12a-h a two-

step route from bis-adduct of lawsone 9 with several 1H-

1,2,3-triazole-4-carbaldehydes (10a-h) was proposed. Cycli-

zation of compounds of type 4 would lead to compounds 6H-
dibenzo[b,h]xanthenes of type 7c (Scheme 2). 

NH2

NN

N CHO

10, 34-66 %

a, R = H
b, R = 3,4-diCl

c, R = 3,5-diCl

d, R = 2,5-diCl

i-iii

i) NaNO2, HCl, 0-5 oC, 30 min. then NaN3 (aq), 1h. 

ii) Propargylic alcohol, CuSO4, sodium ascorbate, tBuOH:H2O, 24h, rt.

iii) IBX, DMSO/H2O.

R

R

e, R = 4-Cl
f, R = 3-CH3

g, R = 4-NO2

h, R = 4-OCH3

 

Scheme 1. Synthesis of 1H-1,2,3-triazole-4-carbaldehydes (10a-h). 
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Scheme 2. Synthesis of bis-naphthoquinones 11a-h and dibenzoxanthenes 12a-h. 
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The first step involved the in situ generation of o-QM via 
Knoevenagel condensation between lawsone (9) and 1H-
1,2,3-triazole-4-carbaldehydes (10a-h), followed by addition 
of another equivalent of 9 generated 11a-h as synthetic in-
termediates in good yields (Table 1). Then, the treatment of 
11 with concentrated sulfuric acid led the formation of 6H-
dibenzo[b,h]xanthenes (12a-h) in good yields (Table 1) as a 
yellow solid which was filtered under reduced pressure 
(Scheme 2).  

The structures of the products were elucidated by spec-
troscopic techniques (see SI). For example, for compound 
11a hydroxyl and carbonyl bands were present in the IR 
spectrum at 3332 cm

-1
 and 1673 and 1650 cm

-1
, respectively, 

and the 
1
H NMR signals from methine protons were ob-

served at δ 6.20 ppm and δ 8.29 ppm (triazolic ring), which 
together confirm the open structure of the compound. In con-
trast, the 

1
H NMR spectrum for 12a showed unsymmetrical 

signals indicative of the isomer coupling pattern, with me-
thine signals at δ 5.44 ppm and δ 8.79 ppm (triazolic ring), 
and the HRMS ([M+H] m/z 486.1085) showed the loss of a 
water molecule, which also confirmed the cyclization. 

The products 11a-h and 12a-h were screened for their 
cytotoxic activities using the human breast cancer cell line 
MCF-7. The initial screening was performed by an MTT 
assay after incubating the cells for 24 hours in the presence 
of 25 or 50 µM solutions of each product. This assay is in-
dicative of the cell metabolizing activity and has been widely 
used for initial assessments of the cytotoxic properties of 
potential drugs [46-48]. The anticancer drug, doxorubicin, 
was used as positive control. According to the results, all the 
products from the 11 series were ineffective to MCF-7 cells 

metabolizing activity after 24 hours of incubation (Fig. 4A). 
These results were not different when the cells were incu-
bated for longer periods (48, 72 and 96 hours) in the pres-
ence of these products (data not shown). On the other hand, 
among the products from 12 series, only the products 12b 
and 12c did not interfere with the MTT assay of MCF-7 cells 
after 24 hours of incubation (Fig, 4B). This picture does not 
significantly change by incubating MCF-7 cells with these 
products for 48, 72 or 96 hours (Fig. 4C). Therefore, we set 
the concentration of 50 µM and the incubation time of 24 
hours as our standard conditions for the further experiments. 
The specificity of the products from series 12 was evaluated 
as a result of their effects on the non-tumor human breast 
cancer cell line, MCF10A. Fig. 4D summarizes these results 
where it can be seen that none of the products of series 12, 
used at the concentration of 50 µM, were able to interfere 
with the MTT assay of MCF10A cells after 24 hours of in-
cubation. Additionally, we also tested the products 12a, 12e 
and 12f at 100 µM in the assay medium without any addi-
tional effect as compared to the results presented in Fig. 4D 
(data not shown). This is a strong indicative that these com-
pounds have selective effects on cancer cells and are promis-
ing anti-proliferative agents. Indeed, most of the products 
from series 12 were able to decrease MCF-7 cells metaboliz-
ing activity in more than 50% without interfering with the 
non-tumor cell line, MCF10A. With regard to their effects 
on the cancer cells, products 12a and 12f were the most ef-
fective, decreasing the MTT assay in 55 and 62%, respec-
tively, at 25 µM and after 24 hours of incubation. The prod-
ucts 12e, 12g and 12h presented intermediate inhibitory 
properties and 12d decreased the MTT assay in 47% under 
these same conditions. Therefore, we decided to continue the 

Table 1. Chemical yields and melting points of the 11a-h and 12a-h. 

Compounds R Yields m.p 

11a H 52 % 224-225 °C 

11b 3,4-diCl 72 % 212-213 °C 

11c 3,5-diCl 82 % 209-210 °C 

11d 2,5-diCl 74 % 221-222 °C 

11e 4-Cl 39 % 168-169 °C 

11f 3-CH3 51 % 257-258 °C 

11g 4-NO2 72 % 225-226 °C 

11h 4-OCH3 55 % 191-192 °C 

12a H 54 % 259-260 °C 

12b 3,4-diCl 63 % 255-257 °C 

12c 3,5-diCl 63 % 246-247 °C 

12d 2,5-diCl 93 % 239-240 °C 

12e 4-Cl 98 % 237-239 °C 

12f 3-CH3 85 % 251-252 °C 

12g 4-NO2 51 % 239-240 °C 

12h 4-OCH3 91 % 247-249 °C 
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screening with products 12a, 12d, 12e, 12f, 12g and 12h, 
discarding only the products 12b and 12c. It is important to 
notice that, as compared to the effects of the positive control, 
the effects of the products of the chosen products from series 
12 were not different from the effects of the anticancer drug 
doxorubicin. Moreover, these products of series 12 presented 
selective effects on the cancer cell line, not interfering with 
the non-tumor cell line metabolic activity, whereas the 
widely used drug, doxorubicin, promoted similar effects on 
both cell lines. All the following experiments were carried 
on only with the tumor cell line MCF-7. 

Following the screening, MCF-7 cells were incubated in 
the presence of the selected products for 24h and their intra-
cellular ATP content was assessed as a major product of cell 
metabolism and crucial for cell survival. Among the prod-
ucts tested, only 12d did not interfere with the intracellular 
ATP content (Fig. 5).  Product 12a was the most effective 
and, together with 12f, 12g and 12h, were even more effec-
tive than doxorubicin, used as positive control. Product 12e 
was as effective as doxorubicin in decreasing the intracellu-
lar ATP content. Although known for its effects on cell me-
tabolism and ATP production, doxorubicin is also known to 
present consistent but moderate effects on the intracellular 
ATP content [49-51]. This is easily observed in the present 
results were the incubation of MCF-7 cells with 50 µM 
doxorubicin for 24 hours decreased the intracellular ATP 
content in 32 ± 1%, as compared to the control. Even tough, 
doxorubicin is very lethal to the cells, and this moderate ef-
fect is related to the disruption of cell metabolism. Thus, the 

fact that the products 12a, 12f, 12g and 12h presented higher 
levels of effects on the intracellular ATP content can not be, 
so far, directly interpreted as a higher effectiveness of these 
products as anti-tumor drugs. 

 

Fig. (5). Intracellular ATP content of MCF-7 cells. Cells were 

plated in 96-well plates and treated for 24 hours in the presence of 

50 µM of each compound or DMSO (0.2% v/v), used as control. 

Intracellular ATP content was assessed as described in Materials 

and Methods. Bars represent mean ± S.E.M of 3 independent ex-

periments (n=3). 

In order to evaluate the effects of the products on MCF-7 
cells proliferation, we performed a CyQuant assay, which 
evaluate the DNA content, directly proportional to the num-

 

Fig. (4). Human breast cancer cells metabolizing activity (MTT assay). MTT assay of MCF-7 cells treated for 24 hours in the presence of the 

products 11a-h (panel A) or 12a-h (panel B), treated with 50 µM of the products for different time periods (panel C), and MTT assay of 

MCF10A cells treated for 24 hours in the presence of the products 12a-h (panel D). Doxorubicin is presented as positive control for the three 

panels. Experiments were performed as described in Materials and Methods. Data are represented as mean ± S.E.M of 3 independent experi-

ments (n=3). 

��
���
��

�	

	 ��



��
�
��
� ��

�
��
�
��
�

�

�

�

�

��
��
��
��
��
��
��
��
��
�

�

�

�

� � �



Design, Synthesis and Biological Evaluation of 1H-1,2,3-Triazole-Linked-1H�Dibenzo[b,h]xanthenes Medicinal Chemistry, 2019, Vol. 15, No. 2     127 

 

ber of the cells [52]. The results are presented in Fig. (6) and 
show that, at different levels, all the products tested de-
creased MCF-7 cells proliferation, as compared to the con-
trol. Indeed, although statistically significant, the effects of 
12d are very modest and might have insignificant or none 
biological relevance. All the other products tested were very 
effective, decreasing the proliferation of the cells in more 
than 50%, after 24 hours of treatment. However, for this as-
say, none of the drugs were as effective as antimycin A 
(AMA), used as a positive control for antiproliferative drug. 
Indeed, AMA is extremely effective decreasing cell prolif-
eration [53, 54], which is due to its highly toxic effects. 
Thus, instead of being an excellent positive control for cell 
proliferation inhibitor, AMA is not an anticancer drug due to 
its highly toxic effects, which seems not to be the case of the 
products of the 12 series tested here. These products, except 
12d, presented moderate but significant attenuation of cell 
proliferation, suggesting a lower toxic effect when compared 
to AMA. 

 

Fig. (6). Cell proliferation assay of MCF-7 cells. Cells were plated 

in 96-well plates and treated for 24 hours in the presence of 50 µM 

of each compound or DMSO (0.2% v/v), used as control. Cell pro-

liferation was assessed by the CyQuant method as described in 

Materials and Methods. Bars represent mean ± S.E.M of 3 inde-

pendent experiments (n=3). 

The mechanism by which these products are promoting 
their anti-tumor effects was evaluated assessing the oxidative 
stress on MCF-7 cells treated for 24 hours in the presence of 
50 µM of each compound. To assess the oxidative stress, 
treated cells were incubated with 7-AAD (7-aminoactino-
mycin D) and DCFDA (2',7'-dichlorodihydrofluorescein 
diacetate). The former, when enters the cells due to a leak on 
plasma membrane, intercalates with DNA and emits fluores-
cence at 650 nm. The latter freely enters the cells and reacts 
with reactive oxygen species (ROS) forming 2',7'-
dichlorofluorescein, which emits fluorescence at 520 nm. 
Thus, treated cells can be evaluated for cell viability (when 
stained by 7-AAD) and oxidative stress (when stained by 
DCFDA) in a flow cytometer dual detection (650 and 520 
nm). The results for these experiments are shown in the  
Fig. (7). Panels A-H show representative plots for each 
tested conditions. Control and positive control for cell leak-
age and ROS production (doxorubicin) are shown in panels 
A and B, respectively. It is clearly seen that upon doxorubi-
cin treatment, the cell population change its pattern from a 
no stained to a double stained population (compare panel A 
and panel B for control and doxorubicin-treated cells, respec-
tively). The product 12a produced a pattern similar to 

doxorubicin, decreasing cell viability and increasing ROS 
production simultaneously (Fig. 7C). While the product 12d 
presented no effects on both, cell viability and ROS produc-
tion, the products 12e, 12f, 12g and 12h promoted an in-
crease in ROS production but no change in the cells viabil-
ity. The panel I summarizes the results obtained by flow cy-

 

Fig. (7). Cell viability and ROS production by MCF-7 cells treated 

with the products. Cells were plated in 24-well plates and treated 

for 24 hours in the presence of 50 µM of each compound or DMSO 

(0.2% v/v), used as control. Results were obtained by flow cytome-

ter as described in Materials and Methods. Panels A-H are represen-

tative results of a series of three independent experiments. In Panel 

I, bars represent mean ± S.E.M of 3 independent experiments (n=3). 
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tometry including the results of three independent analyses. 
A remarkable effect can be attributed to the product 12f, 
since almost the totality of the cells was positive to ROS 
(similar to doxorubicin-treated cells) but no leakage on cell 
membrane was detected by this technique. This is quite in-
triguing since this drug decreased the metabolic activity, the 
ATP content and the cells proliferation, discarding that the 
anti-oxidative pathways of the cells would be fully-active 
upon the treatment with product 12f. It might be that the in-
crease in ROS production in this case, such as for the prod-
ucts 12e, 12g and 12h, is enough to be detected and to inter-
fere with cell metabolism and proliferation, but not as high 
as to disrupt the cell membrane. Indeed, among the products 
tested, only 12a promoted both, ROS production and cell 
membrane damage. 

CONCLUSION 

Evaluating series of new 3,3'-((1-aryl-1H-1,2,3-triazol-4-
yl)methylene)bis(2-hydroxynaphthalene-1,4-diones) 11a-h 

and 7-(1-aryl-1H-1,2,3-triazol-4-yl)-5H-dibenzo[b,h]xant-
hene-5,6,8,13(7H)-tetraones 12a-h, we concluded that com-
pound 12a is an important candidate for an anti-cancer drug 
due to its properties on promoting both ROS production and 
cell membrane damage. However, in vivo tests are required 
previous to any advanced conclusion in this direction. 
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Abstract: Over the past decades, several advances in cancer cell biology have led to relevant 
details about a phenomenon called the ‘Warburg effect’. Currently, it has been accepted that 
the Warburg effect is not compatible with all cancer cells, and thus the process of aerobic gly-
colysis is now challenged by the knowledge of a large number of cells presenting mitochon-
drial function. The energy metabolism of cancer cells is focused on the bioenergetic and bio-
synthetic pathways in order to meet the requirements of rapid proliferation. Changes in the 
metabolism of carbohydrates, amino acids and lipids have already been reported for cancer 
cells and this might play an important role in cancer progression. To the best of our knowl-
edge, these changes are mainly attributed to genetic reprogramming which leads to the trans-
formation of a healthy into a cancerous cell. Indeed, several enzymes that are highly relevant 
for cellular energy are targets of oncogenes (e.g., PI3K, HIF1, and Myc) and tumor suppressor 
proteins (e.g., p53). As a consequence of extensive studies on cancer cell metabolism, some 
new therapeutic strategies have appeared that aim to interrupt the aberrant metabolism, in ad-
dition to influencing genetic reprogramming in cancer cells. In this review, we present an 
overview of cancer cell metabolism (carbohydrate, amino acid, and lipid), and also describe 
oncogenes and tumor suppressors that directly affect the metabolism. We also discuss some of 
the potential therapeutic candidates which have been designed to target and disrupt the main 
driving forces associated with cancer cell metabolism and proliferation. 

Keywords: Carbohydrate metabolism, lipid metabolism, amino acid metabolism, oncogenes and tumor suppressors, 
targeted therapy. 

1. INTRODUCTION 

Cancer is the name given to a set of more than 100 
diseases that have, in common, uncontrolled cell 
growth. In some instances, the malignant cells may 
spread from one region of the body to other areas by  
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invading healthy tissues/organs (metastasis). Thus, in 
order to supply the required demands for abnormal pro-
liferation, cancer cells exert extensive changes in en-
ergy metabolism. In contrast to normal cells, which 
mostly use mitochondrial oxidative phosphorylation to 
generate energy for cellular processes, cancer cells al-
most exclusively depend on aerobic glycolysis, which 
increases glucose uptake/consumption and impairs oxi-
dative phosphorylation, in a phenomenon called the 
‘Warburg effect’ [1, 2]. Thus, it is somewhat of a para-
dox that despite having a sufficient supply of oxygen, 
cancer cells frequently produce high lactate concentra-

macpro
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tions [2]. The etiology of alterations that affect differ-
ent types of cancers and generate the metabolic hetero-
geneity, and the dynamic processes that cause modifi-
cations from normal to cancer cells, are key questions 
that should be addressed in order to overcome one of 
the major concerns about cancer therapy, the metabolic 
plasticity [3]. Herein, we will briefly discuss the 
changes in energy metabolism as well as the genetic 
effect on cancer cell metabolism. Moreover, potential 
antitumor therapies directed against specific targets of 
energy metabolism will also be presented. 

2. CANCER CELL METABOLISM: AN OVER-
VIEW 

2.1. Carbohydrate Metabolism 

Regardless of functional mitochondria, some cancer 
cells have the ability to reversibly switch between gly-
colytic and oxidative metabolism. Based on Crabtree’s 
observation, the presence of glucose causes slightly 
increased or no effect on respiration in normal cells [4]. 
However, in cancer cells, it is common to find severe 
changes in metabolic programming, which stimulates 
aerobic glycolysis and lactate production with the re-
duction of both oxygen uptake and consumption [4-7]. 
Among the several changes reported, it has been stated 
that the Warburg effect induces competition for ADP + 
Pi between oxidative phosphorylation and glycolysis, 
which has been attributed to respiratory abnormalities 
[8-10]. Several authors also reported that the Warburg 
effect may cause the observed increase in mitochon-
drial calcium levels, which seems to be associated with 
F0(oh), F1-ATP synthase inhibition and abrogation of 
respiration [5, 11, 12]. 

During normal cellular metabolism, glucose is 
firstly degraded in a process called glycolysis, which 
after a series of enzyme-catalyzed reactions generates 
two molecules of ATP, NADH and pyruvate. The fate 
of pyruvate is mostly related to either aerobic or an-
aerobic conditions encountered by cells. In non-cancer 
cells, pyruvate is converted into acetyl-CoA and di-
rected to the tricarboxylic acid (TCA) cycle. Then, the 
reducing power generated after oxidation of acetate in 
the TCA cycle is processed by the electron transport 
chain and oxidative phosphorylation resulting in the 
generation of 30-32 ATP molecules per metabolized 
glucose molecule (Fig. 1) [13]. Unlike normal cells, 
cancer cells adapt to use aerobic glycolysis to procure 
significant amounts of their energy and to produce 
other metabolic end products to support their rapid 
growth and proliferation under conditions of low oxy-
gen tension [2, 14]. To the best of our knowledge, the 

increased glycolytic flux is the most noticeable and 
well-known energy metabolism change of cancer cells 
[15]. The inherent lower bioenergetic nature of glyco-
lysis means that cancer cells should adopt a method to 
increase glucose uptake to meet their energy needs. We 
will now briefly summarize some of the main factors 
related to aerobic glycolysis promotion in cancer cells. 

There are three classes of glucose transporters: 
GLUT 1–4 and GLUT 14 (class I), GLUT 5, 7, 9 and 
11 (class II) and GLUT 6, 8, 10, 12 and 13 (class III). 
These transporters control the flux of glucose between 
intracellular and extracellular compartments to ensure 
that there is constant availability of glucose for cell 
metabolism [16]. Among GLUT proteins, GLUT 1 and 
GLUT 3 are the most commonly studied glucose trans-
porters: while GLUT 1 has been found to be overex-
pressed in a variety of both solid and hematological 
malignancies, GLUT 3 has been found to be expressed 
predominantly in the brain and in tissues with high glu-
cose demand, such as the placenta and testis [16-19]. In 
addition, poorly differentiated grade 2 and 3 endo-
metrial and breast tumors have significantly higher 
GLUT1 and GLUT3 expression than well-differen-
tiated grade tumors [20]. 

Hexokinases (HK) catalyze C-6 glucose phosphory-
lation to yield glucose-6-phosphate in the first step of 
glycolysis. HK2 is the most regulated isoform in hu-
man cells and is overexpressed in several cancer cells 
[21, 22]. The role of HK2 in pancreatic ductal adeno-
carcinoma revealed that this isoform is required for 
primary tumor growth and metastasis [23]. Interest-
ingly, the increase in lactate levels promotes invasion, 
demonstrating a mechanistic link between HK2 and 
metastasis via the regulation of lactate production [23]. 
On the other hand, it has been reported that inhibition 
of lactate production reduces the effects of HK2 on 
invasion. Also documented is the fact that HK2 binds 
to mitochondria through the voltage-dependent anionic 
channel (VDAC) [23,24]. VDAC1 is the main trans-
porter of ATP and other metabolites through the outer 
mitochondrial membrane. The overexpressed VDAC1 
provides anchoring sites for overexpressed HK, allow-
ing direct transport of mitochondrial ATP for phos-
phorylation of glucose, thus increasing the glycolytic 
rate. By binding to VDAC1, HK2 provides both a 
metabolic benefit and apoptosis-suppressive capacity 
that offer the cell a proliferative advantage and in-
creased resistance to chemotherapy. Accordingly, 
higher VDAC1 levels were associated with sarcoma-
tous alterations of primary malignancies of the biliary 
tract [24]. 
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Phosphofructokinase 1 (PFK-1), which is involved 
in the conversion of fructose-6-phosphate (F6P) to 
fructose-1,6-bisphosphate (F1,6P2), is the main rate-
limiting reaction in the glycolytic pathway and is no-
ticeably overactive in cancer cells and primary tumor 
tissues [9, 25, 26]. It has been reported that Src, a 
proto-oncogene with kinase activity responsible for the 
transformation of chick-embryo fibroblasts by the Rous 
sarcoma virus, activates PFK-1 in immortalized cells 
[27]. Among the four PFK-2 isozymes (PFKFB1, 
PFKFB2, PFKFB3, and PFKFB4), only PFKFB3 has 
the highest kinase/phosphatase activity ratio and acts as 
a powerful activator of glycolysis [28, 29]. PFKFB3 
regulates the cyclin-dependent kinase 1 and connects 
glycolysis to cell proliferation and survival in tumor 
cells. It is essential for cell cycle progression and apop-
tosis inhibition [30, 31]. An overexpression of PFKB3 
in cancer cells maintains higher levels of fructose-2,6-
biphosphate that further activate the glycolytic enzyme, 
PFK-1. Since PFKFB3 displays the highest ratio of 

kinase/phosphatase activity, it is hypothesized that 
PFKFB3 may contribute to the high glycolytic flux ob-
served in transformed cells relative to their normal 
counterparts [28, 32, 33]. Moreover, several primary 
and aggressive human lung, breast, colon, prostatic, 
pancreatic and ovarian adenocarcinomas present a 
PFKFB3 overexpression in relation to normal tissues 
[33]. Also, it has been reported that HER 2 (human 
epidermal growth factor receptor-2) constitutive sig-
naling increases PFKFB3 expression and glucose me-
tabolism in breast cancer cells [34]. 

Pyruvate kinase (PKM2), which converts phos-
phoenolpyruvate (PEP) to pyruvate, regulates lactate 
production and glycolytic flux in cancer cells. The 
overexpression of PKM2 in gastric cancer cells has 
been outlined by many researchers and the increased 
activity of PKM2 is well correlated with metastasis and 
advanced tumor stage and size [35]. Although PKM2 
seems to be related to increased aerobic glycolytic flux, 
the transport of pyruvate into the mitochondrial matrix 

 

Fig. (1). Overview of cancer metabolism. The glucose molecule is firstly degraded in a process called glycolysis, which after 
a series of enzyme-catalyzed reactions generates two molecules of ATP, NADH and pyruvate. In non-cancer cells under aero-
bic conditions, pyruvate is converted into acetyl-CoA and directed to the tricarboxylic acid (TCA) cycle. Unlike normal cells, 
cancer cells use pyruvate for producing lactate in the presence or absence of oxygen, a process named aerobic glycolysis or 
Warburg effect. One-carbon metabolism provides cofactors for nucleotide biosynthesis for proliferating cancer cells. During 
glycolysis around 10% of 3-phosphoglycerate is oxidized by converting it into 3-phosphohydroxypyruvate, which is subse-
quently transaminated, forming 3-phosphoserine and dephosphorylated to yield serine. Fatty acids are synthesized from citrate 
and acetyl-CoA. Long-chain fatty acids are converted into acyl-CoA and enter the fatty acid oxidation where it is converted 
into acetyl-CoA. Essential amino acids can form new proteins or induce mTORC1 to promote glycolysis. Glutamine provides 
TCA cycle intermediates, glutaminase catalyzes the hydrolysis of glutamine to glutamate. G6-P: Glucose 6-phosphate; 3-PG: 
3-Phosphoglycerate; α-KG: α-ketoglutarate; TCA: tricarboxylic acid cycle; FAO: Fatty acidy oxidation. (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 
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is significantly impaired in cancer cells. Mitochondrial 
pyruvate carrier (MPC) is a transmembrane protein 
complex comprised of two MPC1 and MPC2 subunits, 
and both isoforms are essential for pyruvate transport 
from the cytosol to the mitochondrial matrix [36-38]. 
Interestingly, depletion or low levels of the MPC1 pro-
tein have been associated with common features of 
multiple malignant cancer types and indicators of poor 
prognosis [38]. In this sense, MPC1 and MPC2 protein 
expression was found to be significantly down-regu-
lated in hepatocellular carcinoma tissue [39]. 

Pyruvate dehydrogenase (PDH) catalyzes the con-
version of pyruvate to acetyl-CoA, the entry substrate 
for the TCA cycle. The activity of PDH could be inhib-
ited by overexpression of pyruvate dehydrogenase 
kinase (PDK). With regards to PDK, its activity is 
regulated by the concentration of the metabolic prod-
ucts such as pyruvate, NADH and acetyl-CoA [7]. 
Among its isoenzymes, pyruvate dehydrogenase 
kinase-1 (PDK1) is a key regulator of glycolysis and 
oxidative phosphorylation, and its expression is in-
creased via hypoxia inducible factor-1α (HIF-1α) in a 
variety of tumors [40, 41]. In this context, the inhibi-
tion of PDK3 reverses the Warburg effect by reducing 
lactate concentration in the tumor microenvironment. 

Lactate dehydrogenase (LDH) catalyzes the conver-
sion of pyruvate to lactate by the simultaneous conver-
sion of NADH to NAD+. LDH isoenzymes are tetram-
ers of either heart (H) or muscle isoform (M). The M 
isoform predominates in the skeletal muscle and is 
mostly related to anaerobic metabolism and pyruvate 
reduction, while the H form predominates in the car-
diac muscle, regulating the aerobic oxidation of pyru-
vate [42, 43]. Among the LDH isoforms, increased 
LDHA expression and activity contribute to the War-
burg effect, regulation of growth and metastasis of can-
cer cells. However, the inhibition of LDHA negatively 
regulates tumor growth and metastasis in cancer cells 
[44-46]. 

Over the past decades, advances in cancer cell biol-
ogy have unveiled more relevant details about the 
Warburg effect and aerobic glycolysis. Currently, it has 
been accepted that the Warburg effect is not anymore 
compatible with all tumors and cancer cell lines, and 
thus the phenomenon of aerobic glycolysis is now chal-
lenged by the knowledge of a large number of cells 
with mitochondrial function. In this scenario, it has 
been reported that ATP derived from aerobic glycolysis 
constitutes only a part of the total ATP present in vari-
ous cancer cells [47, 48]. In fact, the ATP production 
by glycolysis is highly dependent on cell type and 

could account for 0.31% (fibrosarcoma) or 64% (hepa-
toma), while the remaining ATP is derived from mito-
chondrial oxidative phosphorylation [47]. If the War-
burg effect is not a common characteristic across all 
tumors, it is likely that a dynamic interplay exists be-
tween oxidative and glycolytic metabolism. 

2.2. Amino Acid Metabolism 

Amino acid metabolism has been a focus of cancer 
researchers because of its relevance to the metabolic 
reprogramming of proliferating cells. In addition, many 
enzymes related to amino acid metabolism are de-
scribed as immunosuppressive in the tumor microenvi-
ronment and are therefore targets for cancer therapy 
[49]. Amino acid metabolism in cancer cells varies 
with the tissue of origin, cancer subtype, microenvi-
ronment and oncogenic driver mutations [50]. Onco-
genesis relies on amino acids metabolism for protein 
synthesis, and also as a source of energy and metabo-
lites [51]. Here, we will focus on some amino acids 
(e.g., arginine, tryptophan, serine, glycine, glutamine 
and the branched-chain amino acids leucine, isoleucine, 
and valine) which are of great relevance for cancer cell 
proliferation and metabolic reprogramming. 

Whereas arginine is a non-essential amino acid for 
healthy humans, it is conditionally essential for cancer 
cells. Although contradictory, many cancer cells lack 
the enzyme argininosuccinate synthetase 1 (ASS1), 
which catalyzes the conversion of citrulline to argini-
nosuccinate during arginine synthesis, indicating the 
strong dependence of exogenous arginine for cancer 
cell growth [52-54]. In this context, cells such as blad-
der cancer cells with low ASS1 levels could not grow 
in arginine-free media, indicating that ASS1 behaves as 
a tumor suppressor [55]. Currently, five enzymes (ni-
tric oxide synthase, glycine amidinotransferase, argin-
ine decarboxylase, arginase and arginine deiminase) 
have been reported to be responsible for catabolizing 
free arginine [56]. Regarding arginine catabolite en-
zymes related to cancer promotion, it has been docu-
mented that high expression of arginase induces poly-
amine accumulation, which could interact with the  
oncogenes Myc and KRAS, thus promoting a rapid 
growth rate of cancer cells [57]. Arginase is a metabo-
lizing enzyme that hydrolyzes arginine to ornithine and 
urea. It has been reported that arginase suppression by 
n-hydroxyarginine could reduce the intracellular poly-
amine content reflecting on the proliferation of cancer 
cells [58, 59]. 

Tryptophan catabolism is an important metabolic 
pathway for cancer cells to prevent immune responses. 
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Indoleamine-2,3-dioxygenase (IDO) and tryptophan-
2,3-dioxygenase (TDO) are related to the conversion of 
tryptophan into kynurenine via the kynurenine pathway 
[60, 61]. While IDO is the most intensely studied en-
zyme associated with tryptophan catabolism and can 
suppress T-cell responses promoting cancer cell sur-
vival, TDO is an immunosuppressive enzyme, which is 
overexpressed in carcinomas and melanomas [62-64]. 
According to Uyttenhove et al. (2003), transfected 
mice with an IDO-negative subline of the mouse tumor 
model P815B overcame tumor challenge and remained 
alive. However, animals transfected with IDO-positive 
cells developed progressive tumors and died, proving 
the relevance of the IDO enzyme for tryptophan syn-
thesis and tumor cell progression [63].  

The metabolism of serine and glycine are intercon-
nected via the glycine cleavage system, a major meta-
bolic pathway in one-carbon metabolism that provides 
cofactors for purine and pyrimidine biosynthesis in 
proliferating cancer cells (Fig. 1) [65, 66]. An in-
creased capacity for de novo serine synthesis via the 
phosphoglycerate dehydrogenase (PHGDH) pathway 
has been described in cancer cells. During glycolysis, 
PHGDH is responsible for the oxidation of approxi-
mately 10% of 3-phosphoglycerate by converting this 
glycolytic intermediary to 3-phosphohydroxypyruvate, 
which is subsequently transaminated and dephosphory-
lated, ultimately forming serine [67]. The marked at-
tenuation of tumor growth and survival of pancreatic 
cancer cells in PHGDH-knockout mice has been re-
ported [68]. Apart from PHGDH, serine hydroxy-
methyl transferase (SHMT), which converts serine into 
glycine, has also been implicated in tumorigenesis. The 
two isoforms of SHMT, cytoplasmic SHMT1 and mi-
tochondrial SHMT2, were described as downstream 
effectors of c-Myc function and rescued the growth 
defects of c-Myc-null cells [69]. 

Another relevant amino acid for cell metabolism 
that is conditionally essential for cancer cell prolifera-
tion is glutamine. Glutamine provides TCA cycle in-
termediates, suppresses oxidative stress, protects mito-
chondrial membrane integrity and promotes cell sur-
vival and proliferation (Fig. 1) [70, 71]. Glutaminases 
(GLS1 and GLS2), which catalyzes the hydrolysis of 
glutamine to glutamate, play different roles in tumori-
genesis. While GLS1 acts as a tumor promoter [72-75], 
GLS2 is strongly relevant to suppress tumor growth 
[76-79]. The effect of GLS1 on colorectal cancer cell 
was studied by Xiang and colleagues (2019), who 
showed that HIF-1 stimulates the expression of 
GLS1, which promoted colorectal cancer cell migra-

tion, invasion, and metastasis [75]. In addition, some 
studies confirmed the reduction in expression of GLS2 
in hepatocellular carcinoma (HCC) [74, 76-78]. Con-
cerning the role of GLS2 in cancer, it has been shown 
that GLS2 is able to inhibit the growth and colony for-
mation of HCC cells in vitro as well as the growth of 
HCC xenograft tumors in vivo [76-78].  

In addition to the above-mentioned amino acids, 
cancer cells also preferentially use branched-chain 
amino acids (BCAAs), such as leucine, isoleucine, and 
valine, to support their biosynthetic demands and nutri-
ent signals [49, 80, 81]. Mitochondrial branched-chain 
aminotransferase 1 (BCAT1) and branched-chain 
aminotransferase 2 (BCAT2), which catalyze the con-
version of BCAAs into their corresponding branched-
chain α-keto acids and thereby generate glutamate, are 
overexpressed in many cancer cells [82, 83]. High ex-
pression of BCAT1 and BCAT2 contributes to cancer 
cell proliferation in acute myeloid leukemia (AML) 
and pancreatic ductal adenocarcinoma [82, 84]. In ad-
dition, it was shown that the expression of BCAT1 is 
associated with high levels of mTOR activity [83]. 
Taken together, these data strongly suggest that amino 
acid metabolism may represent an important focus for 
future studies into unmasking the relevance of amino 
acids for sustained cancer cell proliferation. 

2.3. Fatty Acid Metabolism 

Fatty acids (FAs) can be obtained endogenously, 
from the breakdown of triacylglycerols (TAG) and/or 
phospholipids, or exogenously, from daily meals, (Fig. 
1) and are essential nutrients required for energy stor-
age and for lipid and cell membrane synthesis. Addi-
tionally, FAs are very relevant as important precursors 
in the production of signaling molecules. Changes in 
the metabolism of FAs, lipids and cholesterol in cancer 
cells have already been reported with suggestions that 
this might play a relevant role for cancer progression 
[85].  

In several types of cancer cells, FA catabolism is 
preferentially used to fuel growth, a deduction which is 
based on the observation that the enzymes required for 
FA oxidation are overexpressed in these cells [14]. In-
terestingly, FAs can be guided towards lipid biosynthe-
sis (anabolism) or fatty acid oxidation (catabolism), 
however, the manner in which cells adapt to the distinct 
anabolic or catabolic pathways to channel fatty acids is 
currently poorly understood. Metabolism of FAs is 
regulated by AMP-activated protein kinase (AMPK), 
which is activated by the increase in the AMP:ATP 
ratio. AMPK negatively regulates the activity of sev-



6    Current Medicinal Chemistry, 2020, Vol. 27, No. 00 Ghasemishahrestani et al. 

eral enzymes and transcription factors related to anabo-
lism of FAs and lipids, while positively mediates the 
activity of catabolic enzymes [86]. In this context, tu-
mor cells use FAs as catabolic substrates, and the high 
contents of NADH and/or NADPH generated sustain 
ATP production, redox homeostasis, and biosynthetic 
reactions ensuring cell survival and proliferation [87]. 
In solid tumors, the activation of fatty acid oxidation 
(FAO) promotes the survival of triple-negative breast 
cancer cells during metabolic stress triggered by the 
lack of cell adhesion to the extracellular matrix [88]. In 
glioblastoma cells, FAO inhibition is critical for cell 
survival and maintenance of ATP and NADPH levels 
[88].  

Lipid synthesis has also been recognized as another 
aberrant and common process related to carcinogenesis 
and contributes to rapid cell proliferation and decreased 
drug sensitivity [88, 89]. To support lipid synthesis, 
cancer cells are forced to find alternative routes for the 
preparation of acetyl-CoA, the precursor for lipid syn-
thesis, since the shift from respiratory metabolism to 
aerobic glycolysis inactivates PDH by PDK1 [90, 91]. 
In this context, the pool of acetyl-CoA for lipid synthe-
sis comes from the activities of ATP-driven catalysis  
of citrate lyase (ACLY) or acetyl-CoA synthetase 
(ACSS). ACLY is a cytosolic enzyme responsible for 
the conversion of citrate to cytosolic acetyl-CoA, and 
its relevance for cancer cell survival and growth has 
been reported [92, 93]. Under metabolic stress condi-
tions (e.g., nutrient starvation or hypoxia), the high ex-
pression and activity of acetyl-CoA synthetase 2 
(ACSS2) promote cancer cell growth due to the con-
sumption of acetate as an alternative source of nutrient 
for fatty acid, cholesterol and isoprenoids biosynthesis 
[94, 95]. Long-chain acyl-CoA has several functions, 
such as serving as the backbone for the synthesis of 
lipids (e.g., TAGS and phospholipids) and bioactive 
lipids (e.g., signaling lipids). The acyl-CoA synthetase 
long-chain family (ACSLs) comprises an array of en-
zymes (ACSL1, ACLS3, ACSL4, ACSL5, and 
ACSL6) which are responsible for the activation of the 
most abundant long-chain fatty acids and are com-
monly deregulated in cancer cells [96]. It has been re-
ported that different types of cancer (e.g., colorectal, 
breast, prostate, liver, and lung) present at least one 
upregulated ACSL isoform [97-104]. Thus, these stud-
ies demonstrate that ACSL overexpression could be 
related to changes in energy metabolism in favor of 
glucose consumption, increases in FAs and lipid/lipid 
droplets synthesis, high invasion and proliferation, sur-
vival during hypoxia and chemotherapy resistance [97, 
105, 106]. Despite all the negative aspects concerning 

the activity of ACSL isoforms, it seems that this family 
of proteins could be used for diagnosis, prognosis, and 
a good target for cancer therapy. 

3. GENETIC INFLUENCES ON TUMOR CELL 
METABOLISM 

Cancer is mostly caused by extrinsic or intrinsic fac-
tors, which could be prevented by tumor suppressor 
genes. Although the role of tumor suppressor proteins 
is crucial for cellular response against cell cycle de-
regulation, such proteins are also important for the 
regulation of energy metabolism. In this context, muta-
tions in proto-oncogenes or tumor suppressor genes, 
such as PI3K, HIF, MYC, and p53, are closely related 
to changes in tumor cell metabolism [107]. 

Phosphatidylinositol-3-kinase (PI3K) comprises a 
family of proteins involved in the phosphorylation of 
phosphatidylinositol-4,5-bisphosphate (PIP2) to phos-
phatidylinositol-3,4,5-triphosphate (PIP3), which re-
cruits and activates AKT (also known as PKB) via the 
PIP3-PDK1 (phosphoinositide-dependent kinase 1) 
pathway. In this context, PI3K regulates several cellu-
lar processes, such as energy metabolism, protein syn-
thesis, cell survival, proliferation, angiogenesis, and 
apoptosis [108]. It has been demonstrated that hyperac-
tivation of PI3K also triggers other downstream kinases 
(e.g., mTORC1 and mTORC2) strongly related to glu-
cose catabolism and lipidogenesis. With respect to glu-
cose catabolism, AKT prompts aerobic glycolysis by 
multiple forms, such as increasing glucose uptake by 
the overexpression of glucose transporters (GLUT1, 
GLUT2 and GLUT4) and translocation of GLUT4 to 
the cell membrane, and stimulation of mTORC1 path-
ways, which activates HIF1, itself a key player for in-
duction of HK2 and LDH gene expression [109, 110]. 
Moreover, AKT is also related to the activation of 
PFK1 [111]. In lipidogenesis, AKT positively regulates 
the activity of ACLY and indirectly induces, via phos-
phorylation of the NRF2 transcription factor, the ex-
pression of 6-phosphogluconate dehydrogenase (PGD), 
glucose-6-phosphate dehydrogenase (G6PD) and malic 
enzyme 1 (ME1) genes, thus stimulating the synthesis 
of acetyl-CoA and NADPH required for FAs and lipid 
synthesis [112, 113]. The catalytic subunit of PI3K, 
p110α, encoded by the PIK3CA gene, seems to be mu-
tated in 20-40% of breast cancer instances [114]. In 
addition, it has been reported that PI3K E542K and 
E545K mutation is related to the activation of AKT/ 
GSK3β/β-catenin signaling, which activates glycolysis 
and generates the energy fuel for cancer cell prolifera-
tion [115]. Sobhani et al. (2018), performed a meta-
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analysis study of 1,929 breast cancer cases reported in 
the literature in order to investigate the role of PIK3CA 
mutational status as a prognostic factor and predictor of 
response to anti-cancer treatments [116]. This investi-
gation revealed that mutation in PIK3CA is a negative 
prognostic factor, thus providing a relative indication 
of the aggressiveness of all subtypes of breast cancer 
[116]. 

The hypoxia inducible factor (HIF) family plays a 
critical role in various stages of carcinogenesis and en-
ables cells to adapt to hypoxic environments. The HIF 
family comprises a protein heterodimer fashioned by 
the interaction of one alpha (HIF-1α, HIF-2α, HIF-3α) 
and one beta (ARNT, ARNT2) subunit which forms a 
functional complex which is tasked to regulate the ex-
pression of genes to preserve cell survival under hy-
poxic environments [117, 118]. It has been reported 
that hypoxia stabilizes HIF-1α in cancerous cells, lead-
ing to changes in nutrient uptake, glycolysis, waste 
handling, angiogenesis, apoptosis, and cell migration, 
which may promote tumor survival and metastasis 
[117-119]. In the context of energy metabolism, adap-
tation to hypoxia also causes a severe reprogramming 
of cancer cells to shift from oxidative to fermentative 
metabolism. In this situation, the activation of HIF-1α 
induces the expression of several genes related to gly-
colysis, such as GLUT1 and GLUT3, HK1 and 2, PFK-
L, ALD-A, GAPDH, PGK, PGAM1, ENO1, PYK, LDH 
and PFK2 [91, 120-126]. Moreover, either aggressive-
ness or low prognosis is also related to the expression 
of some glycolytic enzymes under the positive regula-
tion of HIF-1α [126].  

The pleiotropic transcription factor Myc plays a 
relevant role in cell physiology. The capacity to bind, 
directly or guided by other cooperative transcription 
factors, to promoters up- or downregulating the expres-
sion of several genes might define its oncogenic or 
foremost physiological behavior. Myc has been consid-
ered to be one of the most commonly amplified proto-
oncogene in human cancers and it is clear that the func-
tion of Myc, like other oncogenes such as Ras, is tis-
sue-specific and its role in regulating energy metabo-
lism is distinct in various cancer models [127, 128]. 
Despite the particularity observed between cancer cells, 
the contribution of Myc to aerobic glycolysis (Warburg 
effect) operates through the upregulation of a series of 
glycolytic genes, such as GLUT1, HK2, PFK, ENO1 
and LDH [129-133]. Paradoxically, Myc also stimu-
lates mitochondria biogenesis and oxygen consumption 
in cancer cells. However, this attributed function is re-
lated to the activation of mitochondrial glutamine me-

tabolism, which feeds the TCA cycle for α-ketoglu-
tarate oxidation [72, 91]. The capacity of Myc to 
upregulate genes related to both aerobic glycolysis and 
mitochondrial oxidation raised the question of how 
Myc could contribute to the Warburg effect or mito-
chondrial oxidation. It is thought that Myc upregulates 
PDK1 expression [91], which negatively affects the 
conversion of glycolytic pyruvate to acetyl-CoA by 
phosphorylating and inhibiting pyruvate dehydro-
genase, which inhibits the entrance of acetyl-CoA into 
the TCA cycle. Moreover, by upregulating LDH gene 
expression Myc increases the conversion of pyruvate to 
lactate, which redirects the flux of substrates from mi-
tochondrial oxidation to aerobic fermentation. Regard-
ing the activation of mitochondrial oxidation, Myc di-
rectly upregulates the expression of glutamine trans-
porters (ASCT2 and SLC7A25) and indirectly en-
hances glutamine oxidation in mitochondria [72]. Thus, 
under non-hypoxic environment, Myc can positively 
regulate both processes together. In this context, it has 
been reported that Myc-induced liver tumors displayed 
increased glucose uptake and catabolism to generate 
lactate, and glutamine oxidation, thus increasing the 
quantities of TCA cycle intermediates [134]. However, 
unlike Myc-induced liver tumors, Myc-induced lung 
tumors displayed elevated lactate and glutamine levels, 
which were suggestive of increased glucose catabo-
lism, but not glutamine catabolism [135]. Finally, Myc 
is also capable of upregulating lipid metabolism (FA, 
cholesterol and complex lipids synthesis) by activating 
the sterol regulatory element-binding protein 1 (SRE-
BP1), which directly regulates FAs and lipid synthesis 
[136]. 

The transcription factor p53, encoded by the gene 
TP53, is the master tumor suppressor and regulates nu-
trients (e.g., glucose, lipids, and amino acids) metabo-
lism, oxidative phosphorylation, ROS generation and 
growth factors. While wild-type p53 acts to reduce glu-
cose uptake and aerobic glycolysis through downregu-
lation of glucose transporters such as GLUT1 and 
GLUT4, mutated forms of p53 induce cancer cells to 
increase expression of those transporters and conse-
quently to increase glucose consumption [137]. More-
over, p53 has also the capacity to inhibit glycolysis by 
activating the fructose-2,6-bisphosphatase TIGAR 
(TP53-induced glycolysis and apoptosis regulator), 
which is responsible for converting fructose-2,6-
bisphosphate, a strong allosteric regulator of PFK1, 
into fructose-6-phosphate [138]. The regulatory role of 
p53 in glycolysis also entails the reduction of the activ-
ity and expression of phosphoglycerate mutase (PGM), 
which is related to the conversion of 3-phospho-
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glycerate into 2-phosphoglycerate [139]. To circum-
vent the Warburg effect, p53 also upregulates the ex-
pression of SCO2 and GLS2, key partners related to 
mitochondrial oxidation, and downregulates the ex-
pression of ME1 and ME2, which are related to the 
generation of TCA substrates for biosynthesis and 
NADPH [140, 141]. Once cancer cells display a gain-
of-function of deregulated or mutated p53, the genetic 
reprogramming regulated by this protein mostly con-
tributes to the Warburg effect. In this context, it has 
been reported that HK2 is upregulated by mutant p53 
in a hepatoma cancer cell line [142]. Also, p53 muta-
tion downregulates the liver-specific isoform of glu-
taminase (GLS2) and thus affecting the control of ROS 
generation and DNA oxidation, both of which are re-
lated to cancer progression [78, 79]. In this context, 
GLS2 as a p53 target gene is a relevant mediator for the 
suppression of cancer metastasis [79]. Moreover, since 
GLS2 upregulation by p53 increases the TCA cycle 
and oxidative phosphorylation due to the increase of 
carbon flux, the lack of p53 normal activity may also 
decrease GSL2 expression and oxidative phosphoryla-
tion, therefore contributing to the Warburg effect. As 
regards lipid metabolism, p53 blocks lipogenesis by 
inhibiting G6PD activity and represses the expression 
of SREBP1, which consequently impairs NADPH syn-
thesis and the transcription of citrate lyase and fatty 
acid synthase, respectively [143, 144]. On the other 
hand, as a mechanism to stop cancer cell proliferation, 
p53 activates FAO by upregulating lipin (LPIN1) and 
guanidinoacetate N-methyltransferase (GAMT) expres-
sion, thus stimulating FAO rather than lipogenesis 
[145, 146]. 

Taken all together, PI3K, MYC and HIF-1 proto-
oncogenes have the capacity to induce aerobic glycoly-
sis by regulating key energy metabolic enzymes. On 
the other hand, the tumor suppressor p53 shows an in-
hibitory effect on glycolysis and directly stimulates 
mitochondria oxidation. In this scenario, it seems that 
the switch on/off of the Warburg effect is mostly due to 
the suppression of p53 (e.g., deregulation or mutations) 
and induction of PI3K, MYC and HIF. To an increasing 
extent, cancer research has focused on these metabolic 
regulators which, in turn, provide potential therapeutic 
targets for cancer therapy. 

4. ANTITUMOR THERAPY BASED ON CANCER 
CELL METABOLISM INTERVENTION  

The growth and proliferation of cancer cells rely on 
energy metabolic changes. This metabolic differentia-
tion can be used as a target for therapy since cancer 

cells may be dependent on specific metabolic processes 
or enzymes. In (Fig. 2), we illustrate some targets for 
intervention on cancer cell energy metabolism. 

Targeting GLUT1 activity is a promising strategy 
for the development of drugs to treat cancer cell 
growth. Since high glucose uptake is a direct conse-
quence of altered tumor metabolism, the activity of 
GLUT1 and GLUT3, as well as the consumption of 
glucose, can be exploited by using competitive inhibi-
tors of this nutrient. For instance, resveratrol acts as a 
GLUT1 inhibitor, by direct interaction with the internal 
face of GLUT1, thus impairing glucose uptake in the 
human leukemic cell line, HL-60 [19, 147]. While up-
take is a result of overexpression and high affinity of 
GLUT1 and GLUT3 transporters, glucose entrapment 
depends on high-speed glucose phosphorylation by the 
HK2 enzyme. 2-Deoxy-D-glucose (2-DG) is a glucose 
analog in which the 2-hydroxyl group is replaced by a 
hydrogen atom, so that it cannot undergo further aero-
bic glycolysis. Indeed, 2-DG is phosphorylated by 
hexokinase to produce 2-deoxyglucose-6-phosphate 
which accumulates within the cell and impairs the con-
tinuation of glycolysis [148]. The Warburg effect-
targeting glucose analog, 2-(2-[2-(2-aminoethoxy) eth-
oxy]ethoxy)-D-glucose, has been synthesized in order 
to facilitate drug uptake by glucose transporters, 
thereby promoting its cellular accumulation. This glu-
cose analog has demonstrated inhibition of glucose 
phosphorylation by HK2, indicating its interaction with 
the enzyme and thereby confirming the potential to fa-
cilitate intracellular trapping mechanisms for its conju-
gates [149]. 

Another class of interesting molecules designed for 
cancer therapy is the antimetabolic agents. These com-
pounds prevent cell division by inhibiting DNA and/or 
RNA metabolism. Among the main antimetabolites are 
the antifolates, which block the action of folic acid, a 
cofactor for enzymes involved in the biosynthesis of 
serine, threonine, thymidine and purine. In doing so, 
they, therefore, inhibit the synthesis of RNA/DNA and 
proteins [3]. It is known that drug analogs of folic acid, 
such as methotrexate, inhibit dihydrofolate reductase, 
the enzyme responsible for converting dihydrofolate 
into tetrahydrofolate which subsequently inhibits the 
production of thymidylate, which is essential for DNA 
replication. The success of therapies based on antago-
nizing the action of folic acid prompted the search for 
agents that interfere with the synthesis of nucleotides. 
From this perspective, nucleoside analogs such as 5-
fluorouracil, gemcitabine and fludarabine, have been 
used in the treatment of different types of tumors [107].
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Fig. (2). Some therapeutic targets/drugs designed to intervene cancer metabolism. Resveratrol acts as GLUT1 inhibitor; 
inhibits the glucose uptake in human leukemic cells by a direct interaction with the internal face of GLUT1. The 2-deoxy-D-
glucose (2-DG) is a glucose analog that cannot undergo further aerobic glycolysis, after phosphorylation by hexokinase to pro-
duce 2-deoxyglucose-6-phosphate; it accumulates in the cell and continues the glycolytic pathway so that the activity of HK2 is 
inhibited to perform the further steps of glycolysis. The triterpenoid pachymic acid (PA), can also act as HK2 inhibitor, impair 
glucose metabolism and down-regulate glycolysis. TIGAR reduces the activity of PFK1 by reducing the level of fructose 2,6-
bisphosphate (F2,6BF) resulting in glycolysis inhibition, decreased proliferation and increased apoptosis. Lapachol presents an 
inhibitory effect on PKM2 activity, which is related to the reduction of ATP levels. Glutamine catabolism starts with the con-
version of glutamine to glutamate, which is converted into a-ketoglutarate for further metabolism in the tricarboxylic acid 
(TCA) cycle. CB-839, as glutaminase inhibitor, significantly inhibits tumor growth. Folic acid analogue drugs, such as 
methotrexate and 5-fluorouracil inhibit dihydrofolate reductase, the enzyme responsible for converting dihydrofolate into tetra-
hydrofolate that inhibits the production of thymidylate, which is essential for DNA replication. Moreover, nucleoside analogs 
such as gemcitabine and fludarabine induce replicative stress followed by DNA damage. (A higher resolution / colour version 
of this figure is available in the electronic copy of the article). 
 

Since the glycolytic enzymes PFK1, HKs and 
PKM2 are overexpressed in cancer cells and are con-
sidered as major regulators of aerobic glycolysis (the 
Warburg effect), these molecules became ideal poten-
tial targets for cancer therapy. Recently, it has been 
reported that lapachol presents an inhibitory effect on 
the activity of PKM2, which is related to the reduction 
of ATP levels and the impairment of melanoma cell 
proliferation [150]. In 2019, Miao and coworkers de-
scribed the triterpenoid pachymic acid (PA), derived 
from Poria cocos, as delivering high anti-cancer activ-
ity [151]. Although the exact mechanism of action of 
PA remains to be fully elucidated, it is known to dis-
rupt cancer cell proliferation mainly by the impairment 
of glucose metabolism. In this context, PKM2 and HK2 
were discovered to be new targets for PA. However, 

while PA showed an inhibitory effect on HK2, the 
triterpenoid was found to activate PKM2. Although this 
appears somewhat contradictory, by decreasing HK2 
and activating PKM2, the levels of glycolytic interme-
diates can be converted into the pentose phosphate 
pathway intermediates, 6-PGA will be reduced, which 
thus impacts on NADPH production for ROS elimina-
tion [151]. Furthermore, PA affects aerobic glycolysis 
by decreasing glucose uptake and lactate production, 
causes HK2 dissociation from mitochondria, and it also 
induces apoptosis due to the activation of c-Jun N-
terminal kinase (JNK), as well as interfering with en-
doplasmic reticulum (ER) stress pathways [152]. An-
other promising strategy to inhibit HK2 was tested in 
liver cancer cells and xenograft models. Shili Xu  
and colleagues (2018) used a doxycycline-inducible 
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shRNA silencing system to evaluate the consequence 
of HK2 knockdown [153]. Unlike HK1+/HK2+ cancer 
cells, HK1−/HK2+ showed increased sensitivity to HK2 
silencing-induced cytostasis. Thus, the selective inhibi-
tion of the HK2 isoform appears to be a promising 
therapy for HK2+cancer cells [153].  

Investigation into amino acid (e.g., tryptophan, ar-
ginine and/or glutamine) metabolism and their associ-
ated enzymes has provided valuable insights into the 
regulation of energy metabolism in the tumor microen-
vironment. Several amino acid metabolism inhibitors, 
which are used alone or in combination with estab-
lished chemotherapy drugs, have now reached the stage 
of clinical trials. It has been reported that CB-839, a 
glutaminase inhibitor, significantly impedes tumor 
growth in a patient-derived xenograft model of breast 
cancer, which has the characteristic of higher gene/ 
protein expressions of enzymes involved in the conver-
sion of glutamine to proline [154].  

The PI3K, Myc, HIF-1, and p53 signaling pathways 
are the most commonly disturbed processes encoun-
tered in cancer cells. Indeed, deregulation of these sig-
naling pathways can be crucial for the survival, prolif-
eration, migration, differentiation, and chemo- or radio-
therapy resistance of transformed cells. Once the im-
portance of these regulators in the control cancer pro-
gression was realized, several attempts were made to 
design and synthesize drug inhibitors to either target 
these proteins directly or interfere with any compo-
nents of their signaling pathways.  

As regards PI3K, several inhibitors presenting dis-
tinct mechanisms of action (e.g., dual PI3K/mTOR in-
hibitors, pan-PI3K inhibitors and isoform-specific in-
hibitors) were synthesized, and they gave excellent re-
sults in preclinical investigations and also in clinical 
trials (phase I, II and III). Among the drugs designed to 
target PI3K, the dual PI3K/mTOR inhibitor, Geda-
tolisib, which is an efficient ATP competitor of PI3K 
and mTOR kinases, attenuated cell cycle progression 
and induced apoptosis in tumor cells [155]. Currently, 
Gedatolisib has reached phase III in clinical trials, and 
investigations are ongoing to determine the efficacy of 
this drug against different cancers [155]. Copanlisib, a 
potent inhibitor of PI3K, has been approved by the 
FDA and is currently the focus of several investigations 
regarding its efficacy, either alone or in combination 
with other chemotherapy drugs (undergoing clinical 
trials phase I, II and III) [156-158]. As regards isoform-
specific inhibitors, Duvelisib (inhibitor of PI3K-δ and -
γ isoforms) and Idelalisib (inhibitor of PI3K δ isoform) 

have both achieved FDA approval and several clinical 
trials (e.g., phase I, II and III) are underway [159-162].  

One of the biggest challenges in cancer therapy is to 
successfully target cancer cells in hypoxic environ-
ments and thus circumvent the chemoresistance of 
these hypoxic cancer cells. Since HIF-1 is the key regu-
lator of the response of cells to hypoxia and this envi-
ronment is crucial for the development of cancer, many 
research groups have sought to develop therapies to 
block the cell signaling pathways mediated by the HIF-
1 protein. After many unsuccessful attempts of prepar-
ing molecules that were selective and specific for 
blocking the HIF-1 signaling pathway, the strategy 
changed to creating non-selective compounds (e.g., 17-
AAG, Topotecan, CCI-779, Trastuzumab) capable of 
inhibiting the function of proteins that are components 
of HIF-1 signaling [163-167]. Indeed, the HIF-1 func-
tion can be affected by interfering with its protein ex-
pression, heterodimerization, DNA binding, and tran-
scriptional activity [163]. During the last three decades, 
several studies were performed in order to demonstrate 
the potential application of hypoxia-activated prodrugs 
in cancer chemotherapy. These prodrugs were devel-
oped to circumvent the restrictive pharmacokinetics 
and/or cytotoxicity of drugs that had previously failed 
in preclinical trials [168]. These drugs are activated, 
either by a one or two-electron reduction or by the re-
lease of its carrier, only when in contact with a reduc-
tive environment, such as hypoxia [169]. Despite the 
chemical relevance of this class of drugs, the develop-
ment of this area has received very little attention and 
has presented fewer positive feedbacks from clinical 
trials [163].  

The Myc protein is seemingly an interesting target 
in the field of selective cancer drug therapy. However, 
until now the promising strategies encountered to block 
Myc activity have been based on targeting some com-
ponents of Myc transcription, translation, stability or 
activation. Several drugs, such as roscovitine, fla-
vopiridol and rapamycin, are inhibitors of Myc tran-
scription and translation. Roscovitine and flavopiridol 
downregulate Myc expression by inhibiting the activity 
of the bromodomain-containing protein, BRD4, and the 
cyclin-dependent kinases, CDK7 and CDK9. On the 
other hand, rapamycin and its derivatives inhibit Myc 
translation by binding and inhibiting mTOR kinase ac-
tivity [170-173]. The interference on Myc stability and 
activation is also a promising target strategy. Small 
nonpeptide molecules such as MLN8237, BI 6727, and 
10058-F4 can bind and block the function of important 
proteins related to Myc activation (e.g., AURKA, 
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PLK1 and Max) [174-176]. The heterodimerization of 
Myc with Max, which is crucial for Myc activation and 
recognition of specific promoters of genes related to 
energy metabolism and proliferation, can be disrupted 
by the small-molecule 10058-F4 [176]. 

The tumor suppressor protein p53 is a key player in 
controlling the transcription of genes related to energy 
metabolism, cell cycle arrest, apoptosis, and DNA re-
pair. On the other hand, the mutant p53 protein dis-
plays a gain-of-function, which, among several other 
changes, promotes an increase in aerobic glycolysis 
(the Warburg effect). As is the case for other onco-
genes, the mutant p53 protein can be a therapeutic tar-
get. In this respect, the following three main avenues 
have been explored to abrogate the mutant p53 func-
tion: restoration of normal p53 function, depletion of 
mutant p53, and inhibition of components of p53 sig-
naling pathways [177]. Since the p53 mutant lacks 
transcriptional activity, several compounds such as 
STIMA-1, PRIMA-1 and MIRA stabilize and restore 
the native conformation and activity of p53 [178-180]. 
Moreover, numerous compounds that deplete mutant 
p53, including the Hsp90 inhibitors geldanamycin and 
ganetespib, arsenic trioxide and disulfiram, have also 
been reported and have reached clinical trials [177, 
181, 182]. 

Altogether, it remains a difficult task to create com-
pounds that selectively target and inhibit the activity of 
enzymes and transcriptional regulators related to en-
ergy metabolism. However, the findings that many po-
tential drugs have achieved excellent results in clinical 
and preclinical trials encourage us to believe that a cure 
for cancer can be achieved by attacking the energy me-
tabolism of the cancer cells. 

CONCLUSION 
Since the discovery of glucose metabolism repro-

gramming, a growing interest in understanding the me-
tabolism of cancer cells has been pursued for the ideal 
of developing much better therapeutics. Seemingly, 
cancer cells favor the flux of energy metabolism to 
aerobic glycolysis (the Warburg effect). However, de-
regulated anabolism/catabolism of FAs and amino ac-
ids, especially glutamine, serine and glycine, have been 
shown to function as metabolic regulators to maintain 
cancer cell growth and survival. Also, changes in the 
expression and activity of proto-oncogenes or tumor 
suppressors may lead to alteration in nutrient uptake 
and metabolism to support several processes related to 
cell proliferation, differentiation, resistance to chemo-
therapy, and metastasis. Hence, further insights into the 

biology and the energy metabolism of cancer cells 
could facilitate the development of metabolism-based 
drugs for cancer therapy. Given that the road to dis-
cover an effective therapy against different types of 
cancer will be long and arduous, we should learn from 
our past and look to the horizon to develop new strate-
gies that are more selective and specific and also less 
detrimental to the patient. 

LIST OF ABBREVIATIONS 

2-DG = 2-Deoxy-D-glucose  

3-PG = 3-Phosphoglycerate 

5-FdUMP = 5-Fluoro-2'-deoxyuridylate 

5-FU = 5-Fluorouracil  

6-PGA = 6-Phosphogluconic acid 

6-PGD = 6-Phosphogluconate dehydrogenase  

ACLY = Citrate lyase 

ACSLs = Acyl-CoA synthetase long-chain family 

ACSS = Acetyl-CoA synthetase 

ACSS2 = Acetyl-CoA synthetase-2 

ALD-A = Aldehyde dehydrogenase-A 

AML = Acute myeloid leukemia  

AMP = Adenosine 5´-monophosphate 

AMPK = AMP-activated protein kinase 

ARNT = Aryl hydrocarbon receptor nuclear 
translocator 

ARNT2 = Aryl hydrocarbon receptor nuclear 
translocator-2 

ASS1 = Argininosuccinate synthetase 1  

ATP = Adenosine 5´-triphosphate 

AURKA = Aurora kinase A 

BCAAs = Branched-chain amino acids  

BCAT1 = Mitochondrial branched-chain 
aminotransferase-1  

BCAT2 = Mitochondrial branched-chain 
aminotransferase-2  

BRD4 = Bromodomain-containing protein  

CDK7 = Cyclin-dependent kinases-7  

CDK9 = Cyclin-dependent kinases-9  

dATP  = Deoxyadenosine triphosphate  

dCTP  = Deoxycytidine triphosphate  
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dGTP  = Deoxyguanosine triphosphate  

dTMP = Deoxythymidine monophosphate  

dUMP  = Deoxyuridine monophosphate  

ENO-α = Alpha-enolase1 

ER = Endoplasmic reticulum  

F1,6BP = Fructose-1,6-bisphosphate 

F2,6BP = Fructose-2,6-bisphosphate  
F6P = Fructose-6-phosphate  

FAO = Fatty acid oxidation 

FAs = Fatty acids 

FDA = Food and drug administration 

FH2  = Dihydrofolate 

FH4 = Tetrahydrofolate 

G6-P = Glucose-6-phosphate 

G6PD = Glucose-6-phosphate dehydrogenase  

GAMT = Guanidinoacetate N-methyltransferase  

GAPDH = Glyceraldehyde-3-phosphate dehydro-
genase  

GLS1 = Glutaminases-1  

GLS2 = Glutaminases-2 

GLUT = Glucose transporters 

HER2 = Human epidermal growth factor recep-
tor-2 

HIF = Hypoxia inducible factor  

HIF-1α = Hypoxia inducible factor-1α 

HIF-2α = Hypoxia inducible factor-2α 

HIF-3α = Hypoxia inducible factor-3α 

HK = Hexokinases  

HK2 = Hexokinases2 

IDO = Indoleamine-2,3-dioxygenase  

JNK = c-Jun N-terminal kinase  

LDH = Lactate dehydrogenase  

LDHA = Lactate dehydrogenase-A 

LPIN1 = Lipin  

MAX = MYC Associated Factor X 

ME1 = Malic enzyme-1 

MPC = Mitochondrial pyruvate carrier  

MPC1 = Mitochondrial pyruvate carrier-1 

MPC2 = Mitochondrial pyruvate carrier-2 

NADH = Nicotinamide adenine dinucleotide 

NADPH = Nicotinamide adenine dinucleotide 
phosphate 

PA = Pachymic acid  

PDH = Pyruvate dehydrogenase 

PDK = Pyruvate dehydrogenase kinase 

PDK1 = Pyruvate dehydrogenase lipoamide 
kinase isozyme 1 

PDK3 = Pyruvate dehydrogenase kinase-3 

PEP = Phosphoenolpyruvate  

PFK1 = Phosphofructokinase-1 

PFK-2 = Phosphofructokinase-2 

PGAM-B = Phosphoglycerate mutase  

PGK = Phosphoglycerate kinase 

PGM  = Phosphoglycerate mutase  

PHGDH = Phosphoglycerate dehydrogenase  

PI3K = Phosphoinositide-3-kinase 

PIP2 = Phosphatidylinositol-4,5-bisphosphate  
PIP3 = Phosphatidylinositol-3,4,5- triphos-

phate  

PIP3-PDK1 = Phosphoinositide-dependent kinase-1 

PKM2 = Pyruvate kinase isozymes M2 

PLK1 = Polo Like Kinase-1 

PYK = Pyruvate kinase 

SCO2 = Synthesis of cytochrome C oxidase-2 

SHMT = Hydroxymethyl transferase  

SHMT1 = Hydroxymethyl transferase-1 

SHMT2  = Hydroxymethyl transferase-2 

SREBP1 = Sterol regulatory element-binding pro-
tein-1  

TAG = Triacylglycerols 

TCA = Tricarboxylic acid 

TDO = Tryptophan-2,3-dioxygenase  

TIGAR = TP53-induced glycolysis and apoptosis 
regulator 

VDAC = Voltage-dependent anionic channel  

VDAC1 = Voltage-dependent anionic channel-1 

α-KG = α-ketoglutarate 
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ABSTRACT

Photosensitizers (PS) are compounds that can generate reactive oxygen species under irradiation of 

appropriate light and are widely used in photodynamic therapy (PDT). Currently, topical PDT is an 

effective treatment for several skin diseases, including bacterial infections, fungal mycoses and psoriasis. In 

addition, PDT is also used to treat non-melanoma skin cancer and can be a potential tool for melanoma, 

associated with other treatments. In this work, we evaluated the antitumor photoactivity of a new pyrene-

based PS (TPPy) by using the murine melanoma cell line (B16F10). The in vitro permeation/retention tests 

in porcine ear skin were also performed in order to evaluate the potential application of the PS for topical 

use in skin cancer. Moreover, to determine the toxicity in vivo, we used the Galleria mellonella as an 

alternative animal model of study. The results showed that TPPy is a promising PS for application in PDT, 

with potential antitumor photoactivity (IC50 6.5 μmol L-1), absence of toxicity in the G. mellonella model at 

higher concentration (70.0 mmol L-1) and the accumulation tendency in the Epidermis plus Dermis sites 

(165.20 ± 4.12 ng/cm2).
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INTRODUCTION

Photodynamic therapy (PDT) is a treatment capable of inducing cell and tissue death by oxidative stress 

through activation of a nontoxic photosensitizer (PS) by absorption of a specific visible wavelength for the 

reactive oxygen species (ROS) production (1) (2). An important advantage of PDT as a treatment modality 

is its dual selectivity towards lesions vs normal tissues, which is achieved by preferential uptake of the 

photosensitizer for diseased cells and the light selective application (3). Currently, topical PDT is an 

effective treatment for several skin diseases, including bacterial infections (4), fungal mycoses (5) and 

psoriasis (6). In addition, PDT is also used to treat non-melanoma skin cancer and can be a potential tool 

for cutaneous metastatic melanomas with stage III/IV (7), associated with other treatments (8) (9). Despite 

the advances in clinical research, treatment options for malignant melanoma have been limited. Melanoma 

is characterized by its high metastatic potential and strong resistance to clinical therapies available (10). 

The tumor excision is the most common way to remove melanoma but adjuvant treatments as 

immunotherapy (11), gene therapy (12), chemotherapy (13), and radiotherapy (14) have been used although 

do not always provide significant and effective results.

The PDT has been explored for cutaneous metastatic melanomas treatment because of its 

noninvasiveness, fewer side effects, negligible drug resistance, and low systemic toxicity (15) (16). 

Traditional red or blue light source has been widely used to activate the photosensitizer for skin cancer 

therapy (14). Several studies have shown that PDT can be promising for melanoma treatment (10). 

MONGE-FUENTES et al. (2017) have used Acai oil in nanoemulsion as a novel PS in melanoma cell lines 

and in vivo experimental models. The results exhibited 85% of melanoma cell death, maintaining viability 

in normal cells (17). SPARSA et al. (2013) investigated the effect of 5-ALA toward amelanotic (B16G4F) 

and melanotic (B16F10) cells after light activation. The study showed that PDT induced cell death pathway 

was linked with melanin synthesis ability in melanoma cells (18). ONO et al. (2018) evaluated the PDT 

effect of the PS Photodithazine (a glucosamine salt of chlorine e6) in a murine melanoma cell line 

(B16F10) and the results showed a reduction of over 90% in the cell viability at low levels of 

Photodithazine (19).

The result of the PDT is dependent on the photophysical properties of the photosensitizer, as well 

as its uptake for the skin the precise subcellular site where this event occurs (20) and preferentially should A
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be taken up and/or retained by neoplastic tissues (21). A photosensitizer should ideally be a single pure 

compound, have good stability and low manufacturing costs (22). Moreover, the PS must have a substantial 

triplet quantum yield leading to a great production of ROS upon irradiation with a specific wavelength. The 

quantum yield of photosensitized singlet oxygen production (ΦΔ) is a parameter of major importance for 

the optimized development of applications that uses singlet oxygen (23). It is also necessary that the PS 

shows no dark toxicity and rapid clearance from normal tissues, decreasing the side effects of phototoxicity 

(24).

In this way, the choice of a PS for application in PDT involves the evaluation of parameters like the 

singlet oxygen generation quantum yield, light absorption spectrum (max), chemical stability, toxicity in 

the dark, lipophilicity and in vitro skin retention studies (22). Such criteria can be achieved by aromatic 

compounds like porphyrins, which are the current choice for PDT (25) (26). Nevertheless, even porphyrins 

are not a perfect PDT candidate due to the photodegradation process in vivo (27). So, in this work, we show 

a recently synthesized green fluorescent pyrene-based photosensitizer, the TPPy (Fig. 1) (28), which 

encompasses all the above mentioned characteristics. For evaluated the application of the TPPy in PDT, we 

studied the antitumor photoactivity by using the murine melanoma cell line (B16F10) as a model for in 

vitro PDT. Moreover, to determine the TPPy toxicity, we used the Galleria mellonella as an alternative 

animal model of study and the in vitro permeation/retention skin tests were also performed as a well-

established protocol in order to evaluate the potential application of the PS for topical use in skin cancer 

(29) (30) (31) (32).

<Figure 1>

MATERIALS AND METHODS

Chemicals. 4-(3,6,8-tris(phenylethynyl)pyren-1-yl)butanoic acid (TPPy) (C44H28O2, M.W: 588.69; ~95%) 

was previously synthesized by our research group (28). 1-pyrenebutyric acid (C20H16O2, M.W: 288.34; 

~97%) phosphate buffered saline tablet and Triton™ X-100 purchased from Sigma Aldrich®. Anhydrous 

dimethyl sulfoxide (DMSO) was obtained from Tedia®. Polyethylene glycol 400 (PEG-400) was purchased 

from Vetec®. All other reagents were of analytical grade and they were used without further purification.

Equipment. In vitro cutaneous permeation and retention of TPPy through/on the skin were carried out using 

a natural membrane, porcine ear skin, in Franz diffusion cells. For extraction method of TPPy from porcine 

skin samples, the ultrasonic bath (Q-335D; Quimis) (40 kHz, continuous mode) and the Ultra-Turrax® 

homogenizer (T25 digital; IKA®, Yamato Koriyama Shi, Nara, Japan) were used. Fluorometric 

quantification of TPPy was performed using steady-state/time-resolved spectrofluorometer Edinburgh A
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Instruments FS/FL900 (λexc: 335 nm; λem: 465/495 nm). TPPy was quantified by using a calibration curve 

in PBS 0.1 mol L-1 + Triton X-100 1% (w/v) or the PEG-400 and DMSO solvents.

Statistical analysis. For the in vitro skin retention studies, the results were expressed as mean ± SD and 

were analyzed statistically (GraphPad Prism 5.0) using the parametric unpaired two-tailed Student’s t-test 

to compare two experimental groups. One-way ANOVA (Tukey’s multiple comparison test) was used to 

compare three or more groups for in vitro skin retention studies. The level of significance was set at p < 

0.05. For the PDT studies using murine melanoma cell line (B16F10) as a model, the results were analyzed 

using GraphPad Prism 7.0 by two-way ANOVA/Tukey. The level of significance was set at p < 0.0001. 

The IC50 values were calculated using the “dose-response curves – inhibition” equation and “log (inhibitor) 

vs. normalized response – variable slope” with the aid of GraphPad Prism 7.0 software. Galleria mellonella 

survival curves were analyzed by GraphPad Prism 7.0, which uses Kaplan-Meier survival curves (and also 

compares survival with the log-rank and Gehan-Wilcoxon tests) (33).

Studies of TPPy aggregation behavior and solubility. The TPPy solubility studies in different media 

(receptor solution or solvents DMSO and PEG-400) were required for TPPy solubilization in the in vitro 

permeation assay and TPPy extraction in porcine skin for cutaneous retention evaluation, respectively. 

PEG-400 and DMSO were chosen because these reagents have low toxicity and are already used in 

pharmaceutical formulations. The equipment used in the in vitro permeation studies uses a donor 

compartment (for laying the skin sample and drug) and a receptor compartment, generally containing an 

aqueous solution or receptor phase (phosphate buffer solution, PBS) that simulates the bloodstream, thus 

the PS must be completely solubilized in the receptor phase. However, for actives very lipophilic, a 

surfactant is added to PBS to enhance the solubilization process. The non-ionic surfactant Triton X-100 

was added at different concentrations in the PBS solution (0.25%, 0.5% and 1.0% w/v), without altering the 

photochemical properties of the PS and an excessive amount of the TPPy (60 μg mL-1) was added in the 

PBS solution. The maximum solubility of TPPy was determined (n = 3) in the receptor phase (PBS + 

Triton-X 1.0% w/v) and the pure solvents DMSO and PEG-400, after keeping this overnight under constant 

stirring. Subsequently, the samples were centrifuged for 10 minutes and filtrated, and the TPPy was 

determined spectrophotometrically in the filtrate by using an integrated spectrum area.

The extraction method of TPPy from porcine ear skin samples

Preparation of porcine ear skin samples. The in vitro cutaneous permeability (permeation and retention 

studies) of TPPy was assessed using an in vitro model of porcine ear skin. Full-thickness skins from 

porcine ears used for in vitro cutaneous permeability studies were obtained from a local slaughterhouse. 

Dorsal skin was removed from the underlying cartilage with a scalpel (hairs were not removed), wrapped in 

aluminum foil and stored at -20°C for a maximum of 4 weeks before use (34).A
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Determination of % TPPy recovery and extraction method from skin samples in stratum corneum (SC) and 

Epidermis plus Dermis [EP+D]. The percentage of TPPY recovery aims to evaluate the efficiency of the 

PS extraction method (both SC and [EP+D]). This extraction method will be used later in the in vitro skin 

retention studies of PS. The absolute recovery of TPPy from skin tissue was determined for three 

concentrations (2.0, 3.0, and 4.0 μg mL-1). This was performed by spiking samples of adhesive tape (15 

pieces) containing stratum corneum (SC), subjected to tape-stripping (35). The remaining skin sections 

(1.77 cm2), referring to the epidermis (EP) plus dermis (D) tissue, were added to aliquots of appropriate 

volumes of TPPy stock solution in PEG-400 (46.00 μg mL-1), consequently producing final concentrations 

of 2.0, 3.0 and 4.0 μg mL-1 after the extraction procedure. The spiked skin samples (n = 3), SC, and 

[EP+D], were allowed to rest for 30 minutes before TPPy extraction. The TPPy extraction from the 

adhesive tapes of TPPy from SC samples was done as follows: 4.0 mL of PBS 0.1 mol L-1 plus Triton X-

100 1% (w/v) was added, stirred in the mixer for 2 minutes and sonicated in an ultrasonic bath for 30 

minutes to break the cells and release the TPPy. After SC removal from the skin sections, the [EP+D] 

samples were cut into small pieces, before being immersed in 4.0 mL PBS containing Triton X-100 1% 

(w/v) and submitted to homogenization in the Ultra-Turrax® homogenizer for 1 min after vortex stirring 

and before bath sonication. For both samples from SC and [EP+D] after bath sonication, filtration was 

carried out in qualitative filter paper and the filtrate was centrifuged for 15 minutes at 3000 rpm. The TPPy 

was then quantified after filtration of supernatant through 0.2 µm pore membranes (Millipore®) by 

spectrofluorometric assay using a standard curve. The % of TPPy recovered from SC and [EP+D] samples 

after extraction was calculated as following: % recovered = TPPy extracted (µg mL-1) / TPPy added (µg 

mL-1) x100.

In vitro skin permeation/retention studies

In vitro studies of TPPy permeability in the skin (permeation and retention) were carried out using porcine 

ear skin as an animal model in the Franz diffusion cell and receptor phase as PBS (0.1 mol L-1, pH 7.2) 

containing the non-ionic surfactant Triton X-100 (1% w/v). The solubility of TPPy in this receptor phase 

was found as 146.3 ± 1.18 µg mL-1. The skin samples were mounted on the modified Franz diffusion cell 

(diffusion area of 1.77 cm2) with the dermis side in contact with the receptor compartment, filled with 50 

mL receptor phase (37 ± 1ºC), to maintain the sink conditions, and stirred using magnetic stirring bars (300 

rpm). An aliquot of 300.0 µL of TPPy in PEG-400 as the vehicle (46.00 ± 1.49 μg mL-1) was added on the 

surface of the porcine skin samples. 

TPPY permeation through the skin: At appropriate time intervals (2, 4, 8, and 24 h), aliquots (3.0 mL) were 

collected from the receptor phase and an equal volume of the liquid was replaced immediately. The 

samples were then assayed by fluorescence spectroscopic technique (n = 3).
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TPPy retention in the SC: At the end of the in vitro permeation experiment, SC in the area of skin exposed 

to diffusion (1.77 cm2) was isolated using adhesive tape straps (Scotch Book Tape, 3M, St. Paul, MN; n = 

14) and collected in test tubes, where TPPy was extracted from the material according to the method 

described before for the TPPy extraction in the SC skin layer. 

TPPy retention in the [EP+D]: After the removal of the SC as described above, the remaining area of skin 

[EP+D] was cut in pieces and TPPy was extracted from skin samples according to the method described 

before for the TPPy extraction in the [EP+D] skin layer. The samples from SC and [EP+D] were quantified 

by fluorescence spectroscopic technique. The results were expressed as the amount of TPPy retained in the 

SC and [EP+D]/area of exposure (ng/cm2).

In vitro photodynamic therapy (PDT). Photodynamic therapy assay was carried out in vitro by submitting 

the murine melanoma cell line, B16F10, maintained in DMEM (Dulbecco’s modified Eagle’s medium; 

Invitrogen, São Paulo, SP, Brazil) supplemented with 10% (v/v) FBS (fetal bovine serum; Invitrogen) and 

L-glutamine, to blue light irradiation of 1h delivered by LED strip (12,3 W), max 450-470 nm, 300 J/cm2 

and power density of 84 mW/cm2. This LED strip was adapted around the 96-well plates to guarantee 

irradiation on the entire sample, minimizing light loss by scattering and inner filter effect. The 

photosensitizer TPPy did not show photobleaching during the irradiation time that was used in this work 

(See Supporting Information, Figure S1). Before PDT, cells (1.25 × 104 cells/mL) seeded in 96-well 

microplates were incubated at 37°C in a 5% CO2 in DEMEM up to 24h. Then, adherent cells were washed 

and directly subjected to PDT in the presence and absence of increasing concentrations (0.1 to 35.0 μmol L-

1) of 1-pyrenebutyric acid (PBA, the precursor of the TPPy) and 4-(3, 6, 8-(tris phenylethynyl)pyren-1-

yl)butanoic acid (TPPy). In order to evaluate the effect of irradiation, non-treated cells growing in DEMEM 

during 24h were irradiated and used as control (See Supporting Information, Figure S2). The toxicity of 

PBA and TPPy were also evaluated in cells maintained in the dark, not submitted to PDT. Cells submitted 

or not to PDT were incubated at 37°C in a 5% CO2 for cell recovery up to 24h. The MTT assay [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was used to evaluate the cytotoxic effects of PBA 

and TPPy under PDT condition (36).

Toxicity of TPPy in a Galleria mellonella model of study. Larvae of Galleria mellonella were obtained after 

the oviposition of the great wax moths and maintained in the dark at 21°C with artificial diet (200 g wheat 

flour, 200 g wheat bran, 200 g wheat germ, 120 g beer yeast, 120 g honey, 120 g brown sugar, 400 g milk 

powder and 120 g glycerol) and relative humidity 70% ± 10% in an incubator without photoperiod. The 

maintenance of larvae was done periodically, in which all animals were removed from the old feed and 

placed into a clean recipient with fresh feed. Experiments were carried out by using selected larvae of G. 

mellonella from the last instar with similar size (15–20 mm), weight (approximately 200 mg), and absence A
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of grey pigmentation. Ten larvae were used for TPPy treatment, which 10 μL of TPPy in PBS 0.1 mol L-1 + 

Triton X-100 1% (w/v) solution at three different concentrations (7.0, 35.0, and 70.0 mmol L-1) was 

administered by injection (25 μL Hamilton syringe) into G. mellonella hemocoel, via the last left pro-leg. 

As a control for physical injury, a group of ten larvae was injected with water (10 μL). After injection, 

larvae were maintained in the dark, in 90-mm glass dishes, without an artificial diet, at 28°C. The survival 

rate was followed daily and the larvae of G. mellonella were considered dead when no reaction to touch 

was observed. Survival curves and statistics were designed using GraphPad Prism 7.0 software. The larvae 

were obtained at the Laboratory of Cytotoxicity and Genotoxicity (LCG) from the Biochemistry 

Department, Chemistry Institute of the Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.

RESULTS 

TPPy solubility in receptor phase (PBS + 1% Triton X-100), PEG-400 and DMSO 

TPPy solution in DMSO, Fig. 2, shows a Fluorescence emission spectrum with three emission bands 

centered at 467, 497, and 530 nm. This spectrum was obtained by setting the solution absorption 0.2 at 420 

nm, to avoid the dye aggregation and inner filter effects. The solubility in this solvent was evaluated as 6.29 

± 1.19 μg mL-1 (Table 1). When TPPy was solubilized in PBS, the emission spectrum was redshifted by 80 

nm; in addition, a loss of resolution in the bands was observed. The second and the third bands are grouped 

in one large band centered at 566 nm. This large bathochromic shift in the fluorescence emission spectrum 

can be assumed as a result of TPPy aggregation in PBS (Fig. 2, dashed line). Nonetheless, as it can be seen, 

TPPy aggregation was eliminated after adding 1% (v/v) of Triton X-100 and the emission maxima are just 

2 nm red-shifted concerning the DMSO solution. The maximum solubility of TPPy in this PBS/1% Triton 

X-100 (receptor phase) was found as 146.3 ± 1.18 μg mL-1 (Table 1).

<Figure 2>

TPPy solubility in the solvents PEG-400 and DMSO were evaluated for in vitro permeability 

studies and the values of 46.00 ± 1.49 μg mL-1 and 6.29 ± 1.19 μg mL-1, were found, respectively (Table 1).  

DMSO has been used in similar tests, but since the solubility obtained was low compared to PBS 0.1 mol 

L-1 + Triton X-100 1% (w/v) as found the value of 146.30  ± 1.18, this medium was selected as an 

extraction solvent for TPPy in the skin retention studies.

<Table 1>

TPPy recovery from porcine skin samples in SC and [EP+D] layersA
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Table 2 shows the results of TPPy recovery, extracted from the skin samples SC and [EP+D] after 

extraction with PBS containing Triton-X 100. The recovery of TPPy from SC and [EP+D] layers was 

respectively above 75.0% and 90.0% of the spiked dose (n = 3) using different concentrations (2.0, 3.0, and 

4.0 μg mL-1).

<Table 2>

In vitro skin permeation/retention studies 

After 24h of the post-application of TPPy, 63.96 ± 2.27 ng/cm2 (n = 3) of the dye was detected in the SC 

and 165.20 ± 4.12 ng/cm2 in the [EP+D] (Fig. 3). TPPy was not detected in the samples of receptor solution 

(PBS 0.1 mol L-1 + Triton X-100 1%, w/v). 

<Figure 3>

The effect of PDT on the melanoma model of study

The phototoxicity of PBA (precursor) and TPPy were evaluated with murine melanoma cell line B16F10, 

which is used as a mouse model for human melanoma studies (37). In this study, PDT was performed in the 

presence or absence of PBA and TPPy (up to 35 μg mL-1). Exposure of cells to PDT in the presence of 

TPPy promoted an increase of susceptibility of B16F10 cells (Fig. 4). In this context, from a non-linear 

regression of survival curves, we obtained the IC50 values of PBA and TPPy under PDT and non-PDT 

conditions. The survival curve of B16F10 cells submitted to PDT in the absence of PBA and TPPy can be 

observed in Supporting Information (Figure S2). Thus, B16F10 treated with PBA in the absence and the 

presence of photoactivation showed an IC50 of 22.11 ± 1.55 mol L-1 and 14.30 ± 2.34 mol L-1 (Table 3), 

respectively. On the other hand, the cytotoxicity/phototoxicity of TPPy under non-PDT and PDT conditions 

presented an IC50 of 11.50 ± 0.54 mol L-1 and 6.5 ± 0.68 mol L-1, respectively (Table 3). 

<Figure 4>

<Table 3>

Toxicity of TPPy in a Galleria mellonella model

The toxicity was carried out by TPPy in PBS 0.1 mol L-1 + Triton X-100 1% (w/v) solution at three 

different concentrations (7.0, 35.0, and 70.0 mmol L-1). It is important to highlight that we started testing 

TPPy toxicity in G. mellonella using high concentrations. After injection, larvae survival was appraised up 

to 7 days in the dark. According to Figs. 5A and B, TPPy displayed weak toxicity in G. mellonella larvae. 

Analyzing a representative survival curve of G. mellonella larvae submitted to TPPy, it seems that only at 

the higher TPPy concentration (70.0 mmol L-1) was possible to observe a slight decrease in the larvae 

survival curve (Fig. 5A). However, statistical analysis demonstrated that the reduction of the percentage of 

larvae survival was not statistically different in comparison to control groups (Fig. 5B). Regarding the 

lower concentrations, we observed an overlap of the TPPy curves with the control curves indicating that 

this photosensitizer in the non-PDT condition is not toxic for the G. mellonella experimental model (Fig. 

5A and B). A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

<Figure 5>

DISCUSSION

The TPPy molecules aggregation in PBS solution occurs due to the low solubility of this PS (high 

lipophilicity, miLog P = 8.79) and this is the cause of the bathochromic shift of the maximum emission 

wavelength (~530 nm), Fig. 2. In fact, in a previous paper, we reported the excimer formation of TPPy in 

high concentrations (10-4 mol L-1 in THF) as a broad shoulder at 530 nm in conjunction with the monomer 

fluorescence at 490 nm (28). As can be seen in Fig. 2 the excimer can also be observed for TPPy in PBS as 

broadband at c.a. 530 nm. So, the non-ionic surfactant Triton X-100 was added to the medium in order to 

prevent excimer formation by trapping PS into micelles (38). The maximum solubility obtained of the 

receptor solution (PBS 0.1 mol L-1 + Triton X-100 1% w/v) was 146.30 ± 1.18 µg mL-1, which is 

considered a satisfactory value for utilization as receptor solution to TPPy.

The solvent PEG-400 was tested as a vehicle, because this solvent is used in many in vitro skin 

permeation/retention studies, due to its low toxicity for biological applications (34) (39) (40). In the present 

work, the maximum solubility value obtained for TPPy in PEG-400 was 46.00 ± 1.49 µg mL-1. This value 

is considered adequate for the use of PEG-400 as a vehicle for TPPy in the permeation/retention skin assay 

since primary studies obtained similar solubility for other drugs in this vehicle (41) (42).

No studies describing the recovery of TPPy (unpublished molecule) from skin samples were found 

in the literature. DMSO was tested as an extractor solvent to extract TPPy from porcine skin samples. 

However, in the solubility tests, the maximum solubility value obtained for TPPy in DMSO was low (6.29 

± 1.19 µg mL-1). Therefore, this solvent was discarded as an extractor. 

After extraction with receptor solution (PBS 0.1 mol L-1 + Triton X-100 1% w/v), the TPPy 

recovery percentage obtained for SC was around 73 to 86% and for [EP+D] around 84-96%. This limit is in 

excellent agreement with several studies focused on determining the drug recovery of the skin porcine were 

obtained different results varying from 82 to 90%. For example, AYUB; VIANNA-SOARES; FERREIRA 

(2007) found an average fluconazole recovery close to 82.0% by using the RP-HPLC method (42) and 

SANTOYO; JALO (2002) using the same test reached up to 94.0% recovery for cidofovir, by HPLC 

method (43). For the fluorimetric method, ROSSETTI et al. (2010) demonstrated a 90% recovery for PpIX 

(38).

At the in vitro permeation study, no TPPy was permeated through the porcine skin, which was 

observed by the absence of TPPy in receptor solution. This is probably because the PS is very lipophilic 

(Log PTPPy = 8.79) and does not permeate through the skin without a proper delivery system. However, for A
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the application of PDT in skin cancer, the PS retention observed in the [EP+D] can be sufficient for its 

action. The TPPy retention profile demonstrates that this PS was less retained in the SC layer and 

accumulates in the [EP+D] layers, site of action of interest for PDT of cutaneous tumors. Although it is 

considered as an inert vehicle in topical formulations, an enhancing influence of PEG-400 was recently 

attributed to the physical alteration of stratum corneum lipids, beyond that the conformational and 

structural modifications of membrane proteins (44). 

At in vitro [EP+D] retention studies specifically, it was observed that the amount of TPPy retained 

in the porcine skin increases with time (4–24 h). At 24h post-application of TPPy, 63.96 ± 2.27 ng/cm2 (n = 

3) of TPPy was detected in the SC, and more than the double was detected in [EP+D], 165.20 ± 4.12 

ng/cm2 (n = 3) (***p < 0.0005). These values may be considered high for a highly lipophilic PS as TPPy. 

SILVA et al. (2013) compared the skin permeation/retention of the control solution of PpIX in PEG-300 

and the PpIX encapsulated in (PLGA)-based nanoparticles. PpIX is very lipophilic but possesses the 

smaller value of log P than TPPy (Log PPpIX = 7.662 and Log PTPPy = 8.79). In general, 

retention/accumulation of PpIX from NPs was higher in the SC layer compared to [EP + D]. For PpIX in 

PEG-300 solution (control), it was obtained for SC and [EP+D] retention values less than 100 ng/cm2. For 

the encapsulated PpIX, the retention in SC was 23 times higher and in [EP+D] and 10 times higher 

compared to control (34). For PpIX recovery assay in porcine skin, ROSSETTI et al. (2010) obtained at 

12h post-application, 130.00 ± 0.01 ng/cm2 (n = 5) of PpIX detected in the SC, and 16.00 ± 0.002 ng/cm2 

in the [EP+D]. Furthermore, similar to our results, the PS was not detected in the samples of the receptor 

medium (phosphate buffer pH 7.2 + CCP) (38). PIERRE et al. (2006) proposed the use of oleic acid (OA) 

as a skin penetration enhancer, to optimize the permeation skin of the 5-aminolevulinic acid (5-ALA), a 

protoporphyrin IX (PpIX) precursor approved for PDT use for cutaneous nonmalignant tumors. The in vitro 

permeation/retention studies in porcine ear skin as a model have shown that the formulations (in propylene 

glycol) containing 10% OA increased the accumulation of PpIX in the skin. The amounts of 5-ALA 

retained in [E+D] was significantly increased (~ 4 g/cm2) compared to the values for the controls (~ 2 

g/cm2), while the amount of 5-ALA retained in the SC was similar for both (~ 0.8 g/cm2) (45).

PBA (1-Pyrenebutyric acid) is the precursor reagent of the TPPy molecule (4-(3,6,8-

tris(phenylethynyl)pyren-1-yl) butanoic acid), synthesized by our group in order to shift the maximum 

absorption peak to the visible region of the electromagnetic spectrum. The maximum absorption peaks of 

PBA in the UV region (278 and 346 nm, in DMSO), makes it difficult to use in PDT (28). After the 

structural modification of the molecule, the TPPy was obtained and a redshift of the maximum absorption 

peaks to the visible region spectrum (335 and 451 nm, in DMSO) was observed, thus favoring the use of 
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visible light for PDT tests. Furthermore, the PBA molecule structural modification improves the singlet 

oxygen generation (ΦΔTPPy = 0.40 in CCl4) (28) that can be observed in PDT cell line tests. 

The cells B16F10 were treated with PBA and TPPy and the half-maximal inhibitory concentration 

(IC50) values were obtained. The TPPy in the dark (IC50 of 11.50 ± 0.54 mol L-1) is more cytotoxic than 

the precursor PBA (IC50 of 22.11 ± 1.55 mol L-1) and similar behavior is observed in the presence of light, 

when TPPy shows IC50 of 6.5 ± 0.68 mol L-1 and PBA shows an IC50 of 14.30 ± 2.34 mol L-1. MITRA et 

al. (2014) used a series of Ferrocenyl-terpyridine platinum(II) PS complexes for evaluating the PDT 

cytotoxicity in HaCaT cells. They obtained IC50 1.6 ± 0.2 mol L-1 to 17.6 ± 0.1 mol L-1 in light and 4.8 ± 

0.6 mol L-1 to 84.9 ± 0.1 mol L-1 in the dark. The highest cytotoxicity in the dark (IC50 = 4.8 ± 0.6 mol 

L-1) is comparable to that of cisplatin,  (IC50 = 3.2 μmol L-1), used to treat traditional cancer (46). KIM; 

MORRISON; MOHAMMED (2011) examined the phototoxic effect of cis-Dichlorobis (3,4,7,8-

tetramethyl-1,10-phenanthroline) rhodium (III) chloride (OCTBP) on malignant melanoma cells. The 

OCTBP (100 µmol L-1) activated with light resulted in 40% melanoma cell growth inhibition (47). SHIE 

YIN NG et al. (2020) evaluated the in vitro PDT activity of two aza-BODIPYs derivatives (IK-IK-I2-aza-

BODIPY and KI-KI-I2-azaBODIPY) in B16F10 murine skin melanoma and SKMEL28 human melanoma. 

The results revealed that these aza-BODIPYs derivatives are promising photosensitizers with enhanced 

singlet oxygen generation. They obtained for the PS IK-IK-I2-aza-BODIPY IC50 4.00 ± 0.33 mol L-1 

(B16F10 cells) and 5.00 ± 0.13 mol L-1 (SKMEL28 cells). For the PS KI-KI-I2-azaBODIPY, they 

obtained IC50 0.74 ± 0.06 mol L-1 (B16F10 cells) and 5.00 ± 0.13 mol L-1 (SKMEL28 cells) (48).

The light source fluence is determined to increase cancer cell growth inhibition. In our study, it was 

used as a light dose of 300 J/cm2 for the satisfactory results obtained, because the LED strip used in the 

photoreactor possesses a low power. CHANG et al. (2018) demonstrated the therapeutic efficiency of the 

two photosensitizers, MPPa and NMPi; in A549 tumor-bearing mice they evaluated the use of laser 

irradiations (630 nm) with an output power of 400 mW/cm2 and light dose at 200 J/cm2. The results suggest 

that large-size tumors need both higher drug and light doses to allow complete tumor eradication (49). 

NIKITINA et al. (2011), used boronated chlorin as an effective photosensitizer for PDT of tumor models 

М-1 sarcoma and В-16 melanoma. They also used a light dose of 150 and 300 J/cm2, with a power density 

of 0.25 and 0.42 W/cm2. The complete tumor regression was achieved with light dose at 300 J/cm2 (50). 

In vivo studies using invertebrate models are important tools that have been widely used and have 

become a very promising alternative for toxicity assays (51). Many authors have used the invertebrate 

larvae model Galleria mellonella in order to provide preliminary evidence about the toxicity of different 

classes of photosensitizers, such as phenothiazinium dyes (52), porphyrin derivatives (53) and curcumin 

derivatives (54). In our study, the toxicity assay using the G. mellonella model was carried out by injecting A
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the photosensitizer TPPy at three different concentrations (7.0, 35.0, and 70.0 mmol L-1) in PBS 0.1 mol L-1 

+ Triton X-100 1% (w/v) solution, high above the IC50 found for cell culture. Therefore, the G. mellonella 

model of study seemed to be non-affected by TPPy in the dark, showing the absence of toxicity at higher 

concentrations.

CONCLUSION

In general, experimental studies showed that the TPPy is a promising photosensitizer for application in 

photodynamic therapy. The antitumor photoactivity of TPPy was evaluated against murine melanoma cell 

line (B16F10) as a model of in vitro study, presenting a great potential (IC50 6.5 μmol L-1) and the TPPy 

demonstrated the absence of toxicity in vivo, using a Galleria mellonella model. Finally, the in vitro 

permeation/retention assay showed the accumulation tendency of the TPPy in the Epidermis plus Dermis 

(165.20 ± 4.12 ng/cm2), action sites for the topical application of PDT.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the end of 

the article:

Figure S1: Photobleaching of the TPPy (DMSO solution, 35 mol L-1) under irradiation with LED strip 

12,3 W for 0, 30 and 60 minutes.

Figure S2. Survival curve of B16F10 cells submitted to PDT. Cells were directly exposed to PDT in the 

absence of PBA and TPPy. Experiments were performed as described in Materials and Methods. Data are 

represented as mean ± standard deviation of at least 3 independent experiments (n = 3).
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FIGURE CAPTIONS

Figure 1: Chemical structure of 4-(3,6,8-tris(phenylethynyl)pyren-1-yl)butanoic acid – TPPy.

Figure 2: TPPy normalized emission spectra in PBS (0.1 mol L-1) before (dashed) and after (line) 

addition the non-ionic surfactant Triton X-100 1% (w/v) in comparison to the TPPy in DMSO solution (abs 

= 0.2) (red line).

Figure 3: TPPy in vitro retention profiles in the SC and [E+D] at 2, 4, 8 and 24 h post-application of a PS 

solution in PEG-400. Each value is the mean of three different experiments ± SD for each group. Statistical 

analysis: T-test. Values considered significant between groups SC and [EP+D] at 2h (*p < 0.05), 4 h (**p < 

0.005), 8h and 24h (***p < 0.0005).

Figure 4: Survival curve of B16F10 cells submitted to PDT with PBA or TPPy. Cells were directly 

exposed to PDT in the presence or absence of PBA and TPPy. Experiments were performed as described in 

Materials and Methods. Data are represented as mean ± standard deviation of 3 independent experiments (n 

= 3). All statistical analyzes were carried using GraphPad Prism 7.0 by two-way ANOVA/Tukey. 

*indicates statistically different results at p < 0.0001 between PBA +PDT and PBA -PDT groups. #indicates 

statistically different results at p < 0.0001 between TPPy +PDT and TPPy -PDT. 

Figure 5: Survival of Galleria mellonella larvae submitted to TPPy. Survival was appraised up to 7 days 

post-injection with TPPy in PBS 0.1 mol L-1 + Triton X-100 1% (w/v) solution at 7.0, 35.0 and 70.0 mmol 

L-1. The control groups constituted one group harboring untreated G. mellonella larvae and another group 

that was submitted to water injection. Experimental groups were composed of 10 larvae, and the 

experiments were carried out in triplicates. The log-rank test was used to compare the survival rates; **p < 

0.01 and *p < 0.05.  
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Table 1. Quantification of TPPy in PEG-400, DMSO and PBS 0.1 mol L
-1

 + Triton X-100 

1% (w/v), from the addition of PS excess (600 μg) in respective solvents. Each value is the 

mean of three different experiments ± SD for each group. 

Solvent Concentration found (μg mL
-1

) 

PEG-400  46.00 ± 1.49 

DMSO    6.29 ± 1.19 

PBS 0.1 mol L
-1

 + Triton X-100 1% (w/v) 146.30 ± 1.18 
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Table 2. TPPy recovery from SC and [EP+D] samples. Each value is the mean of three 

different experiments ± SD for each group. 

Skin layers TPPy add (μg mL
-1

) TPPy extracted (μg mL
-1

) Recovery (%) 

 

SC 

2.0 1.50 ± 0.09 75.03 ± 4.28 

3.0 2.21 ± 0.11 73.50 ± 3.65 

4.0 3.44 ± 0.14 86.02 ± 3.58 

 

[EP+D] 

2.0 1.86 ± 0.07 93.17 ± 3.29 

3.0 2.53 ± 0.06 84.33 ± 1.91 
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Table 3. Cytotoxicity/phototoxicity of PBA and TPPy under non-PDT and PDT conditions.  

 

Condition 

IC50 (μmol L
-1

) 

PBA TPPy 

Non-PDT 22.11 ± 1.55 11.50
**,*

 ± 0.54 

PDT 14.30
†
 ± 2.34 6.5

††,*
 ± 0.68 

 

IC50 values were obtained from non-linear regression of survival curves after 1h PDT condition in the 

presence and absence of PBA or TPPy. The statistical analyzes were carried out using GraphPad 

Prism 7.0 (One-way ANOVA/Tukey). 
†
means different results at p < 0.0001 compared with PBA in 

non-PDT; 
††

means different results at p < 0.0001 compared with PBA in PDT; 
*
means different 

results at p < 0.0001 compared with PBA in PDT or non-PDT.  
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