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ABSTRACT 

 

Chemotherapy represents the golden standard for cancer therapy in different types 

of cancer, including breast and colorectal cancer. Despite the advances in the design and 

synthesis of novel chemotherapeutic agents over the years, the development of drug 

resistance and the appearance of adverse side effects still compromise the efficacy rates 

of chemotherapy in oncological treatments. Therefore, the development of novel strategies 

for cancer combat is of urgent importance.  

Drug repurposing, also known as drug repositioning, is a strategy that consists in 

discovering novel therapeutical indications for drugs that are already available in the market 

and represents a faster and more economical strategy for the discovery of novel 

chemotherapeutic agents, compared to the development of new drugs. Since these drugs 

have well-defined toxicological and pharmacokinetic profiles, the chances of these drugs to 

progress to clinical trials are increased. Moreover, as the majority of the repurposed drugs 

can be taken orally with good tolerance, and are generic medicines, they are more 

affordable than newly patented drugs.  

Drug repurposing can be coupled to the approach of drug combination, a strategy 

that consists in the administration of cocktails of two or more drugs. This approach takes 

advantage of the different mechanisms of action of each drug, that can target different 

oncologic pathways at the same time, increasing the efficacy of the therapy and decreasing 

the chances of the development of drug resistance. The use of drugs in combination is even 

more advantageous when each of the drugs acts on a different target or signaling pathways 

and produce a synergistic effect, which helps to reduce the required drug concentrations 

for each individual drug. Therefore, the use of drug combinations can help increase the 

success rate of drug repurposing screens. 

In this project, our group aimed to develop novel combination models for breast and 

colon cancer treatment. It was first performed an extensive drug screening to find drug 

classes with repurposing potential for breast and colorectal cancer therapy. It was studied 

the cytotoxic effect of drugs belonging to the class of antimalarial, central nervous system 

(CNS), antibiotics/ antifungal, and other drugs in two different cell lines: HT-29, a cell line 

representative of colorectal cancer cells, and MCF-7, representative of breast cancer cells. 

The results from these experiments demonstrated that the antimalarial and the CNS agents 

are the drug classes with the highest potential for drug repurposing against breast and 

colorectal cancer. 
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Next, four combination models were developed for breast and colorectal cancer 

combat: (I) combination models combining conventional antineoplastics and repurposed 

drugs; (II) combination models combining only repurposed drugs; (III) combination models 

combining peptides and chemotherapy and (IV) combination models combining peptides 

and repurposed drugs. It was found that the combination model consisting of repurposed 

drugs and chemotherapeutic agents induced the most cytotoxicity against MCF-7 and HT-

29 colorectal cancer cells and had the most potential for further studies in breast and 

colorectal cancer. Specifically, it was found the combination of doxorubicin (DOX) + 

pyronaridine, DOX + chloroquine, DOX + artesunate, paclitaxel (PTX) + chloroquine, and 

PTX + artesunate had promising anticancer effects against MCF-7 breast cancer cells, with 

combined effects being stronger than each drug alone. Regarding the combination with 

CNS drugs, it was found that combinations of DOX + fluoxetine, DOX + thioridazine, DOX 

+ benztropine, DOX+ quetiapine, PTX + fluoxetine, and PTX + thioridazine induced a 

significant decrease in cell viability compared to the treatments with each drug alone in 

breast cancer. Regarding colorectal cancer cells, it was found that the administration of the 

antimalarial artesunate prior to 5-fluorouracil (5-FU) produced better results in reducing HT-

29 cell viability than the inverse drug schedule or the simultaneous combination. Moreover, 

these results demonstrated that fluphenazine, fluoxetine, and benztropine have enhanced 

anticancer activity when used alone as compared to being used in combination, making 

them ideal candidates for drug repurposing in colorectal cancer. Some combinations 

involving the use of peptides combined with antineoplastic agents also demonstrated 

promising anticancer effects in both cell lines.  

Then, to find if these drug combinations achieved synergistic effects to allow for dose 

reduction, it was performed the synergism quantification by different reference models, such 

as the Chou-Talalay method as well as Zero Interaction Potency (ZIP), Highest Single Agent 

(HSA), Bliss independence, and Loewe reference models, using the CompuSyn and 

SynergyFinder software. It was found the combination of chloroquine, artesunate, and 

mefloquine with DOX and PTX to be synergic in MCF-7 cells, suggesting that antimalarials 

can act synergistically with DOX/PTX for breast cancer therapy. In the combination of CNS 

drugs with chemotherapeutic agents, it was found that the combination of fluoxetine, 

fluphenazine, and benztropine with PTX resulted in synergism for all concentrations below 

their half-maximal Inhibitory concentration (IC50). In the case of HT-29 colorectal cancer 

cells, it was found that the simultaneous combination of the CNS drugs sertraline and 

thioridazine with 5-FU demonstrated the strongest synergism among all combinations. The 

drug combinations involving the use of peptides combined with antineoplastic agents also 
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demonstrated synergistic interactions in both cell lines; nevertheless, during this project, 

our studies were focused on the combination model using repurposed drugs and 

chemotherapeutic agents as this combination model produced enhanced cytotoxic effects 

on both cell lines.  

After finding the most promising drug pairs, we aimed to evaluate the biosafety 

profile of these drug combinations against normal cells using a non-tumoral cell line (human 

fetal lung fibroblast cells (MRC-5)). It was demonstrated that these drug pairs are only 

cytotoxic for cancer cells, being safe for non-tumoral cells at lower concentrations, therefore 

supporting the use of antimalarial and CNS drugs in combination regimens with 

chemotherapeutic agents.  

Finally, we attempted to determine the mechanisms of action behind these drug 

combinations to explain their enhanced cytotoxic effect against MCF-7 and HT-29 colorectal 

cancer cells. It was evaluated the effect of the combined pairs DOX + artesunate, DOX + 

chloroquine, PTX + fluoxetine, PTX + fluphenazine, PTX + benztropine, 5-FU + thioridazine 

and 5-FU + sertraline on the expression of epithelial-mesenchymal transition (EMT) 

biomarkers (E-cadherin, P-cadherin, vimentin, and β-catenin). This aimed to assess if these 

drug combinations affected the expression of these proteins and eventually reverted EMT. 

It was found that combination treatments increased E-cadherin expression while reducing 

P-cadherin, vimentin, and β-catenin expressions, suggesting that these treatments could 

indeed induce an EMT reversal. Then, it was also evaluated the expression of other proteins 

involved in the carcinogenesis process: palmitoyl-protein thioesterase 1 (PPT1), Ki67, 

cleaved-poly (ADP-ribose) polymerase (cleaved-PARP), multidrug resistance-associated 

protein 2 (MRP2), P-glycoprotein (P-gp), and nuclear factor-kappa-B (NF-kB) p65. These 

findings revealed that PPT1 may have an important role in the mechanism of action of these 

combinations, as demonstrated by their ability to decrease PPT1 expression. 

Taken together, these results provide promising approaches for the design of novel 

drug combinations to treat breast and colon cancer patients and support the use of 

antimalarial and CNS drugs in combination regimens with chemotherapeutic agents; 

nevertheless, additional studies are recommended to further explore their complete 

mechanism of action and confirm their efficacy in more complex animal models. 
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RESUMO 

 

A quimioterapia desempenha um papel muito importante na terapia de diversos 

tipos de cancro, incluindo no tratamento do cancro da mama e do cancro colorretal. Apesar 

dos avanços que se têm verificado ao longo dos anos na área do desenvolvimento de 

novos quimioterápicos, a resistência farmacológica conjuntamente com o desenvolvimento 

de efeitos adversos em resposta à terapia, parecem comprometer os níveis de eficácia da 

quimioterapia nos tratamentos oncológicos. Assim, é de extrema importância que os 

investigadores se dediquem ao desenvolvimento de novas estratégias para o combate do 

cancro.  

O reaproveitamento de fármacos, também denominado de reposicionamento de 

fármacos, é uma estratégia que consiste na descoberta de novas indicações terapêuticas 

para fármacos que já se encontram disponíveis no mercado, para além daquelas já 

originalmente descritas. Comparativamente ao desenvolvimento de novos fármacos, o 

reaproveitamento de fármacos representa uma estratégia mais rápida e mais económica 

para a descoberta de novos agentes quimioterápicos e, dado que esses fármacos já têm 

perfis toxicológicos e farmacocinéticos bem definidos na literatura, as chances de 

progredirem para ensaios clínicos são bastante mais elevadas. Adicionalmente, como a 

maioria destes fármacos reaproveitados têm boa tolerância quando administrados por via 

oral, e uma vez que a maioria são vendidos sob a forma de genéricos, tornam-se mais 

acessíveis à população, comparativamente a fármacos que tenham sido patenteados 

recentemente.   

Esta estratégia pode ser acoplada à combinação de fármacos, uma estratégia que 

consiste na administração de dois ou mais fármacos em simultâneo. A combinação de 

fármacos tira vantagem dos diferentes mecanismos de ação de cada um dos fármacos, 

que coletivamente podem contribuir, de forma mais eficaz, para a atuação em diferentes 

vias oncológicas, aumentando, assim a eficácia da terapia e diminuindo as probabilidades 

do desenvolvimento de resistência aos fármacos. O uso de fármacos combinados é 

particularmente vantajoso quando cada um dos fármacos atua em alvos ou vias de 

sinalização diferentes, verificando-se sinergias entre os fármacos, que possibilitam a 

redução das concentrações de fármaco necessárias para a produção de um efeito 

terapêutico.  

Neste projeto, o nosso grupo de investigação teve como principal objetivo 

desenvolver novos modelos de combinação para o tratamento do cancro da mama e do 
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cancro colorretal. Numa primeira fase, foi feita um extenso screening de fármacos de forma 

a encontrar classes de fármacos com potencial de reaproveitamento para a terapia destes 

dois tipos de cancro. Avaliou-se o efeito citotóxico de fármacos pertencentes a diferentes 

classes, tais como antimaláricos, fármacos do sistema nervoso central (SNC), 

antibióticos/antifúngicos, entre outros, em duas linhas celulares diferentes: HT-29, uma 

linha celular representante de células tumorais colorretais, e MCF- 7, representante de 

células tumorais de mama. Estes resultados permitiram concluir que os antimaláricos 

juntamente com os fármacos do SNC são as duas classes de fármacos com maior potencial 

para reaproveitamento em cancro de mama e colorretal.  

Posteriormente, desenvolveram-se quatro modelos de combinação para o combate 

destes dois tipos de cancro usando (I) modelos de combinação de antineoplásicos 

convencionais e fármacos reaproveitados; (II) modelos de combinação de fármacos 

reaproveitados apenas; (III) modelos de combinação de peptídos e antineoplásicos e (IV) 

modelos de combinação de peptídos e fármacos reaproveitados. Os resultados desta fase 

permitiram concluir que o modelo de combinação de fármacos reaproveitados + agentes 

quimioterápicos é mais eficaz na indução de citotoxicidade contra as células MCF-7 e HT-

29, tendo um elevado potencial para ser explorado em estudos posteriores. As 

combinações mais promissoras em células tumorais de mama demonstraram ser as de 

doxorrubicina (DOX) + pironaridina, DOX + cloroquina, DOX + artesunato, paclitaxel (PTX) 

+ cloroquina e PTX + artesunato, DOX + fluoxetina, DOX + tioridazina, DOX + benzotropina, 

DOX+ quetiapina, PTX + fluoxetina e PTX + thioridazina. Em relação às células tumorais 

de colon, estes resultados demonstraram que a administração do antimalárico artesunato 

anteriormente à administração do quimioterápico 5-fluorouracil (5-FU) produz melhores 

resultados na redução da viabilidade de células HT-29 do que o esquema de combinação 

inverso ou a combinação simultânea. Além disso, estes resultados também permitiram 

concluir que os fármacos flufenazina, fluoxetina e benzotropina têm um efeito anti-tumoral 

mais pronunciado quando usados em monoterapia do que em combinação, tornando-os 

candidatos ideais para o reaproveitamento de fármaco em cancro colorretal. Algumas 

combinações de peptídos com fármacos antineoplásicos demonstraram, ainda, efeitos 

anti-tumorais promissores nas duas linhas celulares. 

Para determinar se as combinações de fármacos previamente descritas produziam 

efeitos sinérgicos que permitissem a redução das doses terapêuticas, realizou-se, 

posteriormente, a quantificação do sinergismo recorrendo a diferentes modelos de 

referência, tais como o método de Chou-Talalay, Bliss, Loewe, entre outros, usando os 

softwares CompuSyn e SynergyFinder. Aqui, os resultados demonstraram que a 
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combinação da cloroquina, do artesunato e da mefloquina com a DOX e com o PTX é 

sinérgica em células MCF-7, sendo indicativo de que os antimaláricos podem, de facto, 

interagir sinergicamente com estes antineoplásicos em cancro da mama. Na combinação 

de fármacos do SNC, verificou-se que a combinação da fluoxetina, da flufenazina e da 

benzotropina com o PTX também resultou em sinergismo, especialmente em 

concentrações mais baixas. Em relação aos resultados nas células HT-29, verificou-se que 

os fármacos do SNC sertralina e tioridazina em combinação simultânea com o 5-FU foram 

os pares mais sinérgicos de todas as combinações testadas. As combinações que 

envolveram peptídos e fármacos antineoplásicos também demonstraram interações 

sinérgicas nas duas linhas celulares testadas; no entanto, ao longo deste trabalho, o nosso 

estudo focou-se nos modelos de combinação de fármacos reaproveitados e fármacos 

antineoplásicos, uma vez que esse modelo de combinação produziu efeitos citotóxicos 

mais pronunciados nas duas linhas celulares. 

Depois de selecionar as combinações de fármacos mais promissoras, o próximo 

passo neste projeto passou por avaliar o perfil de biossegurança dessas combinações em 

células normais, usando uma linha de células não tumoral (células de fibroblastos 

pulmonares de fetos humanos (MRC-5)). Concluiu-se que estas combinações de fármacos 

são apenas tóxicos para células tumorais, tendo um perfil de segurança aceitável para 

células não tumorais, desde que usados em concentrações baixas. Desta forma, concluiu-

se que o uso combinado de fármacos reaproveitados tais como antimaláricos e fármacos 

do CNS com antineoplásicos parece ser seguro para aplicação em terapias oncológicas.  

Por fim, tentou-se determinar os mecanismos de ação por trás das combinações de 

fármacos mais promissoras, de forma a tentar explicar o efeito citotóxico mais pronunciado 

destas combinações em células tumorais de mama (MCF-7) e colon  (HT-29). Para tal, 

avaliou-se o efeito das combinações DOX + artesunato, DOX + cloroquina, PTX + 

fluoxetina, PTX + flufenazina, PTX + benzotropina, 5-FU + tioridazina e 5-FU + sertralina 

ao nível da expressão de biomarcadores relacionados com a transição epitélio-

mesenquimal (EMT): E-caderina, P-caderina, vimentina e β-catenina, com o objetivo de 

aferir se estas combinações poderiam afetar a expressão destas proteínas e 

eventualmente reverteram a EMT. Estes resultados demonstraram que os tratamentos com 

estas combinações de fármacos nestas linhas tumorais levam a um aumento da expressão 

da E-caderina, ao mesmo tempo que reduzem a expressão da P-caderina, vimentina e β-

catenina, o que sugere que, de facto, estas combinações poderão induzir a reversão de 

EMT. Adicionalmente, foram também avaliados os efeitos destas combinações na 

expressão de outras proteínas envolvidas no processo de carcinogénese, incluindo a 
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palmitoil-proteína tioesterase 1 (PPT1), Ki67, PARP clivada, MRP2, P-glicoproteína (P-gp) 

e NF-kB p65. Os resultados parecem sugerir que a PPT1 pode ter um papel importante no 

mecanismo de ação destas combinações, dado que os tratamentos combinados 

demonstraram a capacidade de diminuir a expressão da PPT1. 

Coletivamente, estes novos resultados fornecem informação valiosa para o futuro 

desenvolvimento de novas combinações terapêuticas para o tratamento de pacientes com 

cancro da mama e colorretal. Além disso, este trabalho suporta ainda a ideia de que alguns 

fármacos antimaláricos e do SNC têm potencial para serem reaproveitados nestas 

doenças, fornecendo evidências que suportam o estudo mais aprofundado destas 

combinações nas terapias do cancro da mama e do colón. De qualquer forma, são 

recomendados estudos adicionais que permitam perceber de forma detalhada o 

mecanismo de ação destas combinações nestes dois tipos de cancro e que comprovem a 

eficácia das mesmas em organismos mais complexos.  

 

PALAVRAS-CHAVE: combinação de fármacos, reaproveitamento de fármacos, efeito 

sinérgico, terapia oncológica 
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Figure 58. Morphological analysis (A) and cellular viability (B) results for HT-29 cells after 
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increasing concentrations of edaravone, alone and combined with a fixed concentration 
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performed three times independently (n = 3). *, **, *** and **** indicate significant results at 

p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Edara: edaravone ______ 148 

Figure 59. Morphological analysis (A) and cellular viability (B) results of HT-29 cells after a 

single and combined treatment with 5-FU and quetiapine. Cells were incubated with 

increasing concentrations of quetiapine, alone and combined with a fixed concentration 

(IC50) of 5-FU for 48 h. Cell viability was evaluated using an MTT assay. Experiments were 

performed three times independently (n = 3). *, **, *** and **** indicate significant results at 

p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Queti: quetiapine _______ 149 

Figure 60. Cytotoxic effects of the combination of CLZ with (A, B) 5-FU on the viability (right 

panel) and cell protein (left panel) content of HT-29 cells. Cell viability and protein content 

were assessed by MTT and SRB assays, respectively, after 48 h of exposure to each 

treatment. The results are expressed in the percentage of cell viability relative to untreated 

control cells. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, 

respectively. All data are presented as the mean ± SEM of three independent experiments.
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concentration (IC50) of sertraline for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). **** indicates significant 

results at p < 0.0001. Sert: sertraline; Fluphe: fluphenazine ____________________ 153 
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Figure 65. Cell viability of HT-29 colon cancer cells treated with honeybee venom. (A) MTT 

assay (B) SRB assay and (C) the dose-response curve of HT-29 cells cultured in 96-well 
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normalization of cell viability values. Each point represents the mean ± SEM relative to the 
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final treatment. Each point represents the mean ± SEM relative to the control cells (0.1% 

DMSO) of three independent experiences. * Statistically significant vs. bee venom at p < 
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Figure 69. Cytotoxic effects of the combination of 5-FU with (A, B) BenzoTZ-C2-CPP2, (C, 

D) BTZCA-CPP2, and (E, F) BTZ5CA-CPP2 on the viability (right panel) and cell protein 

(left panel) content of HT-29 cells. Cell viability and protein content were assessed by MTT 

and SRB assays, respectively, after 48 h of exposure to each treatment. Results are 

expressed in the percentage of cell viability relative to untreated control cells. * Indicates p 

< 0.05 when compared to control. All data are presented as the mean ± SEM of three 
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cells. (A) Morphological analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured 

in 96-well plates and treated with each combination for 48 h. Cell viability was determined 

after the final treatment. Each point represents the mean ± SEM relative to the control cells 

(0.1% DMSO) of three independent experiences. * Statistically significant vs. bee venom at 

p < 0.05; ** Statistically significant vs. bee venom at p < 0.01; *** Statistically significant vs. 

bee venom at p < 0.001; **** Statistically significant vs. bee venom at p < 0.0001; ### 

Statistically significant vs. fluphenazine at p < 0.001; #### Statistically significant vs. 
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Figure 74. Effect of honeybee venom combined with thioridazine in HT-29 colon cancer 

cells. (A) Morphological analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured 

in 96-well plates and treated with each combination for 48 h. Cell viability was determined 

after the final treatment. Each point represents the mean ± SEM relative to the control cells 

(0.1% DMSO) of three independent experiences. *** Statistically significant vs. bee venom 

at p < 0.001; **** Statistically significant vs. bee venom at p < 0.0001; #### Statistically 

significant vs. thioridazine at p < 0.0001. Scale bar: 179.3 µm; BV: bee venom; Thio: 
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and SRB assays, respectively, after 48 h of exposure to each treatment. Results are 
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**** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. All data are 
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CHAPTER III 

Figure 77. Most well-known reference models for the analysis of drug combinations. 

Current approaches can be divided into effect-based or dose-effect based and are 

described by different mathematical frameworks, based on different definitions of additivity.
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Figure 81. Demonstration of the Bliss Independence approach. This model assumes that 

both drugs act independently and do not interfere with each other. Based on EA=30, EB=20 

and EAB=65. Adapted from [316]. _________________________________________ 184 
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Figure 84. Chou-Talalay method Fa-CI plot of DOX/PTX and chloroquine (A), mefloquine 
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x-axis to assess drug synergism. CI<1, CI=1, and CI>1 indicate synergism, additivity, and 

antagonism, respectively. CQ: chloroquine; ME: mefloquine; Ar: artesunate ________ 207 

Figure 85. Synergy heat map compiling CI values. The squares in the figure indicate 
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Figure 87. Chou-Talalay method Fa-CI plot of PTX plus fluoxetine (A), sertraline (B), 

thioridazine (C), fluphenazine (D), and benztropine (E). CI was plotted on the y-axis as a 
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Figure 90. Bliss synergy plots of combined treatments of DOX and different CNS drugs on 
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THESIS OVERVIEW 

 

This Doctoral Thesis in Pharmaceutical Sciences – Pharmacology and Pharmacotherapy 

Specialty, Faculty of Pharmacy, University of Porto, entitled “Development of New Drug 

Combinations for Cancer Treatment”, is divided into five main chapters, namely: 

 

I) Screening of repurposed drugs with potential antitumoral activity for breast and 

colorectal cancer therapy 

II) Development of novel combination models for breast and colorectal cancer 

therapy 

III) Evaluation of synergism in drug combinations and reference models for future 

orientations in oncology  

IV) Evaluation of the biosafety profile of the most promising drug combinations  

V) Mechanistic studies of the most promising drug combinations in breast and colon 

cancer cells 

 

This thesis aimed to develop new drug combinations for breast and colorectal cancer 

therapy. Therefore, the following five specific objectives were established: 

 

I) Finding drugs with repurposing potential for breast and colorectal cancer. In 

Chapter I, a screening of several drugs was performed for the evaluation of their 

potential for drug repurposing in breast and colorectal cancer. The cytotoxic effect 

of drugs belonging to the class of antimalarial, central nervous system (CNS), 

antibiotics/ antifungal, and other drugs was studied in two different cancer cell lines: 

colorectal HT-29 and breast MCF-7. The half-maximum inhibitory concentration 

(IC50) value of each repurposed drug was calculated, and the most promising 

candidates were selected for further studies in Chapter II.  

II) Developing novel combination models and achieve a set of drug combinations 

with anticancer potential in HT-29 and MCF-7 breast cancer cells. In Chapter II, four 

combination models for cancer combat were explored: (I) combination models 

combining conventional antineoplastics and repurposed drugs; (II) combination 

models combining only repurposed drugs; (III) combination models combining 
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peptides and chemotherapy and (IV) combination models combining peptides and 

repurposed drugs, to determine the most appropriate model of drug combination for 

breast and colorectal cancer therapy. The most promising drug combinations were 

subject of drug synergism evaluation in Chapter III.  

III) Determining the drug interactions between the most promising drug 

combinations. In Chapter III, it was performed an evaluation of the drug interactions 

in the drug combinations previously tested in Chapter II, to determine possible 

synergistic interactions between drugs. The analysis of drug interactions was 

evaluated by different reference models, namely Chou-Talalay, Zero Interaction 

Potency (ZIP), Highest Single Agent (HAS), Bliss independence, and Loewe, using 

the CompuSyn and SynergyFinder software. The most synergistic drug 

combinations were selected for further studies in Chapter IV and V.  

IV) Assessing the biosafety profile of the most promising drug combinations. In 

Chapter IV, the biosafety of the previously evaluated drug combinations was 

assessed using a non-tumoral human fetal lung fibroblast cell line (MRC-5). This 

aimed to confirm if the most promising drug combinations were safe against non-

tumoral cancer cells and to validate their use in breast and colorectal cancer 

therapies.  

V) Determining the mechanism of action of the most promising drug combinations. 

In the last chapter, to further clarify how these drugs act in combination and if some 

degree of epithelial-mesenchymal transition (EMT) is involved, the effect of most 

promising drug pairs on the expression of EMT biomarkers, such as E-cadherin, P-

cadherin, vimentin, and β-catenin, was investigated. The expression of several 

proteins involved in the tumorigenesis process such as palmitoyl-protein 

thioesterase 1 (PPT1), Ki67, cleaved-poly (ADP-ribose) polymerase (cleaved-

PARP), multidrug resistance-associated protein 2 (MRP2), P-glycoprotein (P-gp), 

and nuclear factor-kappa-B (NF-kB) p65 was also evaluated in both cell lines, to 

further depict the possible mechanisms of action behind these drug combinations.  

 

The findings presented in this thesis demonstrated that the antimalarial and the CNS 

agents are the drug classes with the highest potential for drug repurposing against breast 

and colorectal cancer cells. Moreover, it was found that the combination model consisting 

of repurposed drugs and chemotherapeutic agents induces the most cytotoxicity against 

MCF-7 and HT-29 colorectal cancer cells and has the most potential for further studies in 
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breast and colorectal cancer. The combination of chloroquine and artesunate with 

doxorubicin (DOX) presented significant synergism in MCF-7 cells, suggesting that 

antimalarials can act synergistically with chemotherapeutic agents for breast cancer 

therapy. The combination of fluoxetine, fluphenazine, and benztropine with paclitaxel (PTX) 

also resulted in synergism for all concentrations. Regarding colon cancer cells, it was found 

that CNS drugs sertraline and thioridazine in simultaneous combination with 5-FU 

demonstrated the strongest synergism among all combinations. The biosafety studies 

demonstrated that these drug pairs are only cytotoxic for cancer cells, being safe for non-

tumoral cells at lower concentrations, therefore supporting the use of antimalarial and CNS 

drugs in combination regimens with chemotherapeutic agents. Finally, mechanistic studies 

demonstrated that combination could indeed induce EMT reversal and that PPT1 may have 

an important role in the mechanism of action of these combinations.  
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SCREENING OF REPURPOSED DRUGS WITH POTENTIAL ANTITUMORAL 
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1. SUMMARY OF CHAPTER I 

Colorectal cancer represents the second leading cause of death by cancer in the 

United Stated of America (USA). In 2021, there were an estimated 149,500 newly 

diagnosed cases and 52,980 deaths caused by this type of cancer. Another type of cancer 

with elevated prevalence is breast cancer, which represents the second leading cause of 

death by cancer among women, with an estimated 281,550 new cases and 43,600 deaths 

in 2021 in the USA.  

Although surgery and chemotherapy play a key role in the treatment of breast and 

colorectal cancers, the efficacy rate of these therapeutic approaches remains very low. It 

is, therefore, very important to find new therapeutic strategies that ensure the long-term 

survival and good life quality of these patients, by increasing the therapeutic efficacy of 

oncologic therapies, while reducing the therapeutic doses and toxicity of these treatments. 

However, the development of new drugs for cancer therapy is a process that is time-

consuming, costly, and usually has low approval rates. Additionally, most of the new 

developed chemotherapeutics commonly present problems related to toxicity, which results 

in undesired side effects. Thus, it is important to develop and explore novel pharmaceutical 

strategies that help to overcome the obstacles associated with the development of new 

drugs for cancer therapy. 

Drug repurposing (or repositioning) is an alternative approach to the de novo drug 

development that has been gaining attention from the scientific community in recent years. 

This strategy makes use of already-approved drugs to search for new therapeutic 

indications besides the original. This strategy presents advantages over the development 

of new drugs since repurposed drugs are already approved by the Food and Drug 

Administration (FDA) and have well-defined safety and toxicological profiles. This allows to 

save time and money, increasing the likelihood of these drugs entering clinical trials. 

In this chapter, it was performed a screening of several drugs for drug repurposing 

in breast and colorectal cancer. We studied the cytotoxic effect of drugs belonging to the 

class of antimalarial, central nervous system (CNS), antibiotics/ antifungal, and other drugs 

in two different cell lines: HT-29, a cell line representative of colorectal cancer cells, and 

MCF-7, representative of breast cancer cells. To evaluate the anticancer potential of these 

drugs, both cell lines were incubated with increasing concentrations of each drug for a 

period of 48 h and cell viability was evaluated by thiazolyl blue tetrazolium bromide (MTT) 

and/or sulforhodamine B (SRB) assays.  
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These results demonstrate that the antimalarial and the CNS agents are the drug 

classes with higher potential for drug repurposing against breast and colorectal cancer. In 

MCF-7 breast cancer cells, mefloquine, tafenoquine, and pyronaridine demonstrated 

elevated cytotoxicity, with half-maximal inhibitory concentration (IC50) values under 10 µM. 

Artesunate treatment also induced a significant reduction in MCF-7 cell viability and 

presented an IC50 value of 11.60 µM. Treatments with the CNS drugs fluphenazine, 

fluoxetine, sertraline, and thioridazine caused significant toxicity at all concentrations above 

10 µM, which resulted in IC50 values of 2.682, 7.778, 5.723, and 2.217 µM, respectively. 

Benztropine induced a concentration-dependent reduction in cell viability, with an IC50 value 

of 21.71 µM. Treatment with antibiotic/antifungal and other classes of drugs did not produce 

any significant anticancer effect in this cell line.  

Regarding the results in the HT-29 cell line, the antimalarial drugs mefloquine and 

artesunate successfully reduced the number of viable cells, with IC50 values under 20 µM. 

Treatment with the CNS drugs latrepirdine, fluphenazine, fluoxetine, benztropine, 

thioridazine, and sertraline resulted in strong inhibition of HT-29 cell growth, with IC50 values 

of 7.75, 1.86, 6.12, 18.23, 4.26 and 2.45 µM, respectively. Furthermore, clotrimazole, an 

antifungal agent, was able to induce a concentration-dependent reduction of cell viability, 

with a significant decrease in the number of viable cells at concentrations above 10 µM and 

an IC50 value of 21.64 µM. The antiarrhythmic drug amiodarone also demonstrated 

significant anticancer effects in this cell line, at concentrations above 10 µM, with an IC50 

value of 7.297 µM.  

Taken together, these findings demonstrate that several antimalarial and CNS drugs 

have strong repurposing potential for use in breast and colorectal cancer therapies as 

standalone agents. Moreover, other drug classes like antifungal and antiarrhythmic agents 

may also be promising candidates for drug repurposing in colorectal cancer.  
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2. INTRODUCTION OF CHAPTER I 

The latest cancer statistics provided by the American Cancer Society estimate that, 

in 2022, more than 1,900,000 new cancer cases will be diagnosed and there will be about 

600,000 cancer deaths, only in the USA [1]. Along with lung cancer, breast and colorectal 

cancers occupy the rank as the most diagnosed types of cancer, with an estimation of 

43,780 cases and 52,580 estimated deaths in the USA, in 2022 [1].  

In this section, we will provide a review of the main features related to breast and 

colorectal cancer, with reference to the most common therapeutic regimens for each type 

of cancer, highlighting the advantages and disadvantages of chemotherapy. We will then 

describe the development process of new drugs for oncology and present the strategy of 

drug repurposing as a faster and more economical strategy to the de novo drug 

development. Finally, evidence on some repurposed drugs with anticancer potential will be 

provided to further support our investigations.  

 

2.1 Breast Cancer 

Breast cancer is the most commonly diagnosed type of cancer in women and 

represents the second leading cause of death by cancer in women worldwide [2]. In 

developed countries, breast cancer is the second most mortal, just preceded by lung 

cancer. Although it is more frequent in women, breast cancer can also affect men, although 

to a much smaller extent (<1%) [3]. Even though the mortality rate of this cancer has 

declined over the last two decades, metastatic breast cancer still has a very reduced 

therapeutic efficacy, with a 5-year overall survival rate of only 23% [4]. 

 

2.1.1 Breast Cancer Etiology 

Generally, cancer is a disease characterized by an increased and uncontrolled cell 

growth, with proliferative and metastatic capacity. Mutations in specific genes play a major 

role in the development of the disease and can occur in oncogenes, tumor suppressor 

genes, or genes involved in deoxyribonucleic acid (DNA) repair [5]. These mutations 

generally result in the inhibition of apoptotic mechanisms and uncontrolled proliferation of 

tumor cells.  

Specifically for breast cancer, this disease can develop in response to DNA damage 

or genetic mutations, that can be influenced by exposure to estrogen [6]. Sometimes, it can 

also originate due to an inheritance of DNA defects or pro-cancerous genes like breast 
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cancer gene 1 (BRCA1) and breast cancer gene 2 (BRCA2). Therefore, a family history of 

ovarian or breast cancer can increase the risk for the development of breast cancer [6].  

The risk factors for the development of breast cancer include age, gender, personal 

history of breast cancer, histologic risk factors, family history of breast cancer, genetic risk 

factors, reproductive risk factors, and the use of exogenous hormones [6].  

 

2.1.2 Breast Cancer Classification 

Currently, there are 20 major types and 18 minor subtypes of breast cancer that 

have been defined and included in the recently published World Health Organization (WHO) 

classification [7]. The traditional classification of the tumor can be done histologically, 

through the evaluation of morphological, anatomical, and physical properties, searching for 

abnormal cell changes. This classification is usually done using the tumor, node, metastasis 

(TMN) system, a classification system based on tumor size, nearby lymph node 

involvement, and tumor metastasis [8]. This classification groups breast cancer as in situ, 

subdivided into ductal or lobular, or as invasive carcinomas, that can be classified as 

tubular, ductal lobular, invasive lobular, infiltrating ductal, mucinous, medullary or infiltrating 

ductal (Figure 1) [9].  

 

Figure 1. Histological classification of breast cancer subtypes. 
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However, advances in medicine have led to the creation of another tumor 

classification system based on molecular studies, primarily through the search for 

established biomarkers for breast cancer: the estrogen receptor (ER), the progesterone 

receptor (PR), and the human epidermal growth factor receptor 2 (HER2) [10]. Based on 

this classification, breast cancer can be classified into four different subtypes: luminal A 

(positive for ER and/or PR), luminal B (positive for ER and/or PR and HER2), HER2-

enriched (amplification of the HER2, no expression of ER nor PR) and triple-negative breast 

cancer (TNBC) (negative for all) (Figure 2) [11]. It is estimated that 75% of all patients have 

tumors expressing the estrogen and/or progesterone receptors, the breast cancer subtype 

with a better prognosis [12]. Triple-negative breast cancers are the most difficult to treat and 

present worse prognosis, due to their lack of receptors for chemotherapeutic agents. 

 

Figure 2. Molecular classification of breast cancer subtypes. 

 

 There is another type of breast cancer classification, called functional classification, 

that is based on the nature of tumor-initiating cells [9]. In this case, there are two proposed 

hypotheses: (A) either the heterogeneity seen in breast cancer arises from distinct 

mammary stem/progenitor cells or, (B) breast cancer heterogeneity is the result of a single 

mammary stem/progenitor cell being transformed by various oncogenes which give rise to 

various types of cancer [9].  

 

2.1.3 Molecular Pathogenesis of Breast Cancer 

In the normal breast terminal ductal lobular unit, there are lobules and ducts that 

consist of a bi-layered epithelium of luminal and myoepithelial cells [13]. The first phase of 

breast neoplasia begins with the formation of a premalignant lesion, named atypical 

hyperplasia, which is characterized by abnormal cell layers in these ducts or lobules. This 

condition is known as ductal carcinoma in situ (DCIS) and contains abnormal cells with non-
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invasive ability. This condition can evolve into invasive breast cancer (IBC) unpredictably 

[14]. If cells invade, the risk of developing metastasis increases exponentially, being the 

lymph nodes adjacent to the tumor the primary site for breast cancer metastasis. When 

breast epithelial cells give rise to metastatic breast cancer, several events based on 

epigenetic and genetic changes occur in the microenvironment of the cells, mainly 

aberrations in the control of proliferation, differentiation, survival, migration, and interactions 

with tumor-stromal cells. Cells must enter and exit the vasculature while surviving in the 

absence of adhesion and establishing a new tumor in a foreign environment. Cancer stem 

cells also play an important role in breast cancer since they drive the initiation, progression, 

and recurrence of this cancer [15]. 

 

2.1.4 Therapeutic Management of Breast Cancer 

For early-stage breast cancers, surgery is the standard treatment. The primary goal 

of surgery is the complete removal of the primary tumor, with negative margins to decrease 

the probability of local recurrences. The state of the tumor and the axillary lymph nodes are 

also evaluated, in order to estimate the prognosis of the disease [16]. There are two main 

types of surgery to remove breast cancer: breast-conserving surgery, where only the part 

of the breast containing the cancer is removed, and mastectomy, where the entire breast is 

removed, including all of the breast tissue and sometimes other nearby tissues [17].  

Adjuvant chemotherapy may be given to the patients after surgery to try to eliminate 

any cancer cells that might have been left behind or that have spread but can't be detected, 

even on imaging tests [17]. Sometimes, neoadjuvant chemotherapy can be given to patients 

before surgery to try to shrink the tumor so it can be removed with less extensive surgery 

[17]. For metastatic breast cancer, surgery is no more effective, and systemic therapy 

(chemotherapeutic, hormonal and biological agents) and radiotherapy are the most 

common treatments [17].  

In most cases, chemotherapy is the major player in oncologic therapy. This can be 

done using single drugs or a combination of two or more drugs. Anthracyclines, such as 

doxorubicin (DOX) and epirubicin, taxanes, such as paclitaxel (PTX) and docetaxel, 5-

fluorouracil (5-FU) or capecitabine, cyclophosphamide and carboplatin are often used as 

adjuvant and neoadjuvant chemotherapeutic drugs [17]. For metastatic breast cancer, the 

most antineoplastic agents used are taxanes such as PTX, docetaxel and albumin-bound 

PTX, ixabepilone, eribulin, anthracyclines such as DOX, liposomal DOX and epirubicin, 

platinum agents such as cisplatin and carboplatin, vinorelbine, capecitabine and 

A 
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gemcitabine [17]. Table 1 represents all chemotherapeutic drugs approved by the FDA for 

the prevention and treatment of breast cancer. 

Table 1. Drugs approved by FDA for breast cancer therapy. Adapted from [18]. 

DRUGS FOR BREAST CANCER PREVENTION 

Raloxifene hydrochloride 

Tamoxifen citrate 

DRUGS FOR BREAST CANCER TREATMENT 

5-FU Fulvestrant 
PTX Albumin-stabilized 

Nanoparticle Formulation 
Palbociclib 

Abemaciclib 
Gemcitabine 

Hydrochloride 
Cyclophosphamide 

Pamidronate 

Disodium 

Ado-

Trastuzumab 

Emtansine 

Goserelin Acetate Docetaxel Pertuzumab 

Anastrozole Ixabepilone DOX Hydrochloride Ribociclib 

Capecitabine Lapatinib Ditosylate Everolimus 
Eribulin 

Mesylate 

Olaparib Letrozole Exemestane Thiotepa 

Epirubicin 

Hydrochloride 
Megestrol Acetate PTX 

Neratinib 

Maleate 

Tamoxifen Citrate Methotrexate Vinblastine Sulfate 
Talazoparib 

Tosylate 

Trastuzumab 
Trastuzumab and 

Hyaluronidase-oysk 
Toremifene  

 

Combination therapy reduces the problems associated with mono-therapy because 

it allows to limit side effects and increases the anti-tumor capacity of the chemotherapeutics 

since the drugs act in several molecular pathways associated with carcinogenesis [19]. The 

main combinations approved by FDA for clinical use in breast cancer therapy are described 

in Table 2. 
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Table 2. Drug combinations approved by FDA for breast cancer therapy. Adapted from [18].  

DRUG COMBINATIONS 

USED IN BREAST CANCER 
DESCRIPTION 

AC 
Combination of DOX hydrochloride and 

cyclophosphamide 

AC-T 
Combination of DOX hydrochloride and 

cyclophosphamide, followed by PTX 

CAF 
Combination of cyclophosphamide, DOX 

hydrochloride, and 5-FU 

CMF 
Combination of cyclophosphamide, methotrexate, and 

5-FU 

FEC 
Combination of 5-FU, epirubicin, and 

cyclophosphamide 

TAC 
Combination of docetaxel, DOX hydrochloride, and 

cyclophosphamide 

 

Although surgical removal and chemotherapy play a key role in breast cancer 

therapy, being responsible for the long-term survival of patients [20], chemotherapy often 

has its effectiveness decreased due to the ability of tumor cells to offer intrinsic or acquired 

resistance to these therapeutic agents, making the treatment less effective [21]. Other 

problems related to chemotherapy involve the development of adverse side reactions, 

making cancer treatment less pleasant and narrowing the therapeutic window of 

antineoplastics [22]. 
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2.2 Colorectal cancer 

Colorectal cancer also represents one of the most common types of cancer 

worldwide and englobes the cancers that start in the colon and rectum, but the first ones 

are most frequent; for this reason, colorectal cancer is mainly referred to as colon cancer. 

Colorectal cancer is the third most frequently diagnosed cancer (excluding skin cancer), 

with an estimation of 1 to 2 million new cases each year globally [23]. It also represents the 

second leading cause of cancer-related deaths worldwide with an estimation of 881,000 

deaths in 2018 [24], and this number is expected to continue to increase. Colorectal cancer 

is the second most common cancer in women (9.2%) and the third most common cancer in 

men (10%) [23]. More than half of colorectal cancer cases (55%) are detected in developed 

countries [24]. 

 

2.2.1 Colorectal Cancer Etiology 

As in breast cancer, mutations in specific genes play a major role in the development 

of colorectal cancer. Based on the origin of the mutation, colorectal cancer can be divided 

into sporadic, inherited, and familial [25]. Sporadic colorectal cancer is the most common 

(70%) and results from successive point mutations, which start with the formation of 

adenomas and can progress to carcinomas [5]. The mutation often occurs in a tumor 

suppressor gene, namely adenomatous polyposis coli (APC), which leads to the formation 

of non-malignant adenomas (polyps). After this mutation, other mutations can occur, namely 

in Kirsten Rat Sarcoma Virus (KRAS), and Tumor Protein 53 (TP53), among others, which 

lead to the progression of adenomas to carcinomas [5].  

Inherited cancers are less frequent and account for only 5% of all colorectal cancer 

cases [26]. In this type of cancer, one of the gene's alleles is already mutated (acquired 

hereditarily), and any point mutation may trigger the formation of tumor cells and lead to the 

formation of carcinoma. Inherited cancers can be classified into two groups: polyposis and 

non-polyposis forms. The first group is characterized by the formation of malignant polyps 

in the colon and results in familial adenomatous polyposis (FAP). The second group is 

characterized by mutations in the DNA repair mechanisms (MutS homolog 2 (MSH2), MutL 

homolog 1 (MLH1), MutL homolog 6 (MLH6), among others) and results in hereditary non-

polyposis colorectal cancer (HNPCC) [26]. Familial colorectal cancer cancers account for 

25% of total colorectal cancer cases and are also caused by hereditary mutations but have 

a different classification since they do not fall under the previously mentioned forms of 

inherited colorectal cancer [27]. 
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Risk factors for colorectal cancer may be intrinsic (family history or genetic 

predisposition) or sporadic (derived from everyday habits, without a family history or genetic 

predisposition) (Figure 3). Hereditary conditions only account for a minority of all colorectal 

cancer (5% of all cases), being a much larger proportion due to sporadic risks [28]. Age, 

chronic diseases, and lifestyle are thought to be the main contributors for the increased 

incidence of colorectal cancer. 

 

 

Figure 3. Colorectal cancer risk factors. Risk factors for this disease may be intrinsic, such as age, familial 

history, or race (left), or sporadic such as smoking, or alcohol consumption (right). 

 

Age seems to be the main risk factor, as over 50 years of age the incidence of 

colorectal cancer cases increases considerably and below that age, cases are rare, except 

for hereditary cancers [29]. History of chronic diseases such as inflammatory bowel disease 

and Chron's disease are also important risk factors for the development of colorectal cancer 

[30]. Colorectal cancer cases in relatives under the age of 50 years also tend to be indicators 

of a higher risk of developing the disease. Lifestyle, especially habits related to diet and 

exercise can also contribute to an increased risk of developing colorectal cancer [31]. It is 

thought that this may be directly related to changes in the intestinal microbiome, which is 

directly involved in the regulation of metabolic pathways in the intestine and consequently 

may play a fundamental role in the maintenance of colorectal cells. Bad diet habits and lack 

of exercise can also be related to obesity, which is also another risk factor for colorectal 
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cancer [32]. Other risk factors include alcoholic consumption [33], smoking [34], etc. Racial 

and ethnic background may also play an important role for the predisposition of this disease, 

although the reasons are not fully understood [35]. 

 

2.2.2 Molecular Mechanisms of Colorectal Cancer 

New genomic techniques have made it possible to understand which genomic 

aberrations are usually involved in colorectal cancer. Although the previously described 

mutations are much more common in this disease, chromosomal changes and 

translocations are also quite common in this disease. The main signaling pathways altered 

in colorectal cancer are Wingless/Integrated (WNT), Mitogen-activated Protein Kinase 

(MAPK) / Phosphoinositide 3-kinase (PI3K) and Transforming Growth Factor Beta (TGF-β). 

The WNT pathway is involved in stem cell differentiation and cell growth. In colorectal 

cancer, changes in the WNT pathway are related to the loss of adhesion of tight junctions, 

which leads to reduced cell adhesion and favors the migration of tumor cells [36]. The MAPK 

/ PI3K pathway is involved in cell proliferation and survival and any alteration will lead to an 

uncontrolled increase in cell proliferation [25]. In turn, the TGF-β pathway is involved in 

processes such as cell growth, differentiation, and apoptosis. Changes in TP53 and cell 

cycle regulation are also frequent [37]. TP53 is a very important tumor suppressor gene and 

is involved in the regulation of the cell cycle [38]. Thus, mutations that affect one of these 

pathways will lead to an uncontrolled increase in cell growth and proliferation, a decrease 

in DNA repair mechanisms, and a consequent increase in the survival of these cells.  

 

2.2.3 Molecular Pathogenesis of Colorectal Cancer 

Most colorectal cancer cancers arise from neoplastic precursor lesions (called 

polyps). After a few years (10-15 years), polyps can evolve and progress to colorectal 

cancer. It is believed that the origin of colorectal cancer are stem cells that accumulate 

genetic and epigenetic alterations and result in the inactivation of tumor suppressor genes 

and activation of oncogenes. Stem cells are essential in the initiation and maintenance of 

tumor cells [39]. Depending on the genetic and epigenetic events, the development of 

colorectal cancer can occur through three main pathways: via adenoma-carcinoma, via 

serrated neoplasia, and microsatellite instability (Lynch syndrome) [37]. In most cases (70-

90%), the development of colorectal cancer follows the classic adenoma-carcinoma 

pathway, so we will focus on this type of colorectal cancer. 
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The earliest stage colorectal cancer is called stage 0 and corresponds to carcinoma 

in situ, where the cancer cells are only in the mucosa, or the inner lining, of the colon or 

rectum. Then, colorectal cancer can be classified into 4 stages, ranging from I to IV 

depending on the development of the disease (Figure 4) [30]. Initially, there is an increasing 

in the proliferation of cells restricted to only one site (formation of small polyps). At this 

stage, the cells do not yet have malignant characteristics. Their accumulation leads to the 

formation of small clusters called adenomas. When they acquire malignant characteristics, 

they are called adenocarcinomas. These adenocarcinomas can successively increase in 

size by exaggerated cell growth and invade and spread to other parts of the body, especially 

to the lungs and liver, leading to the formation of metastases [40]. This occurs because the 

liver is very rich in blood supplements and has many humoral factors that promote cell 

growth. The lung is second place, after the liver, to be rich in blood supplements. This 

progression coincides with the previous mentioned key molecular alterations in important 

tumor suppressor genes, oncogenes, and other gatekeeper genes, impacting important 

signaling pathways responsible for the control of cell growth, proliferation, and malignancy 

[40].  

 

Figure 4. Adenoma-carcinoma stages in colorectal cancer. Cells of the normal epithelium mucosa grow 

abnormally and transform the gut epithelium into a hyper-proliferative epithelium, which can then form 

adenocarcinomas and invade other organs. 
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2.2.4 Therapeutic Management of Colorectal Cancer 

Despite the advances in therapy, one of the main reasons that can be attributed to 

the high mortality of colorectal cancer is the failure of the current treatment options, since 

surgery can only be used in early stages and 20% of colorectal cancer cases are detected 

usually in advanced stages [41]. Tumor recurrence and metastasis are also frequent and 

cannot yet be effectively prevented. Treatment of colorectal cancer is a multimodal 

approach and depends on characteristics related both to the tumor and the patient. It is 

important to evaluate the presence or absence of metastases, the tumor progression, and 

the presence or absence of biomarkers, among others. It is also important to assess other 

diseases of the patient, age, prognosis, etc.  

Colorectal cancer treatment can be done by surgery (removal of the primary tumor), 

radiotherapy (radiation exposure), or pharmacotherapy (cytotoxic chemotherapy or 

immunotherapy) (Figure 5) [42].  

 

Figure 5. Current colorectal cancer treatments available. Surgery is usually the default treatment for early stages 

colorectal cancer while chemo- and immunotherapy are administered in advanced stages of the disease. 

Radiotherapy is usually used as adjuvant therapy for chemotherapy and surgery. 

 

In clinical practice, colorectal cancer patients are divided into 4 groups. Group 0 

corresponds to patients with no metastases or with resectable metastases in the lung or 
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liver and a good prognosis. In these cases, the most common treatment is surgery to 

remove the tumor and metastases [43]. Group 1 corresponds to patients with potentially 

resectable metastatic disease. Initially, these patients are treated with chemotherapy to 

decrease the number and reduce size of metastases that can be surgically removed later. 

Usually, double, or triple combinations of cytotoxic drugs combined with anti-vascular 

endothelial growth factor (VEGF) or anti-epidermal growth factor receptor (EGFR) 

strategies are used to decrease angiogenesis and metastasis of tumor cells [43]. In first-

line treatment, the most common anti-VEGF strategy consists of using the monoclonal 

antibody Bevacizumab (which acts on circulating VEFG-A) and the recombinant protein 

Aflibercept (blocks VEGF-A, VEGF-B, and placental growth factors). Anti-EGFR treatments 

are only used in cases where there are no mutations in KRAS, with the most used 

monoclonal antibodies being Cetuximab and Panitumumab [43]. Group 2 corresponds to 

patients with disseminated but unresectable disease and the treatment intention is more 

palliative than curative. It is no longer a question of curing the disease but rather ensuring 

a reasonable quality of life for the patient, by reducing symptoms and aggressiveness of the 

disease. First-line treatment also consists of administering a dual combination of cytotoxic 

drugs with anti-VEGF or anti-EGFR strategies [43]. Group 3 corresponds to patients with 

unresectable disease and a lack of intensive treatment. The most common strategy is to 

combine a cytotoxic agent (such as fluoropyrimidine) combined with a biologically targeted 

agent [43]. Radiotherapy is mostly used in rectal cancers as an adjuvant to surgery and 

chemotherapy.  

Based on National Comprehensive Cancer Network (NCCN) Clinical Practice 

Guidelines, first-line palliative chemotherapy consists of fluoropyrimidines (e.g., 

capecitabine or 5-FU) alone or in combination with leucovorin or other cytotoxic agents such 

as oxaliplatin (5-FU/leucovorin/oxaliplatin → FOLFOX), (capecitabine/oxaliplatin → 

CAPOX) or irinotecan (5-FU/leucovorin/irinotecan → FOLFIRI). Second-line chemotherapy 

is administered only to patients with good organ function and is administered when 

resistance occurs to the first-line treatment. Patients refractory to irinotecan are treated with 

FOLFOX or CAPOX (i.e. treatments with oxaliplatin) while those refractory to oxaliplatin are 

treated with irinotecan alone or FOLFIRI [43]. Table 3 represents all FDA-approved drugs 

for the treatment of colon cancer. 
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Table 3. Drugs approved by FDA for colon cancer therapy. Adapted from [44]. 

DRUGS FOR COLON CANCER TREATMENT 

5-FU Oxaliplatin 

Bevacizumab Panitumumab 

Capecitabine Pembrolizumab 

Cetuximab Ramucirumab 

Ipilimumab Regorafenib 

Irinotecan Hydrochloride Trifluridine and Tipiracil Hydrochloride 

Leucovorin Calcium Nivolumab 
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2.3 Major Challenges in Breast and Colorectal Cancer Therapy 

Advances in molecular biology allowed a better understanding of the mechanisms 

behind the formation of tumors and the acquisition of malignant characteristics by normal 

cells. Now, it is known that with carcinogenesis, populations of cells resistant to the therapy 

can be formed leading to the appearance of intra-tumor heterogenicity [45]. This 

heterogenicity causes the therapy to fail and, a drug that initially played a role in a metabolic 

pathway, may fail because of the cells' adaptation to therapy [46].  

Although chemotherapy plays a key role in breast and colorectal cancer therapy, 

drug resistance and the development of undesired side effects make the treatment of these 

diseases less effective. These side effects include hair loss, nail changes, mouth sores, 

loss of appetite or weight changes, nausea and vomiting, diarrhea, fatigue, hot flashes, 

and/or vaginal dryness from menopause caused by chemotherapy and nerve damage [17]. 

Chemotherapeutic treatments can also affect the blood-forming cells of the bone marrow, 

which can lead to an increased chance of infections, easy bruising or bleeding and fatigue 

[17]. Some antineoplastic drugs, such as DOX, are also conditioned by cardiotoxicity [47]. 

In the case of PTX, the solvents used to solubilize this drug also difficult toleration of this 

drug and patients usually need to take pre-medications to minimize reactions to the solvents 

[48]. 5-FU use, for example,  is also limited by the short half-life of this drug and its low 

bioavailability [49].  

It is, therefore, very important to develop new methodologies and protocols that 

ensure the long-term survival and good life quality of these patients by increasing the 

therapeutic efficacy of these treatments, while reducing the doses and toxicity. Several 

approaches have been explored to overcome the disadvantages of traditional 

chemotherapy, such as the development of new oncologic drugs.  
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2.4 De novo Drug Development for the Search of New Anticancer Agents 

Advances in medicine and technology have provided precious tools for the 

development of new drugs. Molecular biology has opened new doors to the knowledge of 

the molecular pathways involved in certain diseases and has allowed the development of 

new drugs more and more specific for certain pathologies [50]. 

The drug development process initiates with the in silico identification of potentially 

interesting compounds (between 5,000 and 10,000) during 3 and 5 years (Figure 6A). The 

most promising compounds enter the pre-clinical trials phase and their pharmacokinetic and 

pharmacodynamic properties are evaluated. The cytotoxicity of these compounds is further 

evaluated both in vitro and in vivo, in a process that may take between 1 and 2 years. At 

this stage, compounds that are toxic or have unfavorable absorption, distribution, 

metabolism, and excretion (ADME) properties are excluded (Figure 6B). At the end of this 

phase, the number of compounds under study is already reduced to approximately 5 

candidates. For full drug approval, they must undergo clinical trials, which include 3 phases, 

in a process that takes about 6-7 years (Figure 6C). Being successful, a compound must 

be evaluated by the entities responsible for the approval of new drugs in a process that 

takes 1-2 years (Figure 6D). Only after this stage, the company can finally commercialize 

the new drug or medicine.  

 

Figure 6. Timeline of the drug development process. A drug approval can take about 15 years and consists of 

four phases: drug discovery (A), development (pre-clinical and clinical trials) (B), and delivery (drug approval) 

(C). Most clinical trials fail at the beginning of the process. 

Nevertheless, the costs associated with the process of developing new drugs are 

huge, as well as their design and approval time [51]. It is estimated that, specifically for 

cancer, the development of a new anti-neoplastic drug takes about 15 years and costs 

about 800 million dollars [52, 53]. Pharmaceutical companies often invest time and money 
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in drugs that never reach the market because they fail in the final clinical trials, leading to 

losses ascending to thousands of dollars. Currently, one of the main challenges in the 

pharmaceutical field is the development of cheaper, faster, and equally effective strategies 

that allow pharmaceutical companies to have high profits with low associated costs [54]. 

In oncology, the development of new drugs aims to find new candidates that are 

specific for tumor cells without causing significant damage to the normal cells that surround 

the tumor [55]. It is still a challenge to reach a high dose of antineoplastic at the tumor site, 

since the dose that usually reaches these cells is very reduced, enhancing the 

administration of higher doses to ensure the drug reaches the tumor, which leads to an 

increase in the side effects associated with chemotherapy [56].  

In addition to the high costs and time necessary for the development of a new drug, 

the number of new drug approvals by the FDA, the entity responsible for the approval of 

new drugs in the USA, is diminishing over the years. In the oncological field, there are more 

than 10,000 ongoing clinical trials [57] but it is estimated that only 5% will progress to the 

next phases [58]. 

In 2016, 22 new drugs were approved by the FDA, compared to 45 approved in 2015 

[59]. The number of novel cancer drugs approved followed the same trend and in 2016 only 

4 new drugs were approved by FDA, compared to 14 in 2015 and 9 both in 2014 and 2013 

[60]. Also, the European Medicines Agency (EMA) approved fewer drugs in 2016 than in 

previous years. This low approval rate, both of general drugs and drugs specially destined 

for the oncological area, demonstrates the constant need for the development of alternative 

methodologies to the development of new drugs. In 2017, FDA approved 46 novel drugs, 

with special emphasis on oncology (26%) and infectious diseases (17%) [61]. 

In 2016, as in previous years, the rate of FDA-approved drugs was similar to the rate 

of non-approved, which means half of the candidates that applied for FDA approval were 

rejected [62]. Because of this low approval rate, the drugs that reach the market are very 

expensive to allow pharmaceutical companies to recover the money invested in the clinical 

trials that have failed. As an example, the costs associated with the treatment of melanoma 

with the combination of ipilimumab and nivolumab may amount to $ 400,000 per patient 

[63, 64].  

The increasing in Research and Development (R&D) expenditures by the 

pharmaceutical industries and the gradual decrease in the FDA's new drug approvals over 

the years, lead to a period of “innovation gap”, which means that alternatives to the de novo 
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development are needed. In the next section, we will present drug repurposing as an 

alternative strategy to the de novo drug development.  

 

2.5 Drug Repurposing: An Alternative Strategy to the De Novo Drug Development 

Currently, one of the main challenges in the pharmaceutical field is the development 

of cheaper, faster, and equally effective strategies that allow not only pharma companies to 

have high profits with low associated costs but also to decrease the costs associated with 

public health systems [54]. It is estimated that cancer treatment costs in the USA have 

doubled since 2012, making a total of $50 billion in 2017 [65]. There is, therefore, an urgent 

need for novel and innovative, cheaper, reliable, and easily applicable alternatives.  

Drug repurposing (also described as drug repositioning, reprofiling, redirecting, 

switching, etc.) is a rapid methodology that has already been used in the clinic and allows 

to identify novel uses for drugs that are already commercialized in addition to its original 

medical indication [66]. Although the PubMed Medical Subject Headings (MeSH) term 

"Drug Repurposing" was only created in 2011, there has been an exponential increase in 

the number of publications in this database related to drug repositioning since 2004 (Figure 

7) [67]. 
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Figure 7. Number of publications related to “Drug Repurposing” in the database Pubmed, over the years (2005-

August 2020). Publications related to drug repurposing have exponentially increased since 2005. 

 

Although the initial definition of this strategy was restricted to the process of 

discovering new uses for drugs already on the market, over the years this definition has 

been expanded to include drugs that have failed clinical trials in their development process 
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due to high toxicity or ineffectiveness or drugs that have been withdrawn from the market 

for safety reasons. Nevertheless, this strategy can never include drugs that have not been 

subjected to clinical investigations.  

Drug repurposing is based on the following scientific bases: (i) the discovery that 

different diseases share the same therapeutic targets and molecular features and (ii) the 

concept of pleiotropic drugs (i.e. drugs' actions other than those the drug was specifically 

developed) [68]. Currently, since most drugs are well characterized, it is possible to evaluate 

their therapeutic and side effects. In addition, and given that some diseases are also well-

characterized, it is possible to molecularly understand the drugs’ mechanism of action and 

adapt it to other diseases whose signaling pathways have similar patterns.  

The main advantage of drug repurposing is the simplification of regulatory processes 

for drug approval for new therapeutical indications since the drug is already approved on 

the market and safety and toxicity profiles have already been extensively studied and 

approved [69]. In addition, these drugs have already described relevant clinical aspects 

such as dosage, drug interactions, and patient feedback. In addition, aspects related to 

pharmacokinetics, pharmacodynamics, mechanisms of action, molecular targets, and 

possible interactions with cells and tissues are also commonly described [69]. This brings 

economic advantages to pharmaceutical companies as the development of a new drug 

involves about 10-15 years of research, a brutal financial investment (estimated at 2-3 billion 

dollars in 2012), and a low success rate (about 2%) [70, 71]. This strategy is also useful in 

the discovery of new therapeutic targets and metabolic pathways [72]. 

It is estimated the development of a repositioned drug to be about 50-60% cheaper 

than a new drug and the chances of approval to be considerably higher (about 150%) [73]. 

Drug repurposing candidates usually have their patents expired and have been on the 

market for some time, leading to competition between pharmaceutical companies. This 

allows prices to remain low and brings benefits to public health systems in both developed 

and developing countries. In addition, repurposed drugs discovered by serendipity allow the 

discovery of new therapeutic targets and signaling pathways that remained unknown [74]. 

Together, the likelihood of the drugs to be accepted is greater and clinical trials are only 

required to confirm the benefits and effectiveness of the drug and to assess if there are no 

side effects other than those already described (Figure 8). 
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Figure 8. Advantages of drug repositioning in cancer therapy. 

 

Drug repurposing has been adopted in several areas of medicine: one of the best-known 

examples is the case of sildenafil (sold under the commercial name of Viagra®), which was 

initially proposed for the treatment of angina and whose current therapeutic application is in 

the erectile dysfunction [75]. Another drug that has been studied in several therapeutic 

areas is saracatinib. This is an anticancer compound developed by AstraZeneca company 

that regulates tumor cell adhesion, migration, and invasion [76]. Phase II studies showed 

little benefits for oncological conditions [77, 78] and this drug is now being repurposed for 

Alzheimer's disease, as an analgesic to treat cancer-induced bone pain, as a therapeutic 

strategy for lymphangioleiomyomatosis and as a potential antipsychotic [79]. Another 

example is astemizole, an antihistamine that is currently used in the treatment of malaria 

[80]. In the treatment of Leishmaniasis, drugs from different classes, such as tamoxifen (an 

antitumor agent) [81] and amphotericin B (an antifungal) [82], were also repositioned. 

Raloxifene, an anti-neoplastic, has recently been repurposed for the treatment of 

osteoporosis [83]. Gemcitabine is also a classic that was initially proposed for the treatment 

of viral infections and is of increasing importance in cancer treatment [84]. Table 4 gives 

some examples of successful drugs that were repurposed for additional indications besides 

their original ones. 
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Table 4. Examples of successful repurposed drugs. Adapted from [79]. 

DRUG ORIGINAL INDICATION 
ADDITIONAL INDICATION 

AFTER REPURPOSING 

Sildenafil Angina Erectile dysfunction 

Astemizole Antihistamine Malaria 

Tamoxifen Anticancer Leishmaniasis 

Amphotericin B Antifungal Leishmaniasis 

Raloxifene Anticancer Osteoporosis 

Gemcitabine Antiviral Cancer 

Zidovudine Cancer 
Acquired immunodeficiency 

syndrome (AIDS) 

Minoxidil Hypertension Hair Loss 

Thalidomide Morning sickness Multiple myeloma 

Topiramate Epilepsy Obesity 

Ketoconazole Fungal infections Cushing syndrome 

 

In oncology, there has been a growing interest in repositioning drugs and there are 

more than 100 drug-relevant databases that support drug repurposing [85]. The 

Repurposing Drugs in Oncology (ReDO) project is a database whose objective is to identify 

drugs that are not used in cancer therapy with the potential to be repositioned as anti-tumor 

agents [86]. The ReDO project is funded by the Anticancer Fund (ACF) and is dedicated to 

the hard repurposing of cancer drugs, i.e. the use of non-neoplastic for cancer therapy [87]. 

By 2018, there were a total of 268 drugs in this database listed as potential candidates for 

cancer treatment. Repurposing candidates come from a wide range of areas of medicine 

and most of these drugs belong to the cardiovascular system family and the nervous system 

(Table 5).  
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Table 5. Number of repurposed drugs in the ReDO project according to Anatomical Therapeutic Chemical (ATC) 

Classification System. Adapted from [72]. 

ATC CLASSIFICATION NUMBER OF DRUGS 

Cardiovascular System 56 

Nervous System 49 

Alimentary Tract and Metabolism 39 

Muscular-Skeletal System 31 

Anti-infective for Systemic Use 26 

Dermatological 23 

Genito Urinary System and Sex Hormones 23 

Sensory Organs 22 

Antiparasitic Products, Insecticides, and Repellents 20 

Blood and Blood-forming Organs 16 

Antineoplastic and Immunomodulating Agents 12 

Respiratory System 11 

Systemic Hormonal Preparations, excl. Sex Hormones 

and Insulins 
4 

Various 4 

 

Note that some drugs are included in multiple Anatomical Therapeutic Chemical 

(ATC) categories, and therefore the total is greater than the number of drugs in the ReDO 

dataset [72]. In all, 190 relevant late-stage trials were identified. Most of these drugs are 

studied for gastrointestinal and breast cancer, representing about 50% of the 190 trials 

registered with one of the drugs of the ReDO database (Table 6) [72].  
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Table 6. Type of cancer studied on the 190 trials registered with one of the drugs of the ReDO database. 

Adapted from [72]. 

CANCER TYPE % OF TRIALS 

Gastrointestinal 28 

Breast 20 

Hematologic 12 

Lung 7 

Gynecologic 6 

Brain and CNS 5 

Other 13 

Pediatric 6 

Not specified 12 

 

A small number of drugs are currently under subject of intense clinical trial activity 

(i.e., 10 or more active late-stage trials) and should be considered to be well advanced in 

terms of a ‘repurposing drugs pipeline’ in oncology. Acetylsalicylic acid along with zoledronic 

acid are the drugs with the highest percentage of use in clinical trials involving drug 

repurposing (Table 7) [72].  
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Table 7. Drugs most studied on the 190 trials registered with one of the drugs of the ReDO database. Adapted 

from [72]. 

DRUGS WITH > 10 CLINICAL TRIALS % OF TRIALS 

Acetylsalicylic acid 14 

Celecoxib 6 

Cholecalciferol 6 

Metformin 9 

Olanzapine 5 

Zoledronic acid 11 

 

In terms of clinical trial sponsorship, the data show that very few trials have a 

commercial sponsor - less than 4% of trials in this dataset (Table 8). These clinical trials are 

largely carried out by public hospitals or universities, i.e., organisms with lower financial 

capacity and whose search for cheaper alternatives is always a priority [72]. Repositioning 

drugs enables public hospitals to lower the costs associated with the treatment of their 

patients and achieve better patient response rates. This strategy, on the other hand, also 

raises financial problems since the pharmaceutical industries have no interest in financing 

these projects, unless the drug is still patented and its eventual repurposing brings some 

financial benefit to these companies, i.e., the drug gives rise to new patents.  

Table 8. Sponsors of the 190 trials registered with one of the drugs of the ReDO database. Adapted from [72]. 

CLINICAL TRIAL SPONSOR 
% OF 

TRIALS 

University and/or hospital 67 

Research institute, organization, foundation, or network 28 

Government 2 

Small- and medium-sized pharmaceutical companies 3 

Large pharmaceutical companies 1 
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2.5.1 Repurposed Drugs with Anticancer Potential  

One of the best-known examples of cancer drug repurposing is propranolol. This 

drug was the first successfully synthesized beta-adrenergic blocker and is indicated for the 

treatment and prevention of myocardial infarction, angina, cardiac arrhythmias as well as 

migraine. In 2008, French doctors discovered that propranolol also had an unknown action 

on the biology of cells that make up the infant hemangioma, and, currently, propranolol is 

already used as therapy for this type of cancer. Propranolol is believed to decrease the 

expression of VEGF and basic fibroblast growth factor (bFGF), leading to endothelial cell 

apoptosis. Currently, propranolol has been studied for other cancers such as breast [88], 

prostate, and colon [89],  among others [90–92]. 

Specifically, in oncology, there are already some repurposed drugs that seem to be 

good candidates for clinical use. Metformin, for example, has been associated with 

decreased cell viability in studies of hepatocellular, colorectal, prostate, and breast cancer, 

among others [93]. Verapamil, a calcium channel blocker that is used to treat cardiac 

arrhythmias, has been extensively studied for drug repurposing. It has been tested in 

gemcitabine-resistant pancreatic cells and has been able to inhibit tumor progression in this 

type of cell [94]. Other drugs, such as cimetidine or progesterone, have proven beneficial 

for the treatment of colorectal and breast cancer, respectively [95]. Despite the good results, 

only drugs such as thalidomide, tretinoin, also known as all-trans retinoic acid, zoledronic 

acid, and non-steroidal anti-inflammatory drugs (NSAIDs), like indomethacin and sulindac, 

are included in the guidelines of the European Society for Medical Oncology (ESMO) and 

the NCCN. The first three drugs were rebranded and reformulated by the pharmaceutical 

companies and, in the case of NSAIDs, they are used off-label [96, 97].  

Figure 9 shows some repurposed candidates for tumor therapy and their main 

mechanism of action at the level of carcinogenesis. Many repurposed cancer drugs, like 

metformin, may act in various processes involved in tumorigeneses, such as in the 

dysregulation of cellular metabolism, proliferative signaling, or increased resistance to cell 

death [93]. Other examples include thalidomide, nelfinavir, or disulfiram. It should be noted 

that the drugs presented in Figure 13 belong to different pharmacological classes, ranging 

from anti-inflammatories, drugs for the treatment of diabetes and even for the treatment of 

alcohol dependence, among others, which demonstrates that any drug may be a good 

candidate for drug repurposing. 
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Figure 9. Relation between cancer repurposed drug candidates and the hallmarks of cancer. Reproduced from 

[93].  
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3. OBJECTIVES OF CHAPTER I 

Here, we performed a screening of several drugs for the evaluation of their potential 

for drug repurposing in breast and colorectal cancer. We studied the cytotoxic effect of drugs 

belonging to the class of antimalarial, central nervous system, antibiotics/ antifungal, and 

other drugs in two different cancer cell lines: colorectal HT-29 and breast MCF-7. To 

evaluate the anticancer potential of these repurposed drugs, both cell lines were incubated 

with increasing concentrations of each drug for a period of 48 h and cell viability was 

evaluated by MTT and/or SRB assays. Finally, the IC50 value of each repurposed drug was 

calculated, and the most promising candidates were selected for further studies.   
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4. MATERIALS AND METHODS OF CHAPTER I 

4.1 Materials and Reagents 

Dulbecco’s modified Eagle’s medium (DMEM), McCoy’s 5A Modified Medium, fetal 

bovine serum (FBS), and penicillin-streptomycin (pen-strep) solution were purchased from 

Millipore Sigma (Merck KGaA, Darmstadt, Germany). Other cell culture reagents were 

purchased from Gibco (Thermo Fisher Scientific, Inc, Waltham, MA, USA). MTT (cat. no. 

M5655) and SRB (cat. no. S1402) were obtained from Sigma-Aldrich (Merck KGaA, 

Darmstadt, Germany). 

4.1.1 Antimalarial Drugs 

Artesunate (cat. no. 11817) and cycloguanil (cat. no. 16861) were obtained from 

Cayman Chemical (Ann Arbor, Michigan, USA). Atovaquone (cat. no. 6358) was obtained 

from Tocris Bioscience (Bristol, UK). Pyronaridine (cat. no. P0049), tafenoquine (cat. no. 

SML0396), chloroquine (cat. no. C6628), lumefantrine (cat. no. L5420), primaquine (cat. no. 

160393), sitamaquine (cat. no. SML1542) and 6-methoxy-nitroquinoline (cat. no. 206571) 

were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Mefloquine (cat. 

no. sc-211784) was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). 

4.1.2 CNS Drugs 

Benztropine (cat. no. 16214), rufinamide (cat. no. 18870), thioridazine (cat. no. 

14400), quetiapine (cat. no. 14152), lamotrigine (cat. no. 15428) and fluoxetine (cat. no. 

14418) were obtained from Cayman Chemical (Ann Arbor, MI, USA). Ethosuximide (cat. 

no. PHR1413), latrepirdine (cat. no. D6196), perampanel (cat. no. P116), sertraline (cat. no. 

S6319), edaravone (cat. no. M70800), carbamazepine (cat. no. C4024), carbidopa (cat. no. 

PHR1655), entacapone (cat. no. SML0654), tolcapone (cat. no. SML0150), rivastigmine 

(cat. no. SML0881), safinamide (cat. no. SML0025), scopolamine (cat. no. PHR1470), 

selegiline (cat. no. M003) and fluphenazine (cat. no. F4765) were obtained from Sigma-

Aldrich (Merck KGaA, Darmstadt, Germany). Primidone (cat. no. 0830), nepicastat (cat. no. 

5037), and m-chlorophenilbiguanide (cat. no. 0440) were obtained from Tocris Bioscience 

(Bristol, UK). Bromocriptine was used in tablets and diluted in water before stock 

preparation. 

4.1.3 Antibiotic/Antifungal Drugs 

Natamycin (cat. no. 11634) and amikacin (cat. no. 15405) were obtained from 

Cayman Chemical (Ann Arbor, Michigan, USA). Dapsone (cat. no. A74807), clotrimazole 

(cat. no. C6019), and sulfamethoxazole (cat. no. S7507) were obtained from Sigma-Aldrich 
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(Merck KGaA, Darmstadt, Germany). Tobramycin (cat. no. 5390), gentamicin (cat. no. 

6442), vancomycin (cat. no. 5506), and tunicamycin (cat. no. 3516) were obtained from 

Tocris Bioscience (Bristol, UK).  

4.1.4 Other drugs 

Piperazine (cat. no. P45907), amiodarone (cat. no. A8423), atenolol (cat. no. 

A7655), atorvastatin (cat. no. PZ0001), furosemide (cat. no. F4381), glibenclamide (cat. no. 

G0639), metoprolol (cat. no. M5391), telmisartan (cat. no. T8949) and quinidine (cat. no. 

Q3625) were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 

Acamprosate (cat. no. 3618) was obtained from Tocris Bioscience (Bristol, UK).  

4.2 Cell line and cell culture 

4.2.1 MCF-7 cell line 

Human breast cancer MCF-7 cell line was obtained from the American Type Culture 

Collection (ATCC; Manassas, VA, USA) and maintained according to ATCC’s 

recommendations at 37 °C and 5% CO2 in DMEM medium supplemented with 10% FBS 

and 1% pen-strep solution. Cells were always maintained in the logarithmic growth phase. 

The media was renewed every 2 days, trypsinized with 0.25% trypsin-

ethylenediaminetetraacetic acid (EDTA) and subcultured in the same media.  

MCF-7 cells (5,000 cells/well) were seeded in 96-well plates and allowed to adhere 

overnight prior to drug exposure. After that, the cell culture media were replaced with drug-

containing media. Cells were exposed to drugs for 48 h, followed by SRB and/or MTT 

assays to evaluate drug treatments in the cell viability and protein synthesis rate of these 

cells. 

4.2.2 HT-29 cell line 

Human colorectal cancer HT-29 cell line was obtained from ATCC (Manassas, VA, 

USA) and maintained according to ATCC’s recommendations at 37 °C and 5% CO2 in an 

appropriate medium supplemented with 10% FBS and 1% pen-strep solution. Cells were 

always maintained in the logarithmic growth phase. The media was changed every 2 days 

and trypsinized with 0.25% trypsin-EDTA.  

A total of 200 µL of HT-29 cells (7,500 cells/well) was seeded in 96-well plates and 

allowed to adhere overnight before drug exposure. After 24 h, the cell culture media were 

replaced with 200 µL of drug-containing media. Cells were exposed to drugs for 48 h, 

followed by MTT and/or SRB assays to evaluate drug treatments in the cell viability and 

protein synthesis rate of these cells. 
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4.3 Drug treatment 

 Both cell lines were treated with increasing concentrations of each drug for 48 h 

and then, based on the MTT results, the IC50 value was determined. The IC50 of the 

therapeutic drug was determined as each drug concentration showing 50% cell growth 

inhibition as compared with the control. All conditions were performed three times 

independently, in triplicate. 

4.4 Cell viability assays 

To determine the cytotoxic effects of each drug on MCF-7 breast and HT-29 

colorectal cancer cells, MTT and/or SRB assays were used. 

4.4.1 MTT assay 

For the MTT protocol, after drug treatment, the cell medium was removed, and 200 

µL/well of MTT solution (0.5 mg/mL in phosphate-buffered saline (PBS)) was added. Cells 

were incubated for 3 h and protected from light. After this period, the MTT solution was 

removed, and dimethyl sulfoxide (DMSO, 200 µL/well) was added to solubilize the formazan 

crystals. Absorbance was measured at 570 nm in an automated microplate reader (Sinergy 

HT, Biotek Instruments Inc., Winooski, VT, USA).  

4.4.2 SRB assay 

 For the SRB assay, after treatments, the cultured cells were fixed with ice-cold 10% 

trichloroacetic acid for 30 min and stained with 0.4% SRB for 1h at room temperature. 

Excess dye was removed by rinsing several times with tap water. Protein-bound dye was 

dissolved with 400 µL 10 mM Tris base solution for the determination of absorbance with a 

microplate reader with a filter wavelength of 540 nm (Sinergy HT, Biotek Instruments Inc., 

Winooski, VT, USA). 

4.5 Data Analysis 

GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) was used to 

produce all graphs from MTT and SRB assays as well as concentration-response curves 

by nonlinear regression analysis. The viability of cells treated with each drug was 

normalized to the viability of control cells and cell viability fractions were plotted versus drug 

concentrations in the logarithmic scale. 

4.6 Statistical analysis 

The results are presented as mean ± standard error of the mean (SEM) for n 

experiments performed. All data were assayed in three independent experiences, in 
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triplicate. Statistical comparisons between control and treatment groups, at the same time 

point, were performed with the Student’s t-test and one-way analysis of variance (ANOVA) 

test. Statistical significance was accepted at p values < 0.05. 
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5. RESULTS AND DISCUSSION OF CHAPTER I 

5.1 Drug Repurposing in Breast Cancer 

5.1.1 Repurposing of Antimalarial Drugs for Breast Cancer 

The consideration of antimalarial drugs as possible anticancer agents relies on their 

ability to interfere with important oncogenic pathways, such as WNT/β-catenin, signal 

transducer and activator of transcription 3 (STAT3) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) along with the emerging role of mitochondria in 

mediating the anti-tumor effects of antimalarials [74]. Indeed, pre-clinical studies suggest 

that antimalarial drugs can have intrinsic anti-cancer activity, decrease cellular proliferation 

and induce apoptosis [98–104].  

In this way, our group selected several antimalarials and structurally grouped them 

into two main groups: quinolinic-related derivatives (1-7, Scheme 1) and non-quinolinic-

related derivatives (8-11, Scheme 1) to find the most promising antimalarial drugs for 

repurposing in breast cancer.  
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Scheme 1. Chemical structures of the antimalarial drugs evaluated in MCF-7 cells. Several compounds share 

a heterocyclic aromatic organic motif called quinoline (in red). Quinolinic-related derivatives: (1) Tafenoquine, 

(2) mefloquine, (3) chloroquine, (4) 6-methoxy-nitroquinoline, (5) pyronaridine, (6) primaquine and (7) 

sitamaquine; Non-quinolinic-related derivatives: (8) cycloguanil, (9) atovaquone, (10) artesunate and (11) 

lumefantrine. 

 

First, the cytotoxic potential of several quinolinic-related derivatives, namely 

mefloquine, tafenoquine, 6-methoxy-nitroquinoline, pyronaridine, chloroquine, primaquine, 

and sitamaquine was analyzed in a human breast cancer cell line MCF-7 (non-invasive 

human breast cancer cell line, PR and ER-positive). These antimalarial drugs were grouped 

and chosen because they share a common structural feature: a quinolinic ring (1-7, Scheme 

1). 

Mefloquine (1, Scheme 1) is a quinolinic analog commonly used in combination with 

artemisinin in the treatment of malaria. Its mechanism of action is the inhibition of parasite 

protein synthesis by binding to the Pf80S subunit of the cytoplasmic ribosome of 

Plasmodium falciparum [105]. In cancer, mefloquine is believed to be involved in the 

modulation of the pathway induced by adenosine monophosphate-activated protein kinase 

(AMPK) via reactive oxygen species (ROS) production, as well as in lysosomal disruption 

[106]. Mefloquine also presents antitumor effects and has already been tested on tumor cell 

lines of the breast [107], prostate [106], etc. Specifically, in hormone receptor-positive T47D 

and negative MDA-MB-231 breast cancer cell lines, mefloquine inhibited autophagy, 

triggered endoplasmic reticulum stress, and caused cell death [107].  

Tafenoquine (2, Scheme 1) is an 8-aminoquinoline derivative that was recently 

approved (2018) for the treatment of malaria caused by the parasite Plasmodium vivax. 

This drug is a primaquine analog and, although its mechanism remains unknown, it is 
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thought that its pharmacological activity is due to the metabolization catalyzed by the 

CYP450 complex, namely by CYP2D6 [108].  

Chloroquine (3, Scheme 1) is a 4-aminoquinoline approved for the treatment of 

malarial infections and later for the treatment of discoid and systemic lupus erythematosus 

and rheumatoid arthritis. Chloroquine has been extensively studied both in vitro and in vivo 

in various cancer types, as monotherapy and combination therapy [109]. The mechanisms 

of action of chloroquine against the malarial Plasmodium parasite are well known [110]. 

Several hypotheses have been proposed on how chloroquine exerts its anti-cancer effect, 

but some preclinical studies refer that it influences the toll-like receptor (TLR9)/NF-kB 

signaling pathway, the C-X-C Motif Chemokine Ligand 12 (CXCL12)/ C-X-C chemokine 

receptor type 4 (CXCR4) signaling pathway, and the p53 pathway. Also, chloroquine might 

affect the autophagic flux at a late stage as it inhibits the fusion of the autophagosomes with 

the lysosomes and the subsequent degradation of the autolysosome [109]. Several pre-

clinical studies also support the use of chloroquine in anti-cancer therapy, mainly combined 

with conventional chemotherapeutic drugs, such as 5-FU [111, 112]. Chloroquine has also 

been studied in different cancer cell types, such as lung [113], breast [98, 100], and colon 

[114], resulting in anti-cancer effects. Indeed, more than 30 clinical studies are currently 

evaluating the activity of this antimalarial drug combined with various standard treatments 

for different types of cancer. The idea behind this strategy is that chloroquine can increase 

tumor cells' sensibilization and therefore potentiate the therapeutic activity of 

chemotherapeutic drugs [109].  

6-methoxy-8-nitroquinoline (4, Scheme 1) was also included in this study because it 

is also a quinoline derivative structurally very similar to the previous ones. No anticancer 

properties are reported for this drug in the literature.  

Pyronaridine (5, Scheme 1) is a quinoline-related drug that inhibits the formation of 

β-hematin and promotes the lysis of blood cells. Its mechanism of action as an anti-malarial 

agent is based on the inhibition of the DNA polymerase II of the parasite Plasmodium 

falciparum through the formation of a stable complex with the DNA. In breast tumor cells, 

this drug exhibits cytotoxicity through the induction of apoptosis, by interfering with the 

progression of the cell cycle [115].  

Primaquine (6, Scheme 1) is a substituted quinoline used in the treatment of malaria, 

mainly administrated in combination with chloroquine. This drug is effective against all four 

malarial species that infect humans [116, 117]. Its mechanism of action is not well 

understood but it is thought to interfere with the mitochondria of the parasite, by generating 

ROS or by interfering with the electron transport [118]. In a study published by Kim et al, 
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primaquine, in combination with mefloquine, has also demonstrated the ability to sensitize 

drug-resistant KBV20C cancer cells by increasing P-glycoprotein inhibition [102].  

Sitamaquine (7, Scheme 1), also known as WR6026, is an 8-aminoquinoline with 

excellent efficacy against parasites and currently undergoing phase 2b clinical trials for the 

treatment of visceral leishmaniasis [119, 120]. Its mechanism of action involves inhibition of 

the respiratory chain complex II in parasites’ mitochondria, by triggering ROS formation, 

ultimately leading to Leishmania parasites’ apoptosis [121].  

For the experiments, cells were treated with increasing concentrations of each 

previously described antimalarial drug (mefloquine, tafenoquine, 6-methoxy-nitroquinoline, 

pyronaridine, primaquine, and sitamaquine), starting from 1 µM to 100 µM to evaluate cell 

viability and cellular protein content after 48 h treatment, by MTT and SRB assays, 

respectively. These cell-based assays are among the most used in pharmacological studies 

involving cancer cell lines to evaluate the anti-cancer effect of different chemotherapeutic 

agents and provide important information regarding mitochondrial metabolism and cellular 

protein content. MTT assays measure the metabolic activity of cells, while SRB assays use 

an acidic protein-dye that binds electrostatically and pH-dependent to the basic amino acid 

residues of the proteins presented in the fixed cells, giving information about the cellular 

protein content. 

Based on MTT results, the cytotoxic effects of mefloquine (Figure 10A) were 

significant even in concentrations of 1 µM, with higher concentrations causing a reduction 

in cell viability of more than 50% of the cells (Figure 10A). SRB results show a significant 

decrease in protein content inside these cells at all concentrations above or equal to 10 µM 

(Figure 10B). Both MTT and SRB assays for tafenoquine treatment demonstrate a strong 

cytotoxic effect of this antimalarial drug in MCF-7 cells for all concentrations tested above 

10 µM (Figures 10C and D). Pyronaridine treatment also significantly decreased cell 

viability, from 1 µM to 100 µM, with a pronounced effect for all concentrations above 10 µM 

(Figure 10E). SRB results are not significative but demonstrate the same tendency as MTT 

results (Figure 10F). MCF-7 cells treated with primaquine at concentrations above 10 µM 

for 48 h, had little effect on cell viability and cellular protein content (Figure 10G and H). 

Above 50 µM, this drug caused a reduction of more than 50% in cell viability and protein 

synthesis. MTT and SRB assays for 6-methoxy-nitroquinoline, and sitamaquine 

demonstrated a lack of efficacy of these antimalarial drugs on the reduction of cell viability 

and protein content of this cell line (Supplementary Figure S1). 
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Figure 10. Effects of some antimalarial quinolinic derivates on MCF-7 cells. (A) Effect of mefloquine in cell 

viability and (B) protein content. (C) Effect of tafenoquine in cell viability and (D) protein content. (E) Effect of 

pyronaridine in cell viability and (F) protein content. (G) Effect of primaquine in cell viability and (H) protein 

content. Cells were cultured in the presence of increasing concentrations of each drug. After 48 h MTT and SRB 

assays were performed to measure cellular viability as well as protein content. Values are expressed in 

percentage and represent mean ± SEM. Each experiment was done three times independently (n = 3); 

*statistically significant vs. control at p < 0.05. **statistically significant vs. control at p < 0.01. ***statistically 

significant vs. control at p < 0.001. ****statistically significant vs. control at p < 0.0001. 
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As chloroquine anti-cancer activity has been evaluated several times in breast 

cancer cells, and its IC50 is well defined in the literature, the chloroquine cytotoxic effect was 

only evaluated by MTT assay and for a range of concentrations between 16 and 256 µM, 

i.e., tested for concentrations around its IC50 value described in the literature (64 µM) [100] 

(Figure 11).  

 

 

Figure 11. Effect of chloroquine on MCF-7 cells. Cells were cultured in the presence of increasing 

concentrations of chloroquine. After 48 h, an MTT assay was performed to measure cellular viability. Values are 

expressed in percentage and represent mean ± SEM. Each experiment was done three times independently (n 

= 3); ****statistically significant vs. control at p < 0.0001. 

 

Next, the cytotoxic potential of four antimalarial non-quinolinic derivates, namely 

artesunate, lumefantrine, cycloguanil, and atovaquone was evaluated. 

 Cycloguanil (8, Scheme 1) is the active metabolite of proguanil, a prophylactic 

antimalarial drug. Proguanil is often administered together with chloroquine and atovaquone 

in the treatment of resistant malaria. Cycloguanil inhibits the enzyme dihydrofolate 

reductase in Plasmodium falciparum and Plasmodium vivax, which is involved in the 

reproduction of the parasites [122]. No reports on the anticancer activity of this antimalarial 

agent were found in the literature. 

Atovaquone (9, Scheme 1) is an antimalarial drug approved for clinical use by FDA 

in 2000. It is used for the prevention of malaria and in the treatment of pneumocystis 

pneumonia and/or toxoplasmosis in immune-compromised patients [123, 124]. Atovaquone 

can be administered alone or in combination with Proguanil and targets the Co-enzyme 

Q10-dependence of mitochondrial complex III from Plasmodium falciparum, acting as a 

Control 16 μM 32 μM 64 μM 128 μM 256 μM

0

50

100

150

MTT

Chloroquine

C
e
ll
 v

ia
b

il
it

y

(%
 o

f 
c

o
n

tr
o

l)

****

****

**** ****
****



CHAPTER I 

 
41 

 

competitive inhibitor of coenzyme Q10 [125]. Several studies demonstrated that 

atovaquone also has anti-tumoral activity against different types of cancer cells [126, 127], 

including breast cancer cells [128]. MCF-7 breast cancer cells treated with atovaquone 

demonstrated this drug inhibits oxygen-consumption and metabolically induces aerobic 

glycolysis and oxidative stress. Moreover, it was also found that atovaquone can also be 

potent and selective in mixed populations of cancer stem cells (CSCs) and non-CSCs [128].  

Artesunate (10, Scheme 1) is a derivative of artemisinin which is also indicated in 

the treatment of malaria. This drug has a cytotoxic effect in different types of cells [129] and, 

specifically in gastric cancer, its effect is associated with a decrease in the expression of 

cyclooxygenase-2 (COX-2) [130]. In triple-negative breast cells, studies have shown a 

decrease in cell proliferation through the blocking of the cell cycle in G2/M (ROS-dependent) 

and G1 (ROS-independent) [131]. In addition, the same study suggested this drug is 

capable of inhibiting angiogenesis, reducing invasion and metastasis as well as altering 

lysosomal mechanisms [131].  

Lumefantrine (11, Scheme 1) is a synthetic amino alcohol fluorene derivative, 

related to mefloquine [132]. It is an antimalarial agent used in the treatment of acute 

uncomplicated malaria. Usually, it is administered in combination with artemether for 

improved efficacy. This combination acts against the erythrocytic stages of the malaria 

parasite [122]. It can also be used to treat infections caused by Plasmodium falciparum and 

unidentified Plasmodium species, including those acquired in chloroquine-resistant. The 

exact mechanism of action of lumefantrine remains unknown but available data suggest 

that this drug inhibits the formation of β-hematin and inhibits nucleic acid and protein 

synthesis [122]. A recent study has demonstrated this drug can inhibit friend leukemia 

integration 1 transcription factor (Fli-1), a genetic element involved in brain cancer 

development and progression [133]. 

In this set of experiments, cells were treated as previous described. Based on MTT 

and SRB results, cytotoxic (Figure 12A) and protein synthesis effects (Figure 12B) of 

cycloguanil were significant for concentrations above 10 µM, but these effects were less 

pronounced compared to the previous tested antimalarial drugs. Artesunate treatment 

induced a higher reduction in cell viability (Figure 12C), at all concentrations above 10 µM, 

to a much higher extend than cycloguanil, with a reduction of more than 50% of cell viability 

in concentrations at 50 µM or more. SRB results for artesunate treatment were similar to 

those obtained by the MTT assay (Figure 12D). Neither atovaquone nor lumefantrine 

demonstrated good efficacy against MCF-7 cells, both in MTT and SRB assays (Figure S2). 
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Figure 12. Effects of some antimalarial non-quinolinic derivates on MCF-7 cells. (A) Effect of cycloguanil in cell 

viability and (B) protein content. (C) Effect of artesunate in cell viability and (D) protein content. Cells were 

cultured in the presence of increasing concentrations of each drug. After 48 h, MTT and SRB assays were 

performed to measure cellular viability as well as protein content. Values are expressed in percentage and 

represent mean ± SEM. Each experiment was done three times independently (n = 3); *statistically significant 

vs. control at p < 0.05. **statistically significant vs. control at p < 0.01. ***statistically significant vs. control at p 

< 0.001. ****statistically significant vs. control at p < 0.0001. 

 

Based on these results, it was concluded that, at this stage, the most promising 

antimalarials against MCF-7 cells were mefloquine, tafenoquine, primaquine, pyronaridine, 

chloroquine, artesunate, and cycloguanil. The first five are antimalarial quinolinic derivates 

and the last two are non-quinolinic derivatives. Therefore, after finding the most promising 

antimalarial drugs, based on the previous MTT and SRB results, we evaluated the IC50 for 

each drug. 

Both mefloquine, tafenoquine and pyronaridine presented an IC50 lesser than 10 µM, 

with IC50 values of 1.241 µM, 2.595 µM, and 1.388 µM, respectively (Figure 13A, B, and D). 

Artesunate showed less cytotoxic activity than tafenoquine, with an IC50 of 11.60 µM (Figure 

13E). Both primaquine and cycloguanil presented less ability than other antimalarial drugs 

to decrease the cell viability of MCF-7 cells, which resulted in higher IC50, with IC50 values 
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of 29.90 µM and 20.30 µM, respectively (Figure 13C and F). Chloroquine IC50 was not 

calculated as this value was already available in the literature for this cell line [100], at the 

same experimental conditions. In general, the selected antimalarials showed great activity 

in reducing the cell viability of breast cancer cells, with very low IC50. Table 9 summarizes 

the IC50 obtained for all antimalarial drugs tested in MCF-7 breast cancer cells. 

 

Figure 13. Concentration-response curves of (A) mefloquine, (B) tafenoquine, (C) primaquine, (D) pyronaridine, 

(E) artesunate and (F) cycloguanil on MCF-7 cells based on results obtained by MTT assay. The results 

represent the mean ± SEM of three independent experiments performed in triplicate.   
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Table 9. Cytotoxicity of all antimalarial drugs tested in MCF-7 breast cancer cells. IC50 values are given as mean. 

Chloroquine was not included in this table because its IC50 was obtained from the literature [100]. 

 Drug IC50  (µM) 

Quinolinic-related 

Derivatives 

Mefloquine 1.241 ± 0.064 

Tafenoquine 2.595 ± 0.060 

6-methoxy-

nitroquinoline 
> 100  

Sitamaquine > 100 

Primaquine 29.90 ± 0.02 

Pyronaridine 1.388 ± 0.216 

Non-Quinolinic-related 

Derivatives 

Artesunate 11.60 ± 0.04 

Atovaquone > 100 

Lumefantrine > 100 

Cycloguanil 20.30 ± 0.08 

 

These results demonstrate that antimalarial drugs have the ability to decrease MCF-

7 cell viability in a concentration-dependent manner, being good candidates to be used as 

standalone agents for breast cancer therapy.  

 

5.1.2 Repurposing of CNS drugs in Breast Cancer 

After demonstrating that antimalarial drugs can be promising candidates for drug 

repurposing in breast cancer, it was next hypothesized that another drug class, composed 

of different CNS drugs, could also display cytotoxic effects against MCF-7 breast cancer 

cells. Indeed, the repurposing of CNS drugs for cancer treatment has already been explored 

by the scientific community, and several studies have indeed demonstrated the 

effectiveness of this class of drugs in reducing the viability of different types of tumor cells 

[134–138].  

CNS drugs can be divided into three main classes: antipsychotics, antidepressants, 

and anticonvulsants. Moreover, antipsychotics and antidepressants can also be subdivided 
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according to their mechanism of action in tricyclic antidepressants (TCA), monoamine 

oxidase inhibitors (MAOI), selective serotonin reuptake inhibitors (SSRI), serotonin and 

norepinephrine reuptake inhibitors (SNRI), norepinephrine and dopamine reuptake 

inhibitors (NDRI) and atypical antidepressants [138].  

Several CNS drugs have demonstrated potential for drug repurposing, such as 

imipramine, phenothiazines, trifluoperazine, pimozide, and valproic acid. Imipramine, for 

example, has been studied in different types of cancer, such as glioma [137], breast [139], 

head and neck carcinoma [140], acute/chronic myeloid leukemia [141, 142], etc. 

Phenothiazines, a conventional antipsychotic drug family, which members work mainly as 

dopamine D2 antagonists, have also been studied in breast cancer [143], small-cell lung 

carcinoma [136], and oral cancer [144]. Trifluoperazine, an FDA-approved phenothiazine 

and a D2 receptor antagonist, was already studied in glioblastoma [145] and lung cancer 

[146]. Pimozide, another D2 blocking agent used for Tourette’s Disorder, can be used to 

combat cancer cells, inducing apoptotic effects in cancer cells and decreasing the 

expression of Bcl-2 [147]. Valproate (Valproic acid) is an anti-epileptic drug that blocks Na+ 

channels, gamma-aminobutyric acid (GABA) transaminase, and Ca2+ channels. This drug 

is used in epilepsy, migraine seizures, and acute manic episodes. Several studies suggest 

its beneficial role in fighting lymphoma [148], prostate [149], breast [150], bladder [151], and 

hepatocellular carcinomas [152], among others. Another recent study using different cell 

lines (malignant B, T, and myeloid cells) evaluated the effect of paroxetine and citalopram, 

two SSRI, and found these drugs are able to decrease cancer cell proliferation and induce 

apoptosis, in a concentration-dependent manner, in a mechanism serotonergic-

independent [153]. Nevertheless, the authors found these drugs were nonselective for 

cancer cells, warning of their use as standalone chemotherapeutic agents [153]; however, 

they also concluded these drugs could be used in tolerable doses, preferentially in 

combination with antineoplastic drugs, supporting their use as chemosensitizer agents 

[153].  

Therefore, four anticonvulsant drugs: ethosuximide (1, Scheme 2), perampanel (2, 

Scheme 2), primidone (3, Scheme 2) and rufinamide (4, Scheme 2), three antipsychotic 

drugs: fluphenazine (5, Scheme 2), thioridazine (6, Scheme 2) and quetiapine (7, Scheme 

2), one for stroke and amyotrophic lateral: edaravone (8, Scheme 1), one for Parkinson’s 

disease: benztropine (9, Scheme 2), another for Alzheimer’s disease: latrepirdine (10, 

Scheme 2) and two antidepressant agents: fluoxetine (11, Scheme 2) and sertraline (12, 

Scheme 2) were selected to be evaluated in MCF-7 cell line.  
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Scheme 2. Chemical structures of the CNS drugs evaluated in MCF-7 cells. (1) Ethosuximide, (2) Perampanel, 

(3) Primidone, (4) Rufinamide, (5) Fluphenazine, (6) Thioridazine, (7) Quetiapine, (8) Edaravone, (9) 

Benztropine, (10) Latrepirdine, (11) Fluoxetine, (12) Sertraline 

 

Ethosuximide (1, Scheme 2) is an anticonvulsant drug approved in the USA in 1960, 

used for the management and treatment of absence epilepsy [154]. Its mechanism of action 

involves the decrease of the threshold of T-type calcium currents and the disruption of the 

oscillatory activity of thalamocortical circuitry by blockage of T-type calcium channels [155]. 

This drug is included in the List of Essential Medicines from the WHO and is currently 
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available as generic medication. In a study published by Abdul et al, this drug demonstrated 

ability to inhibit the growth of three prostate cancer cell lines, at clinically-relevant doses 

[156].  

Perampanel (2, Scheme 2) is another anticonvulsant agent already approved in 

Europe and USA for the adjunctive treatment of partial-onset seizures (with or without 

secondary generalized seizures) in patients with epilepsy [157]. It is a non-competitive 

antagonist of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, 

ligand-gated ion channels activated by glutamate. A recent study demonstrated that 

perampanel may also have promising antitumor effects in malignant glioma cells, through 

the induction of apoptosis [158].  

Primidone (3, Scheme 2) is a first-generation barbiturate type antiepileptic 

medication developed to treat seizures, commonly for partial and generalized seizures 

[159]. It received its approval from FDA in 1954 for the treatment of epilepsy but nowadays 

this drug is not a first-choice drug [159]. The mechanism of action of this drug is not well-

defined, but some studies suggest this drug binds to voltage-gated sodium channels, 

inhibiting the monotonous firing of action potentials [160]. Moreover, this drug also seems 

to activate the GABA-A receptor complex [161]. To date, no studies of this drug in cancer 

cells were found in the literature.   

Rufinamide (4, Scheme 2) is a triazole derivative drug structurally unrelated to any 

other anti-seizure drugs. It was developed first in 2004 but was only approved by FDA in 

2008, for the adjunctive treatment of seizures associated with Lennox Gastaut syndrome 

[162]. Its mechanism of action is still unknown but in vitro studies have demonstrated this 

drug stabilizes the inactive state of sodium channels, preventing sodium channels from 

returning to an activated state, therefore decreasing the neuronal hyperexcitability and 

action potential propagation [163]. No findings are reported regarding the use of this drug 

in cancer cells.  

Fluphenazine (5, Scheme 2) is a typical antipsychotic used for the symptomatic 

management of psychosis in patients with schizophrenia. This drug is part of a class of 

drugs known as first-generation antipsychotics or conventional antipsychotics 

[164]. Fluphenazine is an antagonist of the postsynaptic mesolimbic dopaminergic D1 and 

D2 receptors in the brain and depresses the release of hypothalamic and hypophyseal 

hormones [164]. Recently, using triple-negative breast cancer cells, fluphenazine 

demonstrated the ability to inhibit cancer cell growth, induce G0/G1 cell cycle arrest, and 

induce mitochondria-mediated apoptosis [165].  
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Thioridazine (6, Scheme 2) is an FDA-approved medication to treat schizophrenia 

and schizophrenia spectrum disorders and is similar to other first-generation, or typical 

antipsychotics [166].  Its mechanism of action involves the blockage of dopaminergic D1 

and D2 receptors in the mesolimbic pathway, diminishing positive symptoms. Recently, it 

was found that this drug significantly suppresses the proliferation and invasion of colon 

cancer stem cells and induces cell apoptosis in a concentration-dependent manner. It was 

found that apoptosis genes such as Bax and caspase-3 were overexpressed after 

thioridazine treatment, while anti-apoptosis gene Bcl-2 was downregulated. Accordingly, 

the mitochondrial potential of these cells was also downregulated [167].  

Quetiapine (7, Scheme 2) is an atypical antipsychotic drug that is used to treat 

schizophrenia and other neurologic disorders such as depression [168]. Recently, a study 

demonstrated that quetiapine is able to decrease the proliferation of brain cancer cells and 

induce glioblastoma-derived stem-like cell differentiation by inhibiting the WNT/β-catenin 

signaling pathway [169].  

Edaravone (8, Scheme 2) is a pyrazolone derivative usually prescribed for the 

treatment of amyotrophic lateral sclerosis or after an acute cerebral infarction [170]. It was 

first approved in Japan and South Korea in 2015 and then in the USA in 2017 [171, 172]. 

Besides being a scavenger of oxygen free radicals, it also modules some transcription 

factors, repressing NF-kB and activating nuclear factor erythroid 2–related factor 2 (Nrf2), 

acting as an oxidative stress modulator [173]. Nrf2 is a transcription factor that plays an 

important role in the response of cells to oxidative stress since it regulates the expression 

of multiple antioxidant key genes [174]. Under oxidative stress, this transcription factor 

translocates into the nucleus and modulates the expression of the antioxidant enzymes 

heme oxygenase-1 (HO-1), thioredoxin-1, and peroxiredoxin genes family as well as 

enzymes implanted in glutathione synthesis [175]. In cancer cells, Nrf2 is an important 

player in the development of drug resistance, impairing drug-mediated oxidative stress and 

contributing to cancer cell survival, by inhibiting apoptosis and promoting cell proliferation 

[176, 177]. Nevertheless, some studies have been implicating this drug as a moderate 

anticancer agent [178–181]. A study demonstrated this drug has antiproliferative properties 

and is able to significantly enhance the anticancer and antimetastatic activities of irinotecan 

in a colon cancer model [178].  

Benztropine (9, Scheme 2) is an FDA-approved drug for adjunctive therapy for all 

forms of parkinsonism. It is a selective inhibitor of dopamine transporter and presents affinity 

for histamine and M1 muscarine receptors [182]. Recent studies suggest that benztropine 
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reduces the activity of oncogenic signaling transducers and trans-activators for MMP9, 

including STAT3, NF-kB, and β-catenin [183].  

Latrepirdine (10, Scheme 2) is an antihistamine drug that has been recently 

proposed for drug repurposing as a neuroprotective drug for the management and treatment 

of Alzheimer’s disease [184]. This drug seems to operate through diverse mechanisms of 

action, involving the blockage of neurotoxic beta-amyloid proteins and inhibition of L-type 

calcium channels as well as modulation of AMPA and N-methyl D-aspartate (NMDA) 

glutamate receptors [185]. Its neuroprotective effect may involve mitochondrial pores [186]. 

Nevertheless, this drug has failed in several Alzheimer’s disease clinical trials [187] as well 

as in a phase III trial for Huntington disease [188]. To our knowledge, this drug has never 

been studied in cancer cells. 

Fluoxetine (11, Scheme 2) is an FDA-approved drug for major depressive disorder, 

obsessive-compulsive disorder, panic disorder, among other disorders. It exerts its effects 

by blocking the reuptake of serotonin into presynaptic serotonin neurons by blocking the 

reuptake transporter protein located in the presynaptic terminal [189]. Fluoxetine was found 

to significantly decrease the proliferation of several breast cancer cell lines by inducing 

apoptosis and autophagy-mediated cell death or endoplasmic reticulum stress and 

autophagy, respectively [190–193]. This drug has also demonstrated the ability to decrease 

the proliferation of PC-3, DU-145 and LNCaP prostate cancer cells, both in vitro and in 

animal models [194]. In other studies, this SSRI has also been able to induce apoptosis of 

C6 glioma [195] and neuroblastoma cells [196], in a mechanism involving the activation of 

MAPK/Jun N-terminal kinase (JNK) pathway, including phosphorylation of the c-Jun protein 

[196]. Another study observed a decrease in the cell viability of Jurkat malignant T cells 

after treatment with 20 µM of fluoxetine, demonstrating the potential of this drug to act as 

an anticancer agent [197].  

Sertraline (12, Scheme 2) is a drug belonging to the class of SSRI, which are 

antidepressants commonly used in the management of psychiatric disorders [198]. This 

drug was among the first SSRI compounds to be approved by the FDA for clinical use, in 

1992 [199]. This drug demonstrates efficacy in the treatment of depression, including major 

depressive disorder, anxiety, and eating disorders, and also premenstrual dysphoric 

disorders [199]. Its primary mechanism of action involves the inhibition of serotonin reuptake 

into the pre-synaptic nerve terminals, which causes the elevation of serotonin levels in the 

synaptic gap [200]. Several studies have reported the promising anticancer effects of 

sertraline, in different types of cancer cell lines [201–205]. It was found that sertraline 

decreases cell viability, proliferation, migration, and invasion, induces apoptosis, and 
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causes cell cycle arrest in different types of cancer cells, besides being an established P-

glycoprotein modulator. It was also found that this drug is able to modulate autophagy, 

cause DNA fragmentation, and induce ROS formation. Moreover, it was found this drug 

targets important cellular pathways involved in tumorigeneses such as the tumor necrosis 

factor (TNF)/Mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4)/JNK 

pathway, the antiapoptotic pathway PI3K/Ak strain transforming (AKT)/mammalian target 

of rapamycin (mTOR), and the AMPK/mTOR axis. This drug also interferes with the 

translationally controlled tumor protein (TCTP)/p53 feedback loop and with the cytosolic 

free Ca2+ levels. 

For this set of experiments and as previously described, MCF-7 cells were treated 

with increasing concentrations of each drug, and cell viability was evaluated by MTT and/or 

SRB assays after 48 h treatment. To perform a better accurate determination of the IC50 

values of each drug, the range of concentrations for each drug was extended from 0.1 to 

100 µM. 

Based on the MTT results, it was found that several CNS drugs, such as fluoxetine, 

sertraline, thioridazine, fluphenazine, and benztropine displayed significant anti-tumor 

activity in MCF-7 cells. Specifically, cytotoxic effects of fluoxetine (Figure 14A) were 

significant in concentrations above 10 µM, with 7.78 µM causing a reduction of more than 

50% of the cells (Figure 14B). The anti-tumor effect of sertraline was the strongest among 

all drugs tested alone, and concentrations above 10 µM killed almost all cells (Figure 14C). 

The IC50 value obtained for sertraline was the lowest, i.e., about 2.22 µM (Figure 14D). MTT 

results for thioridazine demonstrated a strong cytotoxic effect of this CNS drug in HT-29 

cells for all concentrations tested above 10 µM (Figure 14E). The dose-response curve for 

thioridazine resulted in an IC50 value of 5.72 µM (Figure 14F). Fluphenazine showed 

significant anti-tumor effects similar to sertraline in concentrations above 10 µM (Figure 

14G) and the IC50 value obtained was 2.68 µM (Figure 14H). Benztropine treatment 

significantly decreased MCF-7 breast cancer cell viability for all concentrations above 15 

µM (Figure 14I) and an IC50 value of 21.71 µM (Figure 14J). Treatment with ethosuximide, 

rufinamide, and perampanel did not result in significant changes in the viability of MCF-7 

cells (Figure S3).  Only treatments with primidone and latrepirdine at doses of 100 µM and 

above 25 µM, respectively, had a significant effect on the cell viability (Figure S3), resulting 

in an IC50 value of more than 70 µM (Table 10). Treatments with 0.1 µM edaravone 

demonstrated a significant reduction of MCF-7 cell viability but in a lower extend (< 10%); 

moreover, only the highest concentration (100 µM) of quetiapine was able to decrease 
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significantly MCF-7 cellular viability (Figure S4).  Table 10 summarizes the IC50 obtained for 

all CNS drugs tested in MCF-7 breast cancer cells. 
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Figure 14. The effects of some CNS drugs on MCF-7 cells. (A) The effect of fluoxetine on cell viability and (B) 

the dose-response curve. (C) The effect of sertraline on cell viability and (D) dose-response curve. (E) The effect 

of thioridazine on cell viability and (F) the dose-response curve. (G) The effect of fluphenazine on cell viability 

and (H) the dose-response curve. (I) The effect of benztropine on cell viability and (J) the dose-response curve. 

Cells were cultured in the presence of increasing concentrations of each drug, and after 48 h, the MTT assay 

was performed to measure the cellular viability. Values are expressed in percentage of control and represent 

mean ± SEM. Each experiment was done three times independently (n = 3); * statistically significant vs. control 

at p < 0.05. ** statistically significant vs. control at p < 0.01. **** statistically significant vs. control at p < 0.0001. 

 

Table 10. Cytotoxicity of all CNS drugs tested in MCF-7 breast cancer cells. IC50 values are given as mean. 

Drug IC50 (µM) 

Fluphenazine 2.682 ± 0.268 

Fluoxetine 7.778 ± 0.066 

Benztropine 21.71 ± 0.05 

Thioridazine 5.723 ± 0.594 

Sertraline 2.217 ± 0.156 

Ethosuximide > 100 

Perampanel > 100 

Primidone > 100 

Rufinamide > 100 

Quetiapine > 100 

Edaravone > 100 

Latrepirdine 75.37 ± 0.17 

 

These results demonstrate that some CNS agents, such as fluoxetine, sertraline, 

benztropine, fluphenazine, and thioridazine, are good candidates to be used as standalone 

agents for breast cancer therapy.  
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5.1.3 Repurposing of Antibiotic/Antifungal Drugs for Breast Cancer Therapy 

Next, it was selected and screened another class of drugs for repurposing in breast 

cancer. Based on evidence that demonstrated that several antibiotic and antifungal drugs 

may promote cancer apoptosis, inhibit cancer growth and prevent cancer metastasis [206, 

207], four antibiotic drugs: tobramycin (1, Scheme 3), sulfamethoxazole (2, Scheme 3), 

dapsone (3, Scheme 3) and tunicamycin (4, Scheme 3) as well as one antifungal drug 

(natamycin, 5, Scheme 3) were selected to be tested in the MCF-7 breast cancer cell line.  

 

 

Scheme 3. Chemical structures of the antibiotic/antifungal drugs evaluated in MCF-7 cells. (1) Tobramycin, (2) 

Sulfamethoxazole, (3) Dapsone, (4) Tunicamycin, (5) Natamycin 

 

Tobramycin (1, Scheme 3) is an antibiotic that belongs to the aminoglycosides, used 

for the management and treatment of systemic and ocular infections [208]. Its mechanism 
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of action involves the binding of the drug to the 16s ribosomal ribonucleic acid (RNA) of the 

bacterial 30s ribosomal unit, which leads to the inhibition of the initiation step of translation, 

which consequently results in incorrectly synthesized proteins and the disruption of the cell 

membrane [209]. To date, no reports have described anticancer properties for this antibiotic.  

Sulfamethoxazole (2, Scheme 3) is a bacteriostatic sulfonamide antibiotic frequently 

used in combination with trimethoprim [210]. This combination is usually given for the 

treatment of a variety of bacterial infections, including those of the urinary, respiratory, and 

gastrointestinal tracts. Its mechanism of action is related to folic acid synthesis [210]. This 

drug has never been evaluated in cancer cells.  

Dapsone (3, Scheme 3) is an antibiotic drug indicated for a variety of conditions, 

both dermatologic and non-dermatologic. The FDA-approved indications include leprosy 

and dermatitis herpetiformis [211]. It acts via inhibition of the folic acid pathway, by 

preventing bacteria from using para-aminobenzoic acid (PABA) for the synthesis of folic 

acid by competitively antagonizing PABA [212]. In a recent study, several dapsone 

derivatives demonstrated the ability to induce apoptotic cell death in Hep G2 and C6 human 

cancer cell lines [213].  

Tunicamycin (4, Scheme 3) is a nucleoside antibiotic that acts as an inhibitor of 

glycosylation, impairing the protein folding machinery in eukaryotic cells and leading to the 

accumulation of unfolded proteins in the endoplasmic reticulum [214]. Several studies have 

demonstrated that tunicamycin exhibits anti-cancer potential [215–220].  

Natamycin (5, Scheme 4) is an amphoteric macrolide antifungal antibiotic from 

Streptomyces natalensis or S. chattanoogensis, that is used for the treatment of a variety 

of fungal infections, mainly topically [221]. This drug is included in the WHO List of Essential 

Medicines. Its mechanism of action involves the binding of the drug to ergosterol in the 

plasma membrane, preventing ergosterol-dependent fusion of vacuoles, as well as 

membrane fusion and fission [222]. The anticancer potential of this drug has been already 

explored in prostate cancer [223] and hepatocellular carcinoma [224].  

Despite the evidence of the anticancer potential of some drugs among this drug 

class, the results regarding the cytotoxic activity of tobramycin, sulfamethoxazole, dapsone, 

tunicamycin, and natamycin did not demonstrate promising anticancer profiles of these 

agents in MCF-7 breast cancer cells (Figure S5).  
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5.1.4 Repurposing of Other Drugs for Breast Cancer Therapy 

Finally, the repurposing potential of two other drugs (piperazine and quinidine) was 

further evaluated in breast cancer cells. Piperazine (1, Scheme 4) is an anthelminthic 

especially useful in the treatment of partial intestinal obstruction caused by Ascaris worms, 

which is a condition primarily seen in children. Currently, there are several piperazine-based 

therapeutics, such as anti-depressants [225, 226], anti-viral [227, 228], anti-inflammatory 

[229, 230], and antioxidant agents [231, 232]. Additionally, several piperazine derivatives 

have also demonstrated significant anticancer activity on glioblastoma (U87) and cervix 

cancer (HeLa) cells [233].  

Quinidine (2, Scheme 4) is one of the oldest known antiarrhythmics and is currently 

used in the management and treatment of specific arrhythmias and malaria [234]. Its 

mechanism of action involves the inhibition of the fast inward sodium current, depressing 

the phase 0 of the action potential hence dampening the excitability of cardiac muscles, 

which in turn prolongs the action potential and decreases automaticity [234]. As an 

antimalarial agent, this drug acts against the erythrocytic stage of the Plasmodium species 

[234]. To date, no studies have been done on the anticancer potential of this drug.  

 

 

Scheme 4. Chemical structures of (1) piperazine and (2) quinidine. 

 

The results regarding the cytotoxic activity of piperazine and quinidine demonstrated 

that both drugs do not induce significant cytotoxic effects against breast cancer cells (Figure 

S6).  
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5.2 Drug Repurposing in Colorectal Cancer 

5.2.1 Repurposing of Antimalarial Drugs for Colorectal Cancer 

Although the relationship between (familial) breast cancer and colorectal cancer is 

a controversial subject, recently, it was discovered that rare mutations in the NTHL1 gene, 

which was originally associated with colorectal cancer, also cause breast cancer [235]. For 

this reason and to confirm if the previously tested drugs would maintain their anti-cancer 

activity in a different type of cancer, it was next selected some of the antimalarial drugs 

previously evaluated in MCF-7 cells and investigated their probable antitumor effects 

against the HT-29 colorectal cell line.  

Based on the previous results, it was selected two quinolinic-related derivatives, 

mefloquine and chloroquine, and one non-quinolinic-related derivative, artesunate. 

Mefloquine was selected because this antimalarial drug demonstrated significant anticancer 

effects in MCF-7 cells, even at the lowest concentration tested (1 µM), which also resulted 

in this drug having the lowest IC50 value among all quinolinic-related derivatives. Artesunate 

was selected because it also presented the lowest IC50 among all tested non-quinolinic-

related derivatives. Chloroquine was included due to the large literature data that indicate 

this drug can be a good candidate for drug repurposing in colorectal cancer.   

HT-29 cells were treated with increasing concentrations of each drug, starting from 

1 µM to 100 µM to evaluate cell viability after 48 h of treatment. Based on the MTT results, 

we found that mefloquine and artesunate displayed significant anti-tumor activity in HT-29 

cells. All concentrations of the antimalarial drug mefloquine above 10 µM showed a strong 

effect on the cell viability of HT-29 cells, with more than 50% of the cells being not viable 

(Figure 15A). The dose-response curve resulted in a value of 11.49 µM for the IC50 (Figure 

15B). Artesunate also demonstrated good efficacy against these cells at all concentrations 

above 10 µM (Figure 15C), with an IC50 value under 20 µM (Figure 15D). MTT assays for 

chloroquine demonstrated a lack of efficacy of this drug on the reduction of HT-29 cell 

viability for all concentrations under 25 µM, with an IC50 value above 20 µM (Figure S7). 

Table 11 summarizes the IC50 obtained for all antimalarial drugs tested in this cell line. 
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Figure 15. Effects of some antimalarial drugs on HT-29 cells. (A) Effect of mefloquine in cell viability and (B) 

dose-response curve. (C) Effect of artesunate in cell viability and (D) dose-response curve. Cells were cultured 

in the presence of increasing concentrations of each drug and after 48 h, the MTT assay was performed to 

measure cellular viability. Values are expressed in percentage of control and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); *** statistically significant vs. control at p < 0.001. **** 

statistically significant vs. control at p < 0.0001. 

 

Table 11. Cytotoxicity of all antimalarial agents evaluated in HT-29 colon cancer cells. IC50 values are given as 

mean. 

Drug IC50 (µM) 

Chloroquine 32.13 ± 0.02 

Mefloquine 11.49 ± 0.45 

Artesunate 17.88 ± 0.05 

 

These results also demonstrate that antimalarial drugs may also be used as 

antitumor agents in colorectal cancer, besides breast cancer. Nevertheless, comparing the 

IC50 values for both cell lines, it is possible to conclude that this class of drugs is more 

effective in breast cancer cells. 
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5.2.2 Repurposing of CNS drugs in Colorectal Cancer 

Next, it was evaluated if CNS agents could also display significant anticancer activity 

against HT-29 colon cancer cells. To do so, the probable antitumor effect of different CNS 

drugs was investigated, namely the most promising ones previously tested in MCF-7 cells 

(benztropine, fluoxetine, sertraline, fluphenazine, latrepirdine and thioridazine (Scheme 2)) 

and some novel CNS drugs, namely carbamazepine, lamotrigine, m-chlorophenilbiguanide, 

selegiline, rivastigmine, entacapone, tolcapone, safinamide, carbidopa, scopolamine, 

nepicastat and bromocriptine (Scheme 5) in HT-29 colon cancer cells. Although edaravone, 

quetiapine, and perampanel did not demonstrate anticancer potential against breast cancer 

cells, these drugs were also included in this evaluation.  

 

 

Scheme 5. Chemical structures of the CNS drugs evaluated in HT-29 colon cancer cells: (1) bromocriptine, (2) 

carbidopa, (3) entacapone, (4) tolcapone, (5) safinamide, (6) selegiline, (7) carbamazepine, (8) lamotrigine, (9) 

m-Chlorophenilbiguanide, (10) nepicastat, (11) scopolamine and (12) rivastigmine. 
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Bromocriptine (1, Scheme 5) is an agonist of dopaminergic D2 and D3 receptors in 

the brain, commonly used for the management and treatment of Parkinson’s Disease [236]. 

The repurposing of this drug for cancer therapy has already been studied [237, 238].  

Carbidopa (2, Scheme 5) is an inhibitor of the aromatic amino acid decarboxylase 

and the peripheral metabolism of levodopa. It is commonly administered in combination with 

levodopa for the treatment of Parkinson’s Disease [239]. This drug has been demonstrated 

to suppress prostate cancer via aryl hydrocarbon receptor-mediated ubiquitination and 

degradation of androgen receptors [240] and to be a promising candidate for the therapy of 

pancreatic cancer [241].  

Entacapone (3, Scheme 5) and tolcapone (4, Scheme 5) act as adjuvants to 

levodopa/carbidopa therapy and are reversible inhibitors of the catechol-O-

methyltransferase (COMT) in peripheral tissues, altering the plasma pharmacokinetics of 

levodopa [242, 243]. Entacapone demonstrated the ability to enhance the antiproliferative 

activity of fruit-derived anthocyanins in different human cancer cell lines [244]. Tolcapone 

was also demonstrated to be cytotoxic to neuroblastoma cells through induction of oxidative 

stress, leading to apoptosis both in vitro and in animal models [245]. Moreover, entacapone 

and tolcapone combined with (-)-Epigallocatechin-3-gallate synergistically inhibited the 

growth of lung cancer cells in culture [246].  

Safinamide (5, Scheme 5) is a reversible inhibitor of monoamine oxidase type B 

(MAO-B), blocks voltage-dependent Na+ and Ca2+ channels, and inhibits glutamate release 

[247]. To our knowledge, this drug has no reports about its cytotoxic effects against cancer 

cells.  

Selegiline (6, Scheme 5) is an irreversible inhibitor of MAO-B. It binds to MAO-B and 

blocks the microsomal metabolism of dopamine, enhancing the dopaminergic activity in the 

substantial nigra. It can also inhibit monoamine oxidase type A (MAO-A) [248]. Selegiline 

was also found to exert cytotoxicity towards acute myeloid leukemia through inhibition of 

mitochondrial respiration [249].  

Carbamazepine (7, Scheme 5) inhibits sodium channel firing, treating seizure 

activity. In bipolar disorder, carbamazepine is thought to increase dopamine turnover and 

increase GABA transmission [250]. In SW480 colon cancer cell lines, carbamazepine 

treatment caused a decrease in β-Catenin and VEGF levels [251].  Moreover, in ER-positive 

breast cancer cell lines, this drug has shown significant anti-proliferation effects due to the 

enhancement of proteosome-mediated degradation of ERα and Cyclin D1 [252]. 

Carbamazepine was also found to promote HER-2 protein degradation in breast cancer 
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cells by modulating histone deacetylase 6 (HDAC6) activity and acetylation of heat shock 

protein 90 (Hsp90) [253].  

Lamotrigine (8, Scheme 5) is used to treat the following partial seizures, primary 

generalized tonic-clonic seizures, bipolar I disorder maintenance, and Lennox-Gastaut 

syndrome. It binds selectively and inhibits voltage-gated sodium channels, stabilizing 

presynaptic neuronal membranes and inhibiting presynaptic glutamate and aspartate 

release [254]. No reports of lamotrigine in cancer cells have been found.  

m-chlorophenilbiguanide (9, Scheme 5) is an allosteric agonist and modulator of the 

5-HT3 receptor and an antagonist of the α2A-adrenergic receptor [255, 256]. Several 

biguanide derivatives have been studied for cancer therapy [257–259].  

Nepicastat (10, Scheme 5) is an inhibitor of dopamine β-hydroxylase, an enzyme 

that catalyzes the conversion of dopamine to norepinephrine [260]. It has been studied as 

a possible treatment for congestive heart failure. In 2012, clinical trials to assess nepicastat 

as a treatment for post-traumatic stress disorder and cocaine dependence have been 

completed [261, 262]. Nevertheless, this drug has never been studies against cancer cells.  

Scopolamine (11, Scheme 5) is a non-selective competitive inhibitor of G-protein-

coupled muscarinic receptors, with anticholinergic action [263]. No reports are described 

regarding the anticancer effects of scopolamine.  

Rivastigmine (12, Scheme 5) binds reversibly with and inactivates cholinesterase 

(e.g., acetylcholinesterase and butyrylcholinesterase), preventing the hydrolysis of 

acetylcholine, and thus, leading to an increased concentration of acetylcholine at cholinergic 

synapses [264]. To our knowledge, rivastigmine has no reports about its cytotoxic effects 

against cancer cells. 

Based on the MTT results, it was found that latrepirdine, fluphenazine, fluoxetine, 

benztropine, thioridazine, and sertraline displayed significant anti-tumor activity in HT-29 

cells. Cytotoxic effects of latrepirdine (Figure 16A) were significant even in concentrations 

of 1 µM, with 7.75 µM causing a reduction of more than 50% of the cells (Figure 16B). 

Fluphenazine's anti-tumor effect was the strongest among all tested drugs and 

concentrations above 10 µM killed almost all cells (Figure 16C). Indeed, the IC50 obtained 

for fluphenazine was the lowest and it was less than 2 µM (Figure 16D). The MTT assay for 

fluoxetine treatment demonstrated a strong cytotoxic effect of this CNS drug in HT-29 cells 

for all concentrations tested above 10 µM (Figure 16E). The dose-response curve for 

fluoxetine revealed an IC50 value of 6.12 µM (Figure 16F). Benztropine showed significant 
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anti-tumor effects in concentrations above 10 µM (Figure 16G) and the IC50 value obtained 

was 18.23 µM (Figure 16H).  

 

Figure 16. The effects of some CNS drugs on HT-29 cells. (A) The effect of latrepirdine on cell viability and (B) 

the dose-response curve. (C) The effect of fluphenazine on cell viability and (D) the dose-response curve. (E) 

The effect of fluoxetine on cell viability and (F) the dose-response curve. (G) The effect of benztropine on cell 

viability and (H) the dose-response curve. Cells were cultured in the presence of increasing concentrations of 

each drug, and after 48 h, the MTT assay was performed to measure the cellular viability. Values are expressed 

in percentage of control and represent mean ± SEM. Each experiment was done three times independently (n 

= 3); ** statistically significant vs. control at p < 0.01. *** statistically significant vs. control at p < 0.001. **** 

statistically significant vs. control at p < 0.0001. 
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Thioridazine treatment also significantly decreased HT-29 cell viability, from 1 µM to 

100 µM, with more pronounced cytotoxic effects for all concentrations above 5 µM (Figure 

17A) and an IC50 value of 4.26 µM (Figure 17B). Treatment with sertraline at doses above 

1 µM for 48 h had a strong effect on the cell viability (Figure 17C), resulting in an IC50 value 

of less than 3 µM (Figure 17D).  

 

 

Figure 17. The effects of some CNS drugs on HT-29 cells. (A) The effect of thioridazine on cell viability and (B) 

the dose-response curve. (C) The effect of sertraline on cell viability and (D) the dose-response curve. Cells 

were cultured in the presence of increasing concentrations of each drug, and after 48 h, the MTT assay was 

performed to measure the cellular viability. Values are expressed in percentage of control and represent mean 

± SEM. Each experiment was done three times independently (n = 3); * statistically significant vs. control at p < 

0.05. *** statistically significant vs. control at p < 0.001. **** statistically significant vs. control at p < 0.0001. 

Interestingly, and contrary to MCF-7 cells, quetiapine demonstrated the ability to 

induce a reduction in the viability of HT-29 colorectal cancer cells in a concentration-

dependent manner (Figure 18A), with an IC50 value of 15.19 µM (Figure 18B).  
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Figure 18. The effects of another CNS drug on HT-29 cells. (A) The effect of quetiapine on cell viability and (B) 

the dose-response curve. Cells were cultured in the presence of increasing concentrations of each drug, and 

after 48 h, the MTT assay was performed to measure the cellular viability. Values are expressed in percentage 

of control and represent mean ± SEM. Each experiment was done three times independently (n = 3); * 

statistically significant vs. control at p < 0.05. **** statistically significant vs. control at p < 0.0001. 

 

MTT assays for other CNS drugs (bromocriptine, carbamazepine, carbidopa, 

entacapone, tolcapone, lamotrigine, m-chlorophenilbiguanide, nepicastat, perampanel, 

rivastigmine, safinamide, scopolamine, selegiline and edaravone) demonstrated a lack of 

efficacy of these drugs on the reduction of HT-29 cell viability or IC50 values above 20 µM 

(Figures S8 and S9). Table 12 summarizes the IC50 obtained for all CNS drugs tested in 

this cell line. 

 

Table 12. Cytotoxicity of all CNS drugs tested in HT-29 colon cancer cells. IC50 values are given as mean. 

Drug IC50 (µM) 

Selegiline >100  

Entacapone 40.89 ± 0.05 

Tolcapone 35.47 ± 0.07 

Latrepirdine 7.75 ± 0.14 

Fluphenazine 1.86 ± 0.05 

Safinamide >100  

Fluoxetine 6.12 ± 0.05 

Benztropine 18.23 ± 0.03 
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Thioridazine 4.26 ± 0.02 

Carbidopa >75  

Bromocriptine >100  

Nepicastat 61.24 ± 0.04 

Scopolamine >100  

Carbamazepine >100  

Sertraline 2.45 ± 0.03 

Rivastigmine >100  

m-Chlorophenilbiguanide >100  

Edaravone > 50 

Quetiapine 15.19 ± 0.20 

Perampanel >100 

Lamotrigine >100 

 

These results demonstrate that some CNS agents, such as latrepirdine, 

fluphenazine, fluoxetine, benztropine, thioridazine, sertraline, and quetiapine can be good 

candidates as standalone agents for therapeutical use in colorectal cancer. Table 13 shows 

a comparison between the IC50 obtained for these drugs in both cell lines (MCF-7 and HT-

29).  
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Table 13. Comparison between the IC50 of several CNS drugs in HT-29 and MCF-7 cancer cells. IC50 values 

are given as mean. 

Drug 
HT-29 

IC50 (µM) 

MCF-7 

IC50 (µM) 

Fluphenazine 1.86 2.68 

Fluoxetine 6.12 7.78 

Benztropine 18.23 21.71 

Thioridazine 4.26 5.72 

Sertraline 2.45 2.22 

Latrepirdine 7.75 75.37 

Quetiapine 15.19 > 100 

 

Comparing these results, it is possible to verify that all IC50 values, except for 

sertraline, obtained for MCF-7 breast cancer cells are higher than the ones obtained for HT-

29 colon cancer cells, demonstrating that this class of drugs has higher cytotoxic potential 

in colorectal cancer cells than in breast cancer cells. 
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5.2.3 Repurposing of Antibiotic/Antifungal Drugs for Colorectal Cancer 

Therapy 

Although antibiotic and antifungal drugs have not demonstrated promising 

anticancer effects against breast cancer, it was still hypothesized that these classes of 

drugs could be effective against colorectal cancer cells. Therefore, the cytotoxic effect of 

three antibiotic drugs: amikacin (1, Scheme 6), gentamicin (2, Scheme 6), vancomycin (3, 

Scheme 6), and one antifungal drug: clotrimazole (4, Scheme 6) was further evaluated in 

the HT-29 colorectal cancer cell line.  

 

Scheme 6. Chemical structures of the CNS drugs evaluated in HT-29 colon cancer cells: (1) amikacin, (2) 

gentamicin, (3) vancomycin, and (4) clotrimazole. 
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Amikacin (1, Scheme 6) is an antimicrobial drug with activity against resistant gram-

negative bacilli such as Acinetobacter baumanii and Pseudomonas aeruginosa [265]. It also 

has excellent activity against most aerobic gram-negative bacilli from the 

Enterobacteriaceae family, including Nocardia sp. and some Mycobacterium spp [265]. A 

recent study demonstrated that amikacin suppresses human breast cancer cell MDA-MB-

231 migration and invasion [266].  

Gentamicin (2, Scheme 6) is an aminoglycoside antibiotic that exhibits bactericidal 

activity against aerobic gram-negative bacteria and is used to treat several common 

infections [267]. This drug targets acid sphingomyelinase in human gastric cancer NCI-N87 

cells [268] and has demonstrated the ability to arrest cancer cell growth on non-Hodgkin’s 

T-cell human lymphoblastic lymphoma (SUP-T1) [269].  

Vancomycin (3, Scheme 6) is a tricyclic glycopeptide antibiotic originally derived 

from the organism Streptococcus orientalis and used to treat and prevent various bacterial 

infections caused by gram-positive bacteria [270]. In a recent study, vancomycin treatment 

increased the efficacy of radiotherapy in animal models [271].  

Clotrimazole (4, Scheme 6) is a synthetic imidazole with a broad spectrum of 

antimycotic activity, commonly used for the treatment of oral candidiasis, vaginal 

candidiasis, and dermatomycoses [272]. Additionally, clotrimazole has also been reported 

to have antitumor activity with minimal effect on normal cells [273]. 

Similar to the previous findings in MCF-7 cells, antibiotic treatment in the HT-29 

colorectal cancer cell line demonstrated this class of drugs is not able to induce cytotoxicity 

in these cancer cells (Figure S10). However, clotrimazole treatment resulted in a strong 

reduction in the number of viable cells, with a significative decrease in HT-29 cell viability 

at concentrations above 10 µM (Figure 19A), with an IC50 value of 21.64 µM (Figure 19B).  

 

 

Figure 19. The cytotoxic effects of clotrimazole on HT-29 cells. (A) The effect of clotrimazole on cell viability 

and (B) the dose-response curve. Cells were cultured in the presence of increasing concentrations of each drug, 
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and after 48 h, the MTT assay was performed to measure the cellular viability. Values are expressed in 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3); *** statistically significant vs. control at p < 0.001. **** statistically significant vs. control at p < 0.0001. 

 

These results demonstrate that the repurposing of clotrimazole is plausible and that 

this drug can represent a promising candidate for colorectal cancer therapy. 
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5.2.4 Repurposing of Other Drugs for Colorectal Cancer Therapy 

In the last set of experiments using repurposed drugs, diverse drugs that were not 

included in the previously described drug classes were selected and their possible 

anticancer effect was evaluated on HT-29 colorectal cancer cells. The following drugs were 

tested: acamprosate (1, Scheme 7), amiodarone (2, Scheme 7), atenolol (3, Scheme 7), 

metoprolol (4, Scheme 7), furosemide (5, Scheme 7), glibenclamide (6, Scheme 7), 

atorvastatin (7, Scheme 7) and telmisartan (8, Scheme 7).  

 

Scheme 7. Chemical structures of (1) Acamprosate, (2) amiodarone, (3) atenolol, (4) metoprolol, (5) furosemide, 

(6) glibenclamide, (7) atorvastatin and (8) telmisartan. 
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Acamprosate (1, Scheme 7) is a recent developed medication for the treatment of 

alcohol dependence [274]. Acamprosate is the third medication, after disulfiram and 

naltrexone, to receive FDA approval for post-withdrawal maintenance of alcohol abstinence. 

Acamprosate helps modulate and normalize brain activity, particularly in the glutamate and 

GABA neurotransmitter systems [274]. Although acamprosate’s mechanism of action has 

not been clearly established, it may work by reducing symptoms of post-acute (protracted) 

withdrawal, such as insomnia, anxiety, and restlessness [274]. No studies of acamprosate 

in cancer cells have already been performed. 

Amiodarone (2, Scheme 7) is one of the most commonly used anti-arrhythmic drugs. 

This drug works primarily by blocking potassium rectifier currents responsible for the 

repolarization of the heart during phase 3 of the cardiac action potential [275]. This 

potassium channel-blocking effect results in increased action potential duration and a 

prolonged effective refractory period in cardiac myocytes. Myocyte excitability is decreased, 

preventing reentry mechanisms and ectopic foci from perpetuating tachyarrhythmias [275]. 

Moreover, amiodarone also blocks beta-adrenergic receptors (e.g., beta-1), calcium 

channels, and sodium channels [275]. Pre-clinical studies suggest that amiodarone induces 

cytotoxicity in several types of cancer cells [276–279], thus making it a potential candidate 

for use as an anti-cancer treatment.  

Atenolol (3, Scheme 7) and metoprolol (4, Scheme 7) are beta-1-selective 

adrenergic antagonists that reduce heart rate, blood pressure, and myocardial contractility 

[280, 281]. These drugs are FDA-approved and indicated for the treatment of hypertension, 

angina pectoris, and acute myocardial infarction [280, 281]. The use of antihypertensive 

drugs as coadjuvant therapy in cancer has already been explored [282, 283].  

Furosemide (5, Scheme 7) is a widely used diuretic drug that has been approved for 

the treatment of conditions with volume overload and edema secondary to congestive heart 

failure exacerbation, liver failure, or renal failure, including the nephrotic syndrome [284]. Its 

mechanism of action involves the inhibition of tubular reabsorption of sodium and chloride 

in the proximal and distal tubules and the thick ascending loop of Henle by inhibiting the 

sodium-chloride cotransport system resulting in excessive excretion of water along with 

sodium, chloride, magnesium, and calcium [285]. This drug has shown the ability to diminish 

the proliferation of poorly differentiated human gastric cancer cells by affecting G0/G1 state 

[286] and to reverse multidrug resistance status in bladder cancer cells in vitro [287].  

Glibenclamide (6, Scheme 7) is a second-generation sulfonylurea approved by the 

FDA for the treatment of type 2 diabetes mellitus [288]. This drug exerts its mechanism of 

action by increasing insulin secretion from beta cells in the pancreas [289]. Glibenclamide 
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has also been reported to inhibit cell growth and invasion in several cancer cell lines, 

including gastric, breast, ovarian, liver, prostate, and bladder cancer [290–293].  

Atorvastatin (7, Scheme 7) is an 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase inhibitor (statin), a lipid-lowering medication used in the primary and 

secondary prevention of coronary heart disease [294]. Multiple lines of evidence indicate 

that certain cancers depend on the mevalonate pathway for growth and survival, and, 

therefore, are vulnerable to statin therapy [295].  

Telmisartan (8, Scheme 7) is a nonpeptide angiotensin II receptor antagonist which 

selectively inhibits the angiotensin II AT1 receptor subtype without affecting other receptor 

systems involved in cardiovascular regulation, used for the treatment of hypertension [296]. 

This drug has demonstrated significative potential in the suppression of the proliferation of 

different cancer cells, both in vitro and in vivo [297–299].  

Despite the promising anticancer profiles of the previously mentioned drugs, the only 

agent that presented significative effects on the reduction of HT-29 cell viability was 

amiodarone, with a strong cytotoxic effect at concentrations above 10 µM (Figure 20A), and 

an IC50 value of 7.297 µM (Figure 20B). Other evaluated drugs did not demonstrate 

anticancer potential in this cell line (Figure S11).  

 

 

Figure 20. The cytotoxic effects of amiodarone on HT-29 cells. (A) The effect of amiodarone on cell viability 

and (B) the dose-response curve. Cells were cultured in the presence of increasing concentrations of each drug, 

and after 48 h, the MTT assay was performed to measure the cellular viability. Values are expressed in 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3); * statistically significant vs. control at p < 0.05. **** statistically significant vs. control at p < 0.0001. 
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6. CONCLUSION OF CHAPTER I 

Even though current protocols for breast and colorectal cancer treatments are quite 

effective, current strategies reside in the dose-limiting toxicity of the antineoplastic drugs 

that are used as adjuvant therapy [300]. Despite the good results of chemotherapeutic drugs 

in breast and colorectal cancer chemotherapy, side effects such as cardiotoxicity and 

acquired drug resistance are still major problems and limit the application of these 

treatments in cancer patients. To overcome these problems, higher doses and long-term 

use of antineoplastic drugs are necessary, which increases their side effects. 

Drug repurposing has been gaining attention among the scientific community, as a 

faster and cheaper strategy to identify new potential anti-cancer therapies, compared to the 

de novo drug development. Repurposed drugs are already available on the market and 

have pharmacokinetics, pharmacodynamics, and toxicological profiles that are well 

established, which facilitates their approval for novel indications.  

In this work, our research group aimed to find novel repurposed drugs for breast and 

colorectal cancer therapy. Therefore, several drugs belonging to different drug classes were 

screened and antimalarial and CNS agents were found to be the most promising drug 

classes against HT-29 and MCF-7 cancer cell lines.  

These results demonstrated that several antimalarial drugs have the ability to 

decrease cell viability as standalone agents in a concentration-dependent manner in both 

cell lines tested in this work. In MCF-7 breast cancer cells, mefloquine, tafenoquine, 

pyronaridine, and artesunate demonstrated elevated cytotoxicity, with IC50 values under 20 

µM. Regarding HT-29 cells, the antimalarial drugs mefloquine and artesunate successfully 

reduced the number of viable cells, with IC50 values also below 20 µM.  

Moreover, MCF-7 treatment with the CNS drugs fluphenazine, fluoxetine, sertraline, 

benztropine, and thioridazine also caused significant toxicity at all concentrations above 10 

µM. The same drugs were equally effective against HT-29 colon cancer cells. Additionally, 

in this cell line, the antifungal drug clotrimazole and the antiarrhythmic drug amiodarone 

were also able to induce a concentration-dependent reduction of cell viability.  

Taken together, these results demonstrate the anticancer potential of antimalarials, 

CNS drugs, and other therapeutic agents against two different cell lines representative of 

breast and colorectal cancer. Therefore, we propose the repurposing of these drugs as a 

promising approach to treating breast and colorectal cancers. Since these drugs are already 

clinically available, their use in clinical practice for anti-cancer therapy is feasible and 
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facilitated. Moreover, the anticancer profile of these drugs may also contribute to enhance 

the effects of chemotherapy when used in combined treatments.   
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CHAPTER II 
DEVELOPMENT OF NOVEL COMBINATION MODELS FOR BREAST AND 

COLORECTAL CANCER THERAPY  
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1. SUMMARY OF CHAPTER II 

Drug combination, as well as drug repurposing, is an alternative strategy to the 

development of new drugs that consists on the administration of cocktails of two or more 

drugs, aiming to enhance the efficacy of treatments. In this way, after finding repurposed 

drugs with promising anticancer potential in Chapter I, our research group explored several 

new combination models for breast and colorectal cancer combat.  

Here, several combination models for cancer combat were explored: (I) combination 

models combining conventional antineoplastics and repurposed drugs; (II) combination 

models combining only repurposed drugs; (III) combination models combining peptides and 

chemotherapy and (IV) combination models combining peptides and repurposed drugs.  

In combination model I, it was evaluated the combination of chemotherapeutic drugs 

with several repurposed drugs (antimalarial and CNS agents) against MCF-7 breast and 

HT-29 colorectal cancer cells. Different schedules of administration were also tested on HT-

29 colorectal cancer cells. The results in MCF-7 cells demonstrate that all antimalarial drugs 

have a higher ability than the antineoplastic drugs DOX and PTX to decrease cell viability 

at concentrations of IC50 and lower than their IC50. Moreover, the combinations of DOX + 

pyronaridine, DOX + chloroquine, DOX + artesunate, PTX + chloroquine, and PTX + 

artesunate demonstrated promising anticancer profiles, with combined effects being 

stronger than each drug alone. Regarding the combination with CNS drugs, we found that 

combinations of DOX + fluoxetine, DOX + thioridazine, DOX + benztropine, DOX+ 

quetiapine, PTX + fluoxetine, and PTX + thioridazine induced a significant decrease in cell 

viability compared to the treatments with each drug alone. In HT-29 cancer cells, the 

simultaneous combination of antimalarial drugs with 5-FU did not demonstrate 

improvements compared to single treatments; however, we found that the administration of 

the antimalarial artesunate prior to 5-FU produced better results in reducing HT-29 cell 

viability than the inverse drug schedule or the simultaneous combination. Regarding CNS 

drugs, the results demonstrated that fluphenazine, fluoxetine, and benztropine have 

enhanced anticancer activity when used alone as compared to being used in combination, 

making them ideal candidates for drug repurposing in colorectal cancer. The combination 

of 5-FU + edaravone and 5-FU + quetiapine demonstrated significant anticancer effects 

when compared with each drug alone. These results demonstrate that some antimalarial 

drugs may be promising chemosensitizing compounds and that their use in combination 

can improve the anti-cancer activity of chemotherapeutic drugs, especially in breast cancer 

cells. Moreover, it was found that CNS drugs activity differs between the two selected cell 

lines, both alone and in combination.   
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In combination model II, the effect of treating both cell lines with a combination of 

two antimalarials (pyronaridine and mefloquine) or with a combination of two CNS drugs 

(sertraline and fluphenazine) was studied. In MCF-7 cells, it was not found any promising 

drug combinations for breast cancer therapy. However, in HT-29 cells the combination of 

sertraline at a fixed concentration with increasing concentrations of fluphenazine induced a 

significant reduction in the viability of this cell line, in comparison with both drugs alone, 

demonstrating the anticancer potential of these repurposed drugs to be used in combination 

regimens for colorectal cancer therapy. 

In combination model III, it was evaluated if the combination of peptides with 

chemotherapeutic agents would result in enhanced anticancer effects. Melittin, a peptide 

that composes honeybee venom, was combined with DOX in MCF-7 cells and with 5-FU in 

HT-29 cells. The results demonstrated that honeybee venom is active against HT-29 colon 

and MCF-7 breast cancer cells, having better anti-tumor activity in MCF-7 cells. The 

combination of honeybee venom + DOX did not result in significant improvements 

compared to DOX and bee venom alone. On the other hand, the combination of honeybee 

venom with 5-FU in HT-29 cells resulted in enhanced cytotoxic effects than single 

treatments. These results support that the combination of honeybee venom with 5-FU can 

help improve the anti-cancer activity of the treatments in colorectal cancer therapy. The 

combination of a cell-penetrating peptide (CPP2) and its derivatives with 5-FU was also 

studied in HT-29 cells. The results demonstrate that BTZCA–CPP2 and BTZ5CA–CPP2 

are the most promising CPP2 conjugates for decreasing the viability of HT-29 cells, with 

enhanced anticancer activity compared to 5-FU. However, these results suggest that the 

combination with 5-FU is not advantageous over the single treatment with CPP2–thiazole 

derivatives. 

In combination model IV, we tested the combination of the aforementioned peptides 

with repurposed drugs. Specifically, the combination of Melittin was studied in combination 

with different CNS drugs (thioridazine, sertraline, fluoxetine, and fluphenazine) in both cell 

lines. The combination of MCF-7 cells with CNS drugs plus honeybee venom resulted in 

better anti-cancer efficacies than with DOX, notably for lower concentrations. In HT-29 

cancer cells, the combination of honeybee venom with the repurposed drugs fluoxetine, 

sertraline, and thioridazine resulted in a significant reduction in the viability of HT-29 colon 

cancer cells compared to each drug alone, demonstrating that bee venom can help improve 

the anti-cancer activity of CNS drugs in colon cancer cells. The combination of CPP2 and 

its derivatives with clotrimazole was also studied in HT-29 cells. Nonetheless, these 
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combinations had not demonstrated promising results compared to the use of clotrimazole 

alone.  
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2. INTRODUCTION OF CHAPTER II 

In cancer therapy, chemotherapy plays an important role. Regardless of all the 

efforts that have been made, and despite the increasing investment in this area, the 

response rate to chemotherapy is still greatly reduced and the unwanted side effects remain 

elevated. Therefore, it is urgent to adopt new strategies that allow greater effectiveness and 

selectivity of the treatments of patients. 

Drug combination is an alternative strategy to the development of new drugs and 

has already been explored for the discovery of new treatment regimens for oncotherapy. 

This strategy is advantageous over the de novo drug development, representing a low-cost, 

rapid, and easy-to-apply alternative. The combination of antineoplastic agents is already 

being applied in cancer therapy, but the combination of repurposed drugs is still under-

explored in pre- and clinical development. In this section, it will be provided an introduction 

to the drug combination approach, with evidence of the successful use of this strategy 

coupled to drug repurposing, exemplified with cases of application both in in vitro and in 

vivo studies, to further support the studies developed in this chapter.  

 

2.1 Drug Combination 

Drug combination is a strategy that consists of the administration of cocktails of two 

or more drugs [301]. The concept of drug combination was first proposed in 1965 by Emil 

Frei, James F. Holland, and Emil J. Freirich when they were trying to discover new therapies 

for the treatment of acute leukemia [302]. In oncology, this methodology is particularly useful 

because it allows to overcome intratumoral and intertumoral heterogeneity. With the 

evolution of the tumor, populations of cells resistant to the therapy can be formed leading 

to the appearance of intra-tumor heterogenicity [45]. This heterogenicity causes the therapy 

to fail in some types of cells within the tumor, which can survive and lead to cancer 

proliferation, acquiring different characteristics from the initial ones [303]. Thus, a drug that 

initially played a role in a metabolic pathway may fail to do so because of the cells' 

adaptation to therapy (i.e., acquirement of drug resistance) [46, 304, 305]. Therefore, 

strategies that allow to act simultaneously on multiple routes, such as the drug combination, 

lead to an increase in the effectiveness of the treatment. The intertumoral heterogeneity 

corresponds to the heterogeneity between patients with the same type of cancer which 

makes it difficult to predict the response of different patients to the same therapy [306].  

Combination therapies may help to overcome the aforementioned problems and, 

indeed, several studies have demonstrated that they are more effective than monotherapy 
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[12, 55, 307–310]. The efficacy of the drug combination may depend on the schedule of 

administration (e.g., simultaneous or sequential) and on the design of the combination 

models [311, 312], to make the most of the interaction between the drugs. 

Pharmacologically, a combination of two or more drugs will be more effective the greater 

the synergism between the drugs, i.e., the greater the potentiation of its effectiveness 

compared to the two drugs alone [313]. Additionally, an ideal drug combination should allow 

to minimize the required therapeutic dose (and consequently its toxicity) while increasing 

the effectiveness of the treatment [314]. It is common to choose a concentration of the drugs 

around their IC50, in an acceptable concentration range [315]. Some works still vary the time 

of the treatment and others vary the order of administration of the drugs [312]. This allows 

to study all the variables that can influence the effect of a treatment in which combinatorial 

therapy is employed. 

Although combination therapies using repurposed drugs are more easily accepted 

by the FDA, since the drugs are already approved for this or other pathologies, the FDA 

also requires pre-clinical studies both in vitro and in vivo [316]. It is important to remember 

that the transition from in vitro studies to clinical practice is not always easy and does not 

always work, even in the cases of promising in vitro results. Also, in the case of the 

appearance of adverse reactions, it is not always possible to conclude its origin. 

Furthermore, advances in bioinformatics allow to evaluate, in silico, drugs that may be good 

candidates for a given treatment and, although they also require some experimentation, are 

tools that save time and resources to laboratories, being considerably faster than the 

traditional discovery of new drugs. Moreover, the passage to in vivo studies does not always 

run as expected given the number of factors to be taken into account when adopting this 

strategy: it is necessary to find the ratio between the two drugs that guarantees their best 

effect, the contact time as well as the order of the administration of the drugs, i.e., the drug 

schedule [311, 317].  

Combination therapy for breast and colorectal cancers is already used in early and 

late-stage cancers and, usually, the maximum tolerated doses of each of the drugs are used 

[318]. This type of strategy reduces the problems associated with mono-therapy because it 

allows for limiting the side effects and increases the anti-tumor capacity of the 

chemotherapeutics since the drugs act in several molecular pathways associated with 

carcinogenesis [19]. Specifically, in oncology, the combination using two or more 

antineoplastic drugs is already an approved strategy and has shown good results in terms 

of treatment efficacy. It has been proven that the co-delivery of two or more antineoplastic 

drugs may have a synergistic effect on the inhibition of tumor growth both in vitro and in 
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vivo. Nevertheless, this strategy still presents some limitations. 5-FU, for example, a first-

line chemotherapeutic drug in patients with advanced colorectal cancer, even when used in 

combination with other antineoplastics, only presents a response rate of only about 50% 

[319], which demonstrates the importance of developing novel models of drug combination 

for cancer combat. 

 

2.2 Combination of Repurposed Drugs for Cancer Therapy 

Different strategies rather than the traditional drug development and the drug 

repurposing have already been explored for the development of new cancer therapies 

(Figure 21). In the field of drug combination, specifically, some articles have already been 

studying the combination of hard repurposed drugs, i.e., by combining two or more drugs 

from non-cancer therapeutic areas as coadjuvant therapy (Figure 21); nevertheless, this 

field is still little explored. These pharmacological combinations are considered promising 

strategies for increasing the therapeutic index since single-drug systems are unsuitable for 

the treatment of drug-resistant cancers, a condition that is quite common for tumor cells 

[320]. These combinations usually include an agent that sensitizes the tumor cells and a 

second agent that takes advantage of this vulnerable state to increase its cytotoxic effect.  

 

Figure 21. Strategies that can be explored for the development of new cancer therapies. The traditional 

development of new drugs is a thought process that involves steps such as determining the safety and efficacy 

of the new drug. FDA approval is time-consuming, and the cost of this process is high. Drug repurposing has 

been shown to be a promising approach, which allows the use of drugs that are already on the market in new 

therapeutic indications. Besides being cheaper, it is a faster process. The combination of drugs that are already 

approved for the same area has provided evidence of superior pharmacological effects compared to the effects 
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of each agent individually and is already being used in colon cancer therapy. The combination of repurposed 

drugs is still underexplored, and some in vitro studies have shown promising results, making it a good strategy 

to be explored in the future. 

The simultaneous use of two or more drugs increases the effectiveness of the 

treatment of the disease even more if they are synergic, i.e., if their combined effect is 

greater than the sum of their effects individually. This strategy increases the sensitivity of 

the cells to the drugs and the treatment becomes more effective. However, if one of the 

drugs has significant toxicity, the toxicity in combination will always be lower when 

compared to monotherapy, since they will target complementary metabolic pathways and 

lower doses of the drug will be required to exert the same therapeutic effect. For that reason, 

combination therapy is already used in clinical practice and allows to overcome the 

disadvantages of monotherapy. 

Several clinical trials already include combinations of chemotherapy, radiation 

therapy, hormone therapy, and immunotherapy. The combination of cytotoxic chemical 

compounds with biotherapy (monoclonal or polyclonal antibodies, vaccines, gene therapy, 

etc.) has also gained relevance in recent years [321]. Next, we will present some examples 

of repurposed drugs that have been included in combination models for cancer combat. 

2.2.1 Sildenafil 

Sildenafil was repurposed even before it reached the market and was initially 

proposed as an antihypertensive drug since it produced vasodilation and inhibited platelet 

aggregation by inhibition of cyclic guanosine monophosphate-specific phosphodiesterase 

type 5 (PDE5). During clinical trials, it was found this drug produced a side effect that 

resulted in penile erections, and in 1998 sildenafil was approved for the treatment of erectile 

dysfunction. Later, sildenafil underwent a new repositioning for the treatment of idiopathic 

form of pulmonary hypertension, a rare and potentially fatal condition, being approved for 

this new indication in 2005. PDE5 is frequently overexpressed in colorectal cancer [322], 

so Xiao-Long Mei et al evaluated the effect of sildenafil on human colorectal cancer both in 

vitro and in vivo. They have found this drug can significantly decrease cell growth, induce 

cell cycle arrest and apoptosis of colorectal cancer cells SW480 and HCT116. Sildenafil 

also induced an increase in intracellular ROS levels and proteins such as cyclin-dependent 

kinases (CDKs), cyclins, etc. In nude mice, this drug caused the reduction of xenograft 

models of human colorectal cancer [323]. Recently, another study used sildenafil in 

combination with DOX in 4T1 cells. The combination of these two drugs was found to be 

synergistic both in vitro and in vivo and resulted in a 4.7-fold reduction in tumor size when 

compared to DOX alone [300]. 
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2.2.2 Metformin 

Metformin is a biguanide (1,1-Dimethylbiguanid) and the first-line drug approved for 

the treatment of type 2 diabetes. It is also being used off-labeled (i.e., prescribed for 

indications that have not been approved by the FDA) for the treatment of polycystic ovary 

syndrome. This drug was discovered in 1922 and is currently at the top of the most 

prescribed drugs in the USA, occupying the fourth place in 2018 with more than 78 million 

prescriptions [324]. The mechanisms of this drug are not fully understood but metformin has 

been shown to act via both AMPK-dependent and AMPK-independent mechanisms and by 

inhibition of mitochondrial respiration. It is also believed this drug may inhibit the 

mitochondrial glycerophosphate dehydrogenase [325]. Over the years, several studies 

have examined the effect of metformin in cancer [326, 327], and doses of metformin have 

been shown to reduce cancer risk by about 37% [328]. It was found this drug effectively 

lowers the risk of several types of cancer such as breast, pancreas, colon, and prostate, 

both in vitro and in vivo [329, 330]. A study published in 2019 evaluated the combination of 

metformin with valproic acid, a drug used to treat epilepsy in transplant recipients on 

prostate cancer. The results demonstrated that this drug combination has a greater anti-

tumor effect than each drug alone in clear renal cell carcinoma [331]. Recently, Mogaver et 

al studied the anti-cancer activity of metformin on colorectal cancer. This drug reduced HT-

29 and HCT116 cell proliferation and migration by inducing cell cycle arrest in the G0/G1 

phase, AMPK activation, and increasing the production of ROS [332]. Mussin et al published 

a study where metformin and some immunosuppressants were tested in three colorectal 

cell lines (HT-29, SW620, and HCT116) and viability assays showed a decrease in cell 

viability for all cell lines treated with sirolimus (an immunosuppressive drug used in the 

prophylaxis of acute rejection after renal transplantation), metformin and their combination. 

Cells treated with the combination of metformin and sirolimus showed synergistic effect 

comparing to cells treated with metformin or sirolimus alone [333]. Another study published 

by Miskimins et al tested the combination of phenformin (another biguanide, nearly 50 times 

as potent as metformin, that was introduced at the same time as metformin as an anti-

diabetic drug) and oxamate (a lactate dehydrogenase inhibitor) for cancer therapy. 

Oxamate can be helpful in cancer therapy because lactate production by cells is a major 

side effect of biguanides. In vitro studies showed phenformin was more effective than 

metformin in increasing cell death of various cancer cell lines such as MCF-7 (breast 

cancer), B16F10 (melanoma), CT26 (colorectal cancer), A549 (lung cancer), and DU145 

(prostate cancer). Also, the combination with oxamate produced synergistic anti-cancer 

effects by decreasing adenosine 5′-triphosphate (ATP) production and accelerating ROS 

production, resulting in a more rapid cancer cell death [334]. 
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2.2.3 Propranolol 

Another well-known example is the repositioning of propranolol, a non-selective 

beta-adrenergic receptor blocker indicated for the treatment and prevention of myocardial 

infarction, angina, cardiac arrhythmias as well as migraine. The beta-adrenergic receptors 

are a class of G-protein coupled receptors (GPCRs) that are the targets of the 

catecholamines epinephrine and norepinephrine and are reported to be overexpressed in 

several types of cancer. In 2008, French doctors accidentally discovered that propranolol 

also had an unknown action on the biology of the cells that make up the infant hemangioma, 

a benign tumor that affects babies starting in the first four weeks of life. Currently, 

propranolol is already used as therapy for this disease [335]. Propranolol is also believed 

to decrease the expression of VEGF and bFGF, leading to endothelial cell apoptosis. 

Therefore, propranolol has now been studied for other types of cancers such as breast [88], 

prostate, and colon [89], among others [90, 92]. Recently, Masur et al investigated the effect 

of norepinephrine (a catecholamine that functions as a hormone and neurotransmitter) and 

propranolol on SW480 colon carcinoma cells. They found that norepinephrine treatment 

caused an increase in cell migration, whereas combined treatment with propranolol 

abolished this increase [336]. Another study by Chin et al evaluated the effect of selective 

β2-adrenergic receptor antagonists, including propranolol, in several colorectal cancer cell 

lines (SW620, Colo205, and HT29 cells). They have found propranolol to significantly inhibit 

the viability of these colorectal cancer cells by inducing G1-phase arrest and apoptosis 

[337]. Moreover, this drug has also been studied in women with breast cancer, including in 

Phase II clinical trials, in combination with another repurposed candidate, etodolac. This 

combination demonstrated a decrease in transcription factors related to metastasis and 

inflammation, decreased epithelial-mesenchymal transition, and increased the number of 

tumor-infiltrating B cells [338]. Propranolol has also been tested in combination with other 

drugs, such as 5-FU or paclitaxel, and their combination has always been beneficial when 

compared to each drug alone [339]. 

2.2.4 Nonsteroidal anti-inflammatory drugs (NSAIDs) 

NSAIDs are widely used drugs that are accessible without a prescription. The 

mechanism of action of these drugs is through the inhibition of cyclooxygenase (COX), 

which leads to the synthesis of prostaglandins that causes symptoms associated with 

inflammation, such as fever or pain. Most NSAIDs are specific for the COX-2 isoform and 

include drugs such as ibuprofen, celecoxib, among others. In addition to their anti-

inflammatory effects, NSAIDs have been associated with a decreased risk of some types 

of cancer [340]. In fact, there is a well-defined link between cancer and inflammation [341, 
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342]. In various types of cancer, it is reported overexpression of COX-2, which is intimately 

linked to inflammatory processes. NSAIDs also have a pro-apoptotic effect on tumor cells, 

which involve the interference in pathways such as the WNT [343], p53, or MAPK [344]. 

Despite the extensive studies, the mechanisms of NSAIDs in cancer have not yet been fully 

clarified and the discovery of cancer preventive mechanisms of NSAIDs requires more 

research. To date, it is thought that chronic inflammation may facilitate the transition from a 

normal cell to a tumoral one and induce molecular pathways that constitute the initial steps 

of carcinogenesis for most sporadic cancers [345]. 

Acetylsalicylic acid (Aspirin®) is an NSAID that has been widely studied in cancer for 

its multiple biological actions. Aspirin and other NSAIDs have been associated with a 

decrease in the risk of colon cancer, and aspirin has recently been recommended for the 

prevention of colorectal cancer in patients with advanced colon polyps. It is the only orphan 

drug with positive phase III data for colorectal cancer [95]. Aspirin suppresses NF-kB, a 

transcription factor that controls genes related to inflammation, cell proliferation, survival, 

and prostaglandin production, inhibiting cyclooxygenase-1 (COX-1) and COX-2 and 

suppressing colorectal cancer growth. Studies in HT-29 cells, using the combination of 

aspirin with the anti-neoplastic drug 5-FU demonstrated synergism between these two 

drugs and consequently an increase in cell apoptosis in a time and concentration-

dependent manner [346]. In a recent study, aspirin demonstrated the ability to inhibit 

epithelial-mesenchymal transition (EMT) in SW480 colorectal cancer cells, reducing cell 

viability and migration, including those induced by TGF-β, a protein related to chronic 

inflammation and involved in different pathways related to cell growth, proliferation, 

differentiation, and apoptosis [347, 348]. 

Isosorbide mononitrate is a drug commonly used for the treatment of cardiovascular 

diseases [349]. Nitric oxide plays a key role in cancer signaling as it can have both tumor-

promoting and tumor-inhibiting effects, depending on its local tissue concentration. 

Isosorbide mononitrate is a prodrug that can be metabolized to nitric oxide and in vivo 

studies show it increases the intracellular concentrations of cyclic guanosine 

monophosphate [350]. Also, it was found isosorbide mononitrate inhibits angiogenesis, 

tumor growth, and metastasis in lung carcinoma [351]. Wang et al assessed the effect of 

this drug alone and in combination with aspirin in human colorectal cancer cells. Viability 

assays demonstrated that isosorbide mononitrate acts synergistically with aspirin in the 

inhibition of growth of HCT116 and SW620 colon cancer cells when compared with normal 

endothelial cells, whose growth was unaffected [352]. Indeed, in 2009, a group of 

researchers published a document stating the benefits of the use of aspirin and other 
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NSAIDs as tumor therapeutic agents [353]. Beneficial effects of aspirin for pancreatic, lung, 

prostate, and stomach cancer, among others, have been reported after 5 or more years of 

regular use of aspirin [354]. 

2.2.5 Antimalarial drugs 

In the last few years, antimalarials have been gaining considerable notoriety in drug 

repositioning for various diseases. Chloroquine diphosphate is an antimalarial drug used 

worldwide and several studies seem to suggest a favorable action of this drug in cancer 

therapy [355, 356]. Sasaki et al evaluated the combination of chloroquine with 5-FU in HT-

29 colorectal cancer cells and found this combination inhibited the proliferative activity of 

HT-29 cells by the arrest in G0/G1-phase and apoptosis induction [112]. In 2012, another 

study demonstrated that mice injected with colon26 cells, i.e., 5-FU resistant, were able to 

overcome this resistance and increase the effectiveness of the treatment if combined with 

chloroquine. This therapeutic combination resulted in higher apoptosis of the cells when 

compared to other treatments [357]. In the same year, another study directly evaluated the 

effect of the combination of these two drugs on DLD-1 cells. Cells were treated with 5-FU 

(10 µM) or chloroquine (100 µM) or a combination of both. It was concluded that chloroquine 

enhanced the anti-tumor effect of 5-FU via inhibition of the cell cycle in colon cells [111]. In 

vivo studies have shown that this drug can decrease the size of the primary tumor as well 

as the number and size of metastases and increase the survival time of mice with lung 

cancer [109]. Moreover, chloroquine has already shown promising results in Phase I clinical 

studies, either alone or in combination with other drugs for cancer therapy. 

2.2.6 Statins 

Statins are a class of drugs that lower the level of low-density lipoprotein cholesterol in 

the blood. They inhibit the rate-limiting enzyme HMG-CoA involved in the mevalonate 

pathway, the initial step in cholesterol synthesis. Statins also decrease chronic inflammation 

and fibrosis through TGF-β-independent pathways [358]. They also decrease NF-kB and 

apoptosis via TNFα receptor-associated factors 1 and 2 (TRAF1, TRAF2), which contribute 

to the carcinogenesis of several cancers [359]. In 2018, Zhou et al investigated the 

combination of atorvastatin, a drug that belongs to the statins, with phloretin (an antioxidant) 

on SW620 and HCT116 colon cancer cells. MTT results indicated that the combination of 

these drugs markedly reduced cell viability in both cell lines when compared with the drugs 

administered individually [360].  Zu et al investigated the effects of nobiletin (a citrus 

flavone) and atorvastatin both in vitro using colon cancer cells and macrophages and in vivo 

using an azoxymethane-induced colon carcinogenesis rat model. The results demonstrated 

that treatment with a combination of nobiletin and atorvastatin inhibited cell growth and 
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inflammation in the colon cancer cells and macrophages, respectively [361]. Another study 

published by Środa-Pomianek et al tested the anticancer activity of oxicam derivatives 

(PR17 and PR18), a class of NSAIDs, alone and combined with simvastatin, another statin, 

on doxorubicin-resistant colon cancer cells. Oxicam derivatives induced apoptosis through 

a caspase-3-dependent pathway, up-regulated Bax expression, and down-regulated Bcl-2 

and COX-2 activity and expression. This study concluded that simvastatin combination with 

oxicam derivatives strongly potentiates their effect [362]. Jang et al aimed to combine 

statins with antineoplastic drugs to overcome irinotecan resistance. They evaluated the 

combination of simvastatin and irinotecan on HT-29 colon cancer cells with and without 

resistance to irinotecan and found that combination treatment with irinotecan and 

simvastatin decreased cell proliferation even in resistant cells and conclude simvastatin 

could act synergistically to overcome irinotecan resistance of colon cancer [363]. Recently, 

a novel approach to overcome the multidrug resistance of cancer cells has been proposed. 

Doxorubicin-resistant colon cancer cells were tested against three phenothiazine 

derivatives. These derivatives were tested alone and in combination with simvastatin. Cell 

growth, cell viability, and expression of COX-2 were investigated and it was found that the 

combination with simvastatin enhanced most doxorubicin cytotoxicity, compared to the 

treatment with the phenothiazine derivatives alone [364]. Statins were also tested on 

several breast cancer cell lines (such as MDA-IBC3, Sum149, and Sum190) and 

demonstrated good results, such as an increase in cell apoptosis and increased sensitivity 

to radiation, as well as inhibition of invasion and proliferation [365]. 

2.2.7 Natural compounds  

Recently, several studies have addressed the use of bioactive natural compounds 

to overcome chemoresistance in cancer chemotherapy. Curcumin is a natural compound 

that has been studied in various diseases, particularly in oncology [366], because it is 

thought to function as a tumor cell sensitizer. Zhang et al investigated the effect of 5-FU 

alone or combined with curcumin in human colon cancer cell lines HCT116 and HT-29 and 

found that curcumin significantly increased the cytotoxicity of 5-FU and that the most 

effective combination was the pre-treatment of the cells with curcumin followed by 5-FU 

[367]. Nanoparticle-based combination chemotherapy can help achieve intracellular drug 

concentrations in cancer therapy. In this way, Xiao et al designed chitosan-functionalized 

camptothecin/curcumin-loaded polymeric nanoparticles. Camptothecin is a hydrophobic 

plant alkaloid extracted from Camptotheca acuminate and exhibits a broad spectrum of 

antitumor activity. It was found the combination of camptothecin and curcumin in a single 

nanoparticle enhanced the synergistic effects of the two drugs in colon26 cells and 
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decrease cell viability [368]. Dimethoxycurcumin, an analog of curcumin has also been 

shown to be active against colon cancer cells. Zhao et al investigated the antitumor effect 

of the combination of dimethoxycurcumin and 5-FU in SW480 and SW620 colon cancer 

cells. They found this combination induced apoptosis (by increasing Bax and cytochrome c 

and decreasing Bcl-2 expressions), cell cycle arrest, increased ROS levels, decreased 

mitochondrial membrane potential, and enhanced endoplasmic reticulum expansion, with 

better efficacy than either drugs alone [369].  

Mycophenolate acid was initially proposed as an antibacterial, antifungal, and 

antiviral drug. Later, other properties continued to be explored, revealing the 

immunosuppressive effect of this drug. Mycophenolate mofetil is a prodrug of 

mycophenolate acid that has potent anti-inflammatory effects. Tacrolimus is a macrolide 

with immunosuppressive effects. Studies have shown that a combination of mycophenolate 

mofetil and tacrolimus is effective in the reversion of FAP in patients after kidney 

transplantation. Recently, mycophenolate mofetil and tacrolimus alone or in combination 

were also tested in a human colonic adenocarcinoma cell line. Mycophenolate mofetil in 

combination with tacrolimus induced changes in the cell cycle (S-phase arrest) and inhibited 

HT-29 cell viability, synergistically inhibiting the proliferation of the human colonic 

adenocarcinoma cell line [370]. 

Frondoside A is a triterpenoid glycoside isolated from an Atlantic Sea cucumber that 

consists of a pentaoside with one sulfate group and contains an aglycon ring with a xylose 

attached (3rd monosaccharide residue), 3-O-methylglucose (terminal monosaccharide) and 

an acetoxyl group (C-16 of the aglycon ring). Frondoside A has various anti-cancer 

properties such as pro-apoptotic, anti-proliferative, and anti-inflammatory effects, and has 

been tested both in vitro and in vivo against human pancreatic, breast, and lung cancer 

[371–374]. Recently, Attoub et al demonstrated that a combination of frondoside A, 

oxaliplatin, and 5-FU causes a concentration- and time-dependent decrease in the viability 

of HT-29 colon cancer cells.  The authors demonstrated this apoptosis induction resulted 

from the inhibition of phosphorylation of the survival kinase AKT, which may lead to 

caspase-3 activation and poly (ADP-ribose) polymerase (PARP) inactivation, which 

ultimately leads to DNA damage [375]. 

Oxymatrine is a molecule extracted from the dry roots of Sophora flavescens and 

several studies have shown that it possesses anti-cancer effects. Liu et al evaluated the 

combination of oxymatrine and oxaliplatin both in vitro and in vivo and found that colon 

cancer lines (HT-29 and SW480) treated with this combination exhibited less proliferation 

and that it displayed synergistic effects, resulting in cell cycle arrest and apoptosis induction. 



CHAPTER II 

 
90 

 

Furthermore, in vivo results showed an efficient reduction of tumor weight and volume on a 

SW480 xenograft mouse model after combined treatment [376]. 

Dietary intervention may help increase colorectal cells' sensitivity to chemotherapy. 

Recently, in vivo studies aimed to evaluate the effect of dihydromyricetin, a flavonoid 

component of herbal medicines, in combined treatments with two antineoplastic drugs: 

irinotecan and gemcitabine [377]. Dihydromyricetin displays several effects such as anti-

inflammatory, antioxidant, antibacterial, antihypertensive, and antithrombotic. In addition, 

this drug has also potent antitumor activity, namely against breast, colon, and others [378–

380]. For these experiments, colon cancer models were used and the obtained results seem 

to suggest that dihydromyricetin could act as a coadjuvant to irinotecan chemotherapy 

[377]. 

Taken together, the aforementioned studies demonstrate that the combination of 

drugs from totally different therapeutic areas may have applicability in the therapy of 

diseases like breast and colorectal cancers. Overall, studies addressing combination 

models using drugs with non-oncological indications have shown positive results in cancer 

therapy, both in vitro and in vivo, that further support the work developed in this chapter.    
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3. OBJECTIVES OF CHAPTER II 

In this chapter, we aimed to explore four combination models for breast and 

colorectal cancer combat: (I) combination models combining conventional antineoplastics 

and repurposed drugs; (II) combination models combining only repurposed drugs; (III) 

combination models combining peptides and chemotherapy and (IV) combination models 

combining peptides and repurposed drugs. This aimed to determine the most appropriate 

models of drug combination for breast and colorectal cancer therapy.   
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4. MATERIALS AND METHODS OF CHAPTER II 

4.1 Combination Model: Repurposed Drugs + Antineoplastic agents 

4.1.1 Materials and Reagents 

DMEM, McCoy’s 5A Modified Medium, FBS, and pen-strep solution were purchased 

from Millipore Sigma (Merck KGaA, Darmstadt, Germany). Other cell culture reagents were 

purchased from Gibco (Thermo Fisher Scientific, Inc, Waltham, MA, USA).  

MTT (cat. no. M5655), clotrimazole (cat. no. C6019), latrepirdine (cat. no. D6196), 

sertraline (cat. no. S6319), edaravone (cat. no. M70800), fluphenazine (cat. no. F4765), 

pyronaridine (cat. no. P0049), tafenoquine (cat. no. SML0396), 5-FU (cat. no. F6627), 

chloroquine (cat. no. C6628) and SRB (cat. no. S1402) were obtained from Sigma-Aldrich 

(Merck KGaA, Darmstadt, Germany). Artesunate (cat. no. 11817), benztropine (cat. no. 

16214), thioridazine (cat. no. 14400), quetiapine (cat. no. 14152), fluoxetine (cat. no. 

14418), DOX (cat. no. 15007) and cycloguanil (cat. no. 16861) were obtained from Cayman 

Chemical (Ann Arbor, Michigan, USA). Mefloquine (cat. no. sc-211784) was purchased from 

Santa Cruz Biotechnology (Dallas, Texas, USA). PTX (cat. no. 1097) was obtained from 

Tocris Bioscience (Bristol, UK). 

4.1.2 Cell line and cell culture 

Human breast cancer MCF-7 cell line was obtained from ATCC (Manassas, VA, 

USA) and maintained according to ATCC’s recommendations at 37 °C and 5% CO2 in 

DMEM medium supplemented with 10% FBS and 1% pen-strep solution. Cells were always 

maintained in the logarithmic growth phase. The media was renewed every 2 days, 

trypsinized with 0.25% trypsin-EDTA, and subcultured in the same media. MCF-7 cells 

(10,000 cells/well) were seeded in 96-well plates and allowed to adhere overnight prior to 

drug exposure. After that, the cell culture media were replaced with drug-containing media. 

Cells were exposed to drugs for 48 h, followed by SRB and/or MTT assays to evaluate drug 

treatments in the cell viability and protein synthesis rate of these cells. 

Human colorectal cancer HT-29 cell line was obtained from ATCC (Manassas, VA, 

USA) and maintained according to ATCC’s recommendations at 37 °C and 5% CO2 in an 

appropriate medium supplemented with 10% FBS and 1% pen-strep solution. Cells were 

always maintained in the logarithmic growth phase. The media was changed every 2 days 

and trypsinized with 0.25% trypsin-EDTA. A total of 200 µL of HT-29 cells (7,500 cells/well) 

was seeded in 96-well plates and allowed to adhere overnight before drug exposure. After 

24 h, the cell culture media were replaced with 200 µL of drug-containing media. Cells were 
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exposed to drugs for 48 h, followed by MTT and/or SRB assays to evaluate drug treatments 

in the cell viability and protein synthesis rate of these cells. 

4.1.3 Drug treatment 

Combination studies were performed by combining 5-FU or PTX and DOX (Drug A) 

according to each cell line, with different repurposed drugs (Drug B). 5-FU was selected as 

Drug A for HT-29 cells, while PTX and DOX were selected as Drug A for MCF-7 cells. Only 

drugs that presented a promising pharmacological profile (empirically defined as having IC50 

< 25 µM) in Chapter I were tested in simultaneous combination with 5-FU or DOX/PTX. The 

concentration of both drugs in combination was variable and were combined in a fixed ratio 

of the IC50 values for each drug (0.25, 0.5, 1, 2, and 4 times the IC50). Cells treated with 

vehicle (0.1% DMSO) were used as control.  

The combinations of fluoxetine, fluphenazine, benztropine, and artesunate with 5-

FU were also tested in sequential schedules of administration. For schedule A, cells were 

treated concomitantly with 5-FU and each repurposed drug for 48 h. For schedule B, cells 

were pre-treated with 5-FU for 24 h followed by each repurposed drug for another 24 h. For 

schedule C, cells were pre-treated with each repurposed drug for 24 h followed by 5-FU for 

another 24 h. 

For the combined treatments with antineoplastic drugs plus quetiapine and 

edaravone, MCF-7 cells were treated with the IC50 value for DOX (0.17 µM) or PTX (0.44 

nM) and combined with increasing concentrations (0.01–100 µM) of edaravone or 

quetiapine for 48 h. In the case of the HT-29 cells, the treatment consisted of the 

combination of 5-FU at IC50 (3 µM) with increasing concentrations (0.01–100 µM) of 

edaravone or quetiapine for 48 h. 
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4.2 Combination Model: Repurposed Drug + Repurposed Drug 

4.2.1 Materials and Reagents 

Cell culture reagents (cell culture medium, PBS, FBS, and pen-strep solution) were 

purchased from Millipore Sigma (Merck KGaA, Darmstadt, Germany). Other cell culture 

reagents were bought from Gibco (Thermo Fisher Scientific, Inc, Waltham, MA, USA). 

Fluphenazine (cat. no. F4765), pyronaridine (cat. no. P0049), and Thiazolyl Blue 

Tetrazolium Bromide (MTT, cat. no. M5655) were obtained from Sigma-Aldrich (Merck 

KGaA, Darmstadt, Germany). Sertraline (cat. no. 14839) was acquired from Cayman 

Chemical (Ann Arbor, MI, USA). Mefloquine (cat. no. sc-211784) was purchased from Santa 

Cruz Biotechnology (Dallas, TX, USA). 

4.2.2 Cell Culture 

Cytotoxicity of each treatment was performed using two cell lines: MCF-7 breast and 

HT-29 colon cancer (ATCC, Manassas, VA, USA). The MCF-7 and HT-29 cells were kept 

in DMEM and McCoy’s cell culture medium, respectively, supplemented with 10% FBS and 

1% pen-strep solution. Cells were maintained at 37 °C in an incubator with 95% air and 5% 

CO2. Both cell lines were trypsinized using a 0.25% trypsin-EDTA solution when at 70–80% 

confluence. 

4.2.3  Drug Treatment 

On the day before cell treatment, 200 µL of MCF-7 and HT-29 cell suspension was 

seeded in 96-well plates at a density of 10,000 and 7,500 cells/well, respectively. Cells were 

allowed to grow and adhere for 24 h and then each well was aspirated and 200 µL of drug-

containing media was added. All drugs were prepared in 100% DMSO and diluted to 0.1% 

DMSO using culture media. Control cells were treated with vehicle (0.1% DMSO). No 

significant changes were seen in control cells with and without vehicle.  

For the combined treatments with the repurposed drugs, both cell lines were treated 

with a combination of two antimalarial drugs (mefloquine and pyronaridine) or two CNS 

drugs (fluphenazine and sertraline) for 48 h. Regarding the combination of antimalarial 

drugs, cells were incubated with mefloquine IC50 plus increasing concentrations (0.01–100 

µM) of pyronaridine and vice-versa. The same experimental protocol was followed for the 

combination of CNS drugs. After 48 h treatment, morphological analysis was performed, 

and then cell viability was evaluated by an MTT assay. 
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4.3 Combination Model: Honeybee Venom + Antineoplastic Agents and Repurposed 

Drugs 

4.3.1 Chemical Characterization of the Samples 

4.3.1.1 Reagents and Materials 

Apamin from bee venom (purity 98.3%) was obtained from CalBiochem (San Diego, 

CA, USA). Phospholipase A2 from bee venom (activity: 1775 units mg−1 solid), cytochrome 

c from equine heart (purity ≥ 95%), and melittin from bee venom (purity: ≥85%) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Formic acid and High Performance 

Liquid Chromatography (HPLC) grade acetonitrile were obtained from Fisher Scientific UK 

(Loughborough, Leics, UK). Water was treated in a Milli-Q water purification system (TGI 

Pure Water Systems, Brea, CA, USA). 

4.3.1.2 Honeybee Venom 

The bee venom was gathered in 2018 from Apis mellifera iberiensis hives located in 

Bragança, Portugal. The sample was collected using a double-face bee venom collector, 

developed in our facilities with some specific features. The device was placed in the hives 

at one of the outmost opposite ends of the beehive nest. A mild electrical impulse shock 

was applied (increasing from 0V to 12V then decreasing to initial voltage). The optimum 

duration of bee venom collection in the beehive was set between 30 min to 60 min, early in 

the morning or at the beginning of the sunset. After the collection period, the venom was 

scraped off from the glass with a sharp scraper and conditioned in pharmaceutical-grade 

vials. The bee venom was then freeze-dried at −20 °C until further analysis. 

4.3.1.3 LC-DAD-ESI/MSn Analysis 

The Liquid chromatography coupled to diode array detection and electrospray 

ionization tandem mass spectrometry (LC-DAD-ESI/MSn) study was performed on a Dionex 

Ultimate 3000 Ultra Performance Liquid Chromatography (UPLC) instrument (Thermo 

Scientific, San Jose, CA, USA) equipped with a diode-array detector and coupled to a mass 

detector. The chromatographic system consisted of a quaternary pump, an autosampler 

maintained at 5 °C, a degasser, a photodiode-array detector, and an automatic thermostatic 

column compartment. Chromatographic separation was carried out according to previously 

described work [381] on an XSelect CSH130 C18, 100 mm × 2.1 mm id, 2.5 µm XP column 

(Waters, Milford, MA, USA), and its temperature was maintained at 30 °C. Spectral data of 

all peaks were accumulated in the range of 190–500 nm. Cytochrome c was used as an 

internal standard (IS) and prepared in deionized water at the concentration of 25 µg/mL. 

For the analysis, the lyophilized HBV (3 g) was dissolved in 10 mL of IS solution. Each 
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sample was filtered through a 0.2 µm nylon membrane (Whatman). The standard solutions 

were prepared by dissolving the compound in IS solution, at the desired concentration. 

Quantification was achieved using calibration curves for apamin (4–60 µL/mL; y = 0.031x + 

0.021; R2 = 0.998), PLA2 (8–120 µL/mL; y = 0.026x + 0.118; R2 = 0.996) and melittin (31–

500 µL/mL; y = 0.034x + 0.026; R2 = 0.999). The mass spectrometer was operated in the 

positive ion mode using a Linear Ion Trap LTQ XL mass spectrometer (Thermo Scientific, 

San Jose, CA, USA) equipped with an ESI source. Typical ESI conditions were nitrogen 

sheath gas 35 psi, spray voltage 3.5 kV, source temperature 300 °C, capillary voltage 20 V, 

and the tube lens offset was kept at a voltage of 74 V. The collision energy used was 30 

(arbitrary units). Data acquisition was carried out with the Xcalibur® data system (Thermo 

Scientific, San Jose, CA, USA). 

4.3.2 Cytotoxic Studies 

4.3.2.1 Reagents and Materials 

McCoy’s 5A Medium powder (modified with L-glutamine, without sodium 

bicarbonate), DMEM, FBS, and pen-strep solution were purchased from Millipore Sigma 

(Merck KGaA, Darmstadt, Germany). Other cell culture reagents were purchased from 

Gibco (Thermo Fisher Scientific, Inc, Waltham, MA, USA). MTT (cat. no. M5655), SRB, (cat. 

no. S1402), 5-FU (cat. no. F6627), and fluphenazine (cat. no. F4765) were obtained from 

Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). DOX (cat. no. 15007), thioridazine (cat. 

no. 14400), sertraline (cat. no. 14839), and fluoxetine hydrochloride (cat. no. 14418) were 

obtained from Cayman Chemical (Ann Arbor, MI, USA). 

4.3.2.2 Cell Culture 

Two different cell lines were used in this study (MCF-7 breast and HT-29 colon 

cancer cell lines). Both cell lines were obtained from ATCC (Manassas, VA, USA) and 

maintained, according to ATCC’s recommendations, at 37 °C and 5% CO2. HT-29 cells 

were grown in McCoy’s 5a Medium Modified and MCF-7 cells were maintained in DMEM 

cell culture medium. All media were supplemented with 10% FBS and a 1% pen-strep 

solution. Cells were passaged using a 0.25% trypsin-EDTA solution when confluency 

reached 80–90% and were subcultured in the same culture media. Prior treatments, HT-29 

cells (15,000 cells/well) and MCF-7 cells (10,000 cells/well) were seeded in 96-well plates 

and allowed to adhere overnight. 

4.3.2.3 Drug Treatment 

The cytotoxic effect of 5-FU, DOX, four different CNS drugs (fluphenazine, 

fluoxetine, sertraline, and thioridazine), and bee venom for single and combination studies 
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was evaluated after 48 h of treatment. First, the half-maximal inhibitory concentration (IC50) 

value was determined for each drug alone both in HT-29 and MCF-7 cells. 5-FU, DOX, and 

CNS drugs’ concentrations ranged from 0.1 to 100 µM for single-drug treatments. Bee 

venom was tested alone in concentrations of 6.25, 12.5, 25, 50, and 100 µg/mL. 

Additionally, combination studies were performed by combining 5-FU, DOX, or each CNS 

drug (Drug 1) at their IC50 value with bee venom at the same range of concentrations tested 

for the single treatment (Drug 2). Control cells were treated with 0.1% DMSO (vehicle). The 

combined effects of non-equipotent concentrations (non-fixed ratio) were evaluated by MTT 

and SRB assays. 
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4.4 Combination Model: CPP2-conjugates + with 5-FU and Clotrimazole 

4.4.1 CPP2 and CPP2–Thiazole Conjugate Synthesis 

4.4.1.1 Reagents and Solvents 

All solvents used in this study were of analytical grade. Reagents and solvents were 

purchased from Novabiochem (Fmoc-amino acids and Fmoc-Rink Amide MBHA resin), 

Merck (Trifluoracetic acid (TFA), and other solvents), Sigma–Aldrich (coupling agents, 

piperidine, N-ethyl-N, N-diisopropylamine (DIEA) and all thiazole derivatives). 

4.4.1.2 Synthesis of CPP2 

The first peptide to be synthesized was CPP2. Only in this way would we be able to 

have available peptide to make the N-terminal modifications with the different thiazole 

derivatives. The peptide (C-terminal amide) was assembled by Fmoc/tBu solid-phase 

peptide synthesis (SPPS) methodologies. The resin (Fmoc-Rink Amide MBHA, 0.38 mmol/g 

loading capacity) was preconditioned for 20 min in N, N-dimethylformamide (DMF). After 

that, DMF was rejected, and the resin was swelled in dichloromethane (DCM) for another 

15 min. The initial deprotection step (release of the free amino group of the Rink linker) was 

carried out using 20% piperidine in DMF (3 mL, 1 × 1 min + 1 × 20 min). After the 

deprotection, the resin was washed with DMF (3 mL, 3 × 1 min) and DCM (3 mL, 3 × 1 min), 

and a ninhydrin test was performed. Upon a positive ninhydrin test (dark blue resin beads 

and solution), the release of the free amine groups was confirmed and, therefore, the 

construction of the peptide chain could be initiated. Before coupling, amino acids were 

activated in solution for approximately 5 min before being transferred to the syringe to react 

with the resin or peptidyl-resin. This activation was accomplished by preparing a solution of 

Fmoc-AA-OH (5 eq.), coupling agent Hexafluorophosphate Benzotriazole Tetramethyl 

Uronium (HBTU) (5 eq.) and base DIEA (10 eq.) in DMF. Solvents were used in only 

sufficient volumes to ensure the proper solvation of the amino acids and the peptidyl resin 

beads, which is a crucial condition for efficient chain assembly. The activated amino acid 

solution was then transferred to the reaction vessel to react with the previously deprotected 

resin or peptidyl-resin for 1 h, under stirring. After this, the peptidyl-resin was washed with 

DMF (3 mL, 3 × 1 min) and DCM (3 mL, 3 × 1 min) to eliminate the excess of reagents, 

solvents, and side products, and a Kaiser test was performed to confirm the efficiency of 

the coupling. When the Kaiser test was negative, the following deprotection step was carried 

out using the deprotection solution (20% piperidine in DMF (3 mL, 1 × 1 min + 1 × 20 min)). 

Once deprotection was completed, the resin was washed again with DMF (3 mL, 3 × 1 min) 

and DCM (3 mL, 3 × 1 min), and another Kaiser test was performed. When the deprotection 
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was confirmed by a positive Kaiser test, the next Fmoc-AA-OH was coupled following the 

same aforementioned conditions. The peptide sequence was completed in the C→N 

direction by repeating the cycles of coupling of N-Fmoc amino acids and deprotection steps. 

When the peptide sequence was completed and after the final deprotection, the peptidyl-

resin was subjected to a chemical treatment that cleaved the bond linking the peptide to the 

resin beads. First, a cleavage cocktail was prepared in the hood, containing 95% TFA, 2.5% 

H2O, and 2.5% thioanisole (TIS) (v/v). Then, the dry peptidyl-resin was transferred to 15 mL 

Falcon tubes in 100 mg portions, and 1 mL of cleavage cocktail was added to each portion. 

The tubes were left under orbital stirring for 2 h at room temperature. After that, the peptide 

should be soluble in the solution and, thus, the contents of the tubes were filtered with a D4 

funnel previously rinsed with TFA, and the resin beads were washed with TFA. The filtrate, 

containing the soluble peptide, was transferred to new Falcon tubes in 1 mL portions, and 

14 mL of cold tert-butyl methyl ether was added to each tube. After slightly shaking the 

tubes, they were cooled to −22 °C for approximately 8 min and then centrifuged at 3500 

rpm for 7 min at −5 °C. The ether was carefully rejected and “fresh” ether was added again. 

The addition of ether and centrifugation was repeated three more times and, finally, the 

tubes were left in a vacuum desiccator until the crude peptide was dry. Dry peptide pellets 

were then solubilized in 10% aqueous acetic acid and analyzed by HPLC and liquid 

chromatography–mass spectrometry (LC-MS). 

4.4.1.3 Synthesis of the NTZ-C2-CPP2 and MTZ-C2-CPP2 Conjugates 

To obtain these two conjugates, the last amino acid of the base sequence of CPP2 

was deprotected and a Kaiser test was performed. When the deprotection was confirmed 

by a positive Kaiser test, a linker (C2) was coupled to this sequence. This step was carried 

out using succinic anhydride (10 eq.) and pyridine (2 mL) for 1 h under stirring. After this 

step, the resin was washed with DMF (3 mL, 3 × 1 min) and DCM (3 mL, 3 × 1 min) and 

divided into two halves. The 2-amino-5-nitrothiazole (NTZ) was coupled to one half and the 

2-amino-5-methylthiazole (MTZ) to another using the coupling O-(Benzotriazole-1-yl)-N, N, 

N', N'-tetramethyluronium tetrafluoroborate (TBTU) (5 eq.) and base DIEA (10 eq.) in DMF 

for 2 h under stirring. Upon synthesis, the conjugates were cleaved and, once the products 

were dried in a vacuum desiccator, analyzed by HPLC and LC-MS. 

4.4.1.4 Synthesis of the BenzoTZ-C2-CPP2 Conjugate 

This strategy was based on the synthesis in solution of the derivative BenzoTZ-C2 

and subsequent coupling to the peptide in the syringe. To this end, a suspension of 

BenzoTZ (0.2500 g) and C2 (2.4 eq.) in DMF (3 mL) was prepared at room temperature 

under magnetic stirring. DIEA (2 eq.) was added and allowed to react under these conditions 
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for 24 h. The reaction was monitored by thin layer chromatography (TLC) using a 

dichloromethane/acetone ratio of 4:1 as the eluent. Analyses were made for ESI-MS, the 

expected compound was confirmed to be obtained, and column purification was carried out. 

The tubes corresponding to the desired purified compound were selected and placed into 

a flask to be evaporated. The compound was then solubilized in water/methanol and 

lyophilized. Out of the syringe, in a small bottle, 2 eq. of purified BenzoTZ-C2, 2 eq. of 

benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), and 4 eq. of 

DIEA were placed together. Then, this solution was placed in the syringe and left overnight 

under shaking. After 24 h, the resin was cleaved and analyzed by LC-MS to confirm the 

formation of the conjugate. 

4.4.1.5 Synthesis of the BTZCA-CPP2 and BTZ5CA-CPP2 Conjugates 

To obtain these conjugates, the last amino acid of the base sequence of CPP2 was 

deprotected and a Kaiser test was performed. When the deprotection was confirmed by a 

positive Kaiser test, the resin was washed with DMF (3 mL, 3 × 1 min) and DCM (3 mL, 3 × 

1 min) and divided into two halves. Then the 5-bromothiazole-2-carboxylic acid (BTZCA, 5 

eq.) and the 2-bromothiazole-5-carboxylic acid (BTZ5CA, 5 eq.) were coupled using the 

coupling agent TBTU (5 eq.) and base DIEA (10 eq.) in DMF for 2 h under stirring. A Kaiser 

test was then performed to confirm the efficacy of the coupling. Upon synthesis, the 

conjugates were cleaved to separate the peptide from the resin and to remove the sidechain 

protecting groups. Once the products were dried in a vacuum desiccator, they were 

analyzed by HPLC and LC-MS, and it was found to correspond to the target conjugates. 

4.4.1.6 General Analysis Procedure 

The CPP2 and CPP2–thiazole conjugates’ purity were determined by high-

performance liquid chromatography with diode array detection (HPLC-DAD) on Merck–

Hitachi LaChrom Elite equipment with a quaternary pump, automatic and thermostated by 

a Peltier effect injector and a diode detector. A reverse-phase Purospher star RP C-18 

(octadecylsilane) column (125 × 4.0 mm), with a particle diameter of 5 μm, was used. The 

elution was performed with a variable gradient of acetonitrile in water containing 0.05% TFA, 

at a 1 mL/min flow and detection at a variable wavelength (220 or 270 nm). Synthetic crudes 

were purified by reverse-phase medium-pressure liquid chromatography (RP-MPLC), using 

a C18 Vydac® 218TP stationary phase, by Grace Vydac. MS analysis was performed on an 

LTQ Orbitrap™ XL hybrid mass spectrometer (Thermo Fischer Scientific, Bremen, 

Germany) controlled by LTQ Tune Plus 2.5.5 (Thermo Fischer Scientific, Bremen, 

Germany) and Xcalibur 2.1.0 (Thermo Fischer Scientific, Bremen, Germany). The 

electrospray ionization source settings were as follows: source voltage, 3.1 kV; capillary 
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temperature, 275 °C with a sheath gas flow rate at 40 and auxiliary gas flow rate at 10 

(arbitrary unit as provided by the software settings). The capillary voltage was 36 V, and the 

tube lens voltage was 110 V. The direct electrospray ionization-ion trap mass spectrometry 

(ESI-IT MS) analysis was performed on a Finnigan Surveyor LCQ DECA XP MAX mass 

spectrometer from ThermoElectron Corporation (Waltham, MA, USA), and the LC-MS 

analysis was performed on the same equipment coupled to a Finnigan Surveyor HPLC 

equipped with a DAD Plus Detector, an Autosampler Plus, and an LC Pump Plus. MALDI-

TOF/TOF matrix-assisted desorption/ionization mass spectrometry was performed using a 

Bruker Daltonics UltrafleXtreme (Bruker, MA, USA). MS data handling software (Xcalibur 

QualBrowser software, Thermo Fischer Scientific, Bremen, Germany) was used to obtain 

the confirmation of the synthetic peptides by their exact m/z value. 

4.4.2 Cell Culture 

4.4.2.1 Materials 

McCoy’s 5A Modified Medium, DMSO, FBS, and a penicillin-streptomycin solution 

were purchased from Millipore Sigma (Merck KGaA, Darmstadt, Germany). Other cell 

culture reagents were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA). 5-FU (cat. no. F6627), clotrimazole (cat. no. C6019), MTT (cat. no. M5655), and SRB 

(cat. no. S1402) were obtained from Sigma–Aldrich (Merck KGaA, Darmstadt, Germany).  

4.4.2.2 Cell Line and Cell Culture 

Human colorectal cancer HT-29 was obtained from ATCC (Manassas, VA, USA) 

and maintained according to ATCC’s recommendations at 37 °C and 5% CO2 in appropriate 

medium supplemented with 10% FBS and 1% pen-strep solution. Cells were maintained in 

the logarithmic growth phase at all times. The media were changed every 2 days and 

trypsinized with 0.25% trypsin–EDTA. A total of 100 µL of HT-29 cells (7,500 cells/well) 

were seeded in 96-well plates and allowed to adhere overnight before drug exposure. After 

24 h, the cell culture media were replaced with 100 µL of drug-containing media. Cells were 

exposed to drugs/peptides for 48 h, followed by MTT and SRB assays to evaluate single 

and combination drug treatments in the cell viability and protein synthesis rate of these cells. 

4.4.2.3 Cell Culture Treatment 

The intermediate value (IV) was first determined for each conjugate alone in HT-29 

cells. This IV was obtained by plotting the logarithm of concentration against the normalized 

values of cell viability, as in a dose-response curve, but did not necessarily represent the 

IC50 of each compound, as these peptides had reached a plateau of inhibition. Drug/peptide 

concentrations ranged from 0.1 to 50 µM for the single-drug treatment. Combination studies 
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were performed by combining 5-FU (Drug A) with each CPP2–thiazole conjugate (Drug B). 

Clotrimazole was also combined with each CPP2–thiazole conjugate. Only CPP2-

conjugates that presented a promising pharmacological profile (defined as IV < 20 µM) were 

tested in simultaneous combination with 5-FU or clotrimazole. Both Drug A and Drug B 

concentrations were variable, and the combined effects of equipotent concentrations (fixed 

ratio) of the IV values for each drug were evaluated. 

4.5 Microscopic Observation 

After each treatment and before performing the MTT and/or SRB assays, cells were 

examined using a Leica DMI 6000B microscope coupled to a Leica DFC350 FX camera, 

and images were analyzed using Leica LAS X imaging software (v3.7.4, Leica 

Microsystems, Wetzlar, Germany). 

4.6 Viability assays 

To determine the cytotoxic effects of each combination on MCF-7 breast and HT-29 

colorectal cancer cells, MTT and/or SRB assays were used. For the MTT protocol, after 

drug treatment, the cell medium was removed, and 200 µL/well of MTT solution (0.5 mg/mL 

in PBS) was added. Cells were incubated for 3 h and protected from light. After this period, 

the MTT solution was removed, and DMSO (200 µL/well) was added to solubilize the 

formazan crystals. Absorbance was measured at 570 nm in an automated microplate reader 

(Sinergy HT, Biotek Instruments Inc., Winooski, VT, USA). For the SRB assay, after 

treatments, the cultured cells were fixed with ice-cold 10% trichloroacetic acid for 30 min 

and stained with 0.4% SRB for 1h at room temperature. Excess dye was removed by rinsing 

several times with tap water. Protein-bound dye was dissolved with 400 µL 10 mM Tris base 

solution for the determination of absorbance with a microplate reader with a filter 

wavelength of 540 nm (Sinergy HT, Biotek Instruments Inc., Winooski, VT, USA). 

4.7 Data Analysis 

GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) was used to 

produce all graphs from MTT and SRB assays as well as concentration-response curves 

by nonlinear regression analysis. The viability of cells treated with each drug was 

normalized to the viability of control cells and cell viability fractions were plotted versus drug 

concentrations in the logarithmic scale. 

4.8 Statistical Analysis 

The results are presented as mean ± SEM for n experiments performed. All data 

were assayed in three independent experiences, in triplicate. Statistical comparisons 
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between control and treatment groups, at the same time point, were performed with the 

Student’s t-test and ANOVA test. Statistical significance was accepted at p values < 0.05.  
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5. RESULTS AND DISCUSSION OF CHAPTER II 

5.1 Drug combination in Breast Cancer 

5.1.1 Combination Model I: Repurposed Drugs + Antineoplastic agents in 

Breast Cancer 

Drug combination is a strategy that allows the reduction of the drug concentrations 

needed for therapeutical effects. While many studies have identified promising drug pair 

candidates for specific cancer cells based on the combination of two or more antineoplastic 

agents, few report if antimalarials offer improved therapeutic benefits in drug combination 

schemes with antineoplastic agents.  

Here, it was hypothesized that antimalarials could enhance the cytotoxic effects of 

DOX and PTX, two chemotherapeutic agents commonly used in the management of breast 

cancer. Therefore, it was proposed a new combination model that consisted of the 

combination of these two antineoplastic agents with different antimalarial drugs.  

The main goal of this strategy is to have a safe starting point, such as an 

antineoplastic drug, whose antitumor activity is guaranteed in tumor cells. The combination 

with the repurposed drug, which has an acceptable toxicological profile, aims to improve 

the activity of the reference drug, and simultaneously reduce its therapeutic dose. Since the 

toxicological profile of repurposed drugs is already known, once their anti-cancer activity is 

better understood, the use of these drugs can be implemented clinically.  

To allow the assessment of the efficacy of the drug combinations, it was first 

analyzed the cytotoxic potential of the antineoplastic drugs PTX and DOX as single agents, 

in the human breast cancer cell line MCF-7.  

DOX is an antineoplastic drug belonging to the anthracycline class that is widely 

used in breast cancer [382]. Its mechanism of action is based on the intercalation with DNA, 

which leads to the cleavage of DNA by the enzyme topoisomerase II, and consequently, 

stops the cell cycle in the G2/M phase, resulting in cell death [383]. Also, studies suggest 

that the interconversion of DOX by cells to a semiquinone metabolite leads to the formation 

of ROS that interferes with lipid peroxidation and causes damage to DNA and cell 

membranes [383]. DOX is usually given in combination with other chemotherapy medicines, 

being used as adjuvant and neo-adjuvant therapy to treat advanced-stage breast cancer. 

However, the use of this drug in therapy is conditioned by its cardiotoxicity as well as the 

development of drug resistance by tumor cells, leading to a decrease in its effectiveness 

[47].  
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PTX is another antineoplastic used in the treatment of advanced-stage breast 

cancers and is a natural diterpene alkaloid, isolated from the Taxus brevifolia tree [384]. In 

addition to its use in breast cancer, PTX is also employed in the therapy of other types of 

cancers, such as ovary, lung, etc. [385]. The main target of PTX is β-tubulin, a protein 

responsible for stabilizing the microtubule polymers. When it binds to β-tubulin, PTX 

prevents its breakdown, and cells are blocked in phases G0/G1 and G2/M, which results in 

tumor cell death [386]. Several studies suggest that PTX can lead to increased expression 

of the forkhead box-O1 (FOXO1) gene, which may be involved in the inhibition of androgen 

receptors [387]. PTX also causes an increase in interleukin 10 (IL-10), an anti-inflammatory 

cytokine, as well as an increase in the production of ROS, by increasing the activity of 

nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase [388]. The 

solvents used to solubilize this drug make PTX difficult to tolerate and patients usually need 

to pre-medications to minimize reactions to the solvents. Also, it causes other severe side 

effects such as low white blood cell count, susceptibility to infections, allergic reactions, hair 

loss, vomiting, and diarrhea, among others [389].  

To evaluate the effects of DOX and PTX on the MCF-7 cell line, cells were treated 

with increasing concentrations of DOX (1-10 μM) and PTX (0.1–500 nM) for 48 h in MCF-7 

cells. The percentage of cell survival was assessed by MTT assay and the percentage of 

cellular protein content was measured by SRB assay. The results of MTT and SRB assays 

are in agreement for DOX activity and are given in Figures 22A and B, respectively. These 

results reveal a significant activity of this drug at concentrations above 0.1 µM, with cells 

demonstrating a strong response to the cytotoxic effect of DOX, with 1 µM killing almost 

50% of cells. 

 

Figure 22. Effects of DOX on (A) cell viability and (B) cellular protein content. Cells were cultured in the presence 

of increasing concentrations of DOX. After 48 h MTT and SRB assays were performed to measure cellular 

viability as well as protein content. Values are expressed in percentage and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); **statistically significant vs. control at p < 0.01. 

****statistically significant vs. control at p < 0.0001. 
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The results concerning the PTX activity are given in Figures 23A and B for MTT and 

SBR assays, respectively, and demonstrate a great cytotoxic effect of this drug for 

concentrations above 1 nM, with 10 nM causing the reduction of almost 50% of the cells. 

This response is more pronounced in the SRB test, with a significant response from 1 nM.  

 

Figure 23. Effects of PTX on (A) cell viability and (B) cellular protein content. Cells were cultured in the presence 

of increasing concentrations of PTX. After 48 h MTT and SRB assays were performed to measure cellular 

viability as well as protein content. Values are expressed in percentage and represent mean ± SEM. Each 

experiment was done three times independently (n = 3), ***statistically significant vs. control at p < 0.001. 

****statistically significant vs. control at p < 0.0001. 

The dose-response curves for these drugs in MCF-7 breast cancer cells are 

represented in Figure 24. Compared to DOX, PTX demonstrated a higher efficacy in 

decreasing cell viability, which resulted in a lower IC50 of around 3 nM, compared to 0.1 µM 

for DOX (Figure 24).  

 

Figure 24. Concentration-response curves of (A) DOX and (B) PTX on MCF-7 cells based on results obtained 

by MTT assay. The results represent the mean ± SEM of three independent experiments performed in triplicate.  

 These results confirm the anti-cancer activity of these antineoplastic drugs against 

breast cancer cells, namely in estrogen-receptor-positive breast cancer. Given the elevated 

antitumor activity of these drugs at very low doses, these antineoplastics were considered 

good candidates to evaluate in combination models using antimalarial drugs. 
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5.1.1.1 Combination of DOX or PTX + Antimalarials in MCF-7 Cells 

After finding the most promising antimalarial candidates for drug repurposing in 

breast cancer in Chapter I, it was designed a combination model consisting of one 

antineoplastic drug (Drug 1), and one antimalarial drug (Drug 2). MCF-7 cells were treated 

with both drugs alone and combined in a fixed ratio, in the concentrations of 0.25 × IC50, 0.5 

× IC50, IC50, 2 × IC50, and 4 × IC50 as represented in Figure 25.  

 

Figure 25. Representation of the design of the combination experiences. Drug 1 corresponds to the 

antineoplastic agent and Drug 2 corresponds to repurposed drugs. Cells were treated with Drug 1 and Drug 2 

alone and in combination in a fixed ratio for 48 h, in the concentrations of 0.25 × IC50, 0.5 × IC50, IC50, 2 × IC50, 

and 4 × IC50. 

 

First, we evaluated the combinations of DOX + Artesunate, DOX + Mefloquine, DOX 

+ Tafenoquine, DOX + Pyronaridine, and DOX + Cycloguanil by MTT assay (Figure 26). As 

chloroquine has been widely tested in several cell lines, we also included the combination 

of DOX + chloroquine in this study, using the IC50 value defined on the literature [100].  

Analyzing the results obtained by the MTT assays, it is possible to verify that the 

treatment of DOX combined with mefloquine (Figure 26A) did not demonstrate an improved 

anticancer profile compared to both drugs alone. Nevertheless, this drug presented an 

enhanced anticancer effect than DOX alone for the concentrations of 0.5, 1, and 2 times 

IC50. Combination of DOX + pyronaridine (Figure 26B) resulted in a significant reduction in 

the viability of MCF-7 cells compared to both drugs alone, at the concentrations of 0.25, 

0.5, and 1 times IC50. The combination of DOX plus tafenoquine (Figure 26C) did not result 

in any enhancement in the activity compared to both drugs alone. On the other side, the 
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combination of DOX + chloroquine (Figure 26D) at the concentration of 0.5 x IC50 

demonstrated a significant reduction in the viability of MCF-7 cells in relation to both drugs 

alone. At other concentrations till 2 × IC50, this combination was only advantageous over 

DOX alone. The combination of DOX and artesunate (Figure 26E) also demonstrated a 

promising anticancer profile, with the combinations of 0.5 and 1 × IC50 causing significant 

toxicity compared to both drugs alone. The combination of cycloguanil and DOX (Figure 

26F) does not seem to be advantageous over the treatment with DOX alone.  
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Figure 26. Growth inhibition of MCF-7 cells after 48 h treatment with a combination of DOX plus (A) mefloquine, 

(B) pyronaridine, (C) tafenoquine, (D) chloroquine, (E) artesunate, and (F) cycloguanil. Cells were exposed to 

concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and cell viability was evaluated by MTT 

assay. The drugs in combination were co-administered at the same time. Values are expressed in percentage 

and represent mean ± SEM. Each experiment was done three times independently (n = 3); *statistically 

significant at p < 0.05. **statistically significant at p < 0.01. ***statistically significant at p < 0.001. ****statistically 

significant at p < 0.0001. 
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Next, to evaluate the influence of the antineoplastic agent, the same antimalarial 

drugs were combined with a different antineoplastic drug, PTX, using the same 

experimental design described in Figure 25. When compared to PTX as a single agent, at 

higher doses (2 × IC50 and 4 × IC50), all drug combinations of PTX with antimalarial drugs, 

except for cycloguanil, demonstrated significant anti-cancer activity (Figure 27). 

Nevertheless, only the combination of PTX + chloroquine at the concentration of 0.5 x IC50 

(Figure 27D) and the combination of PTX + artesunate (Figure 27F) at the concentrations 

of 0.5, 1, and 2 × IC50 demonstrated an improved anticancer profile in relation to both drugs 

alone.  
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Figure 27. Growth inhibition of MCF-7 cells after 48 h treatment with a combination of PTX plus (A) mefloquine, 

(B) pyronaridine, (C) tafenoquine, (D) chloroquine, (E) artesunate, and (F) cycloguanil. Cells were exposed to 

concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and cell viability was evaluated by MTT 

assay. The drugs in combination were co-administered at the same time. Values are expressed in percentage 

and represent mean ± SEM. Each experiment was done three times independently (n = 3); *statistically 

significant at p < 0.05. **statistically significant at p < 0.01. ***statistically significant at p < 0.001. ****statistically 

significant at p < 0.0001. 
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Taken together, these results demonstrate that some antimalarial drugs, such as 

artesunate, pyronaridine, and chloroquine, in combination can improve the anti-cancer 

activity of DOX or PTX in ER-positive breast cancer cells. 

Compared to the previous results, the combination of antimalarial drugs with DOX 

seems to be preferable compared to the combination with PTX, with chloroquine and 

artesunate being promising antimalarial drugs to be used in combination with both 

antineoplastic drugs. These results also imply that some antimalarial drugs may act as 

chemosensitizing compounds for enhancing the cytotoxic effects of DOX or PTX in MCF-7 

cells. 
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5.1.1.2 Combination of DOX or PTX + CNS Drugs in MCF-7 Cells 

Next, the cytotoxic effect of the most promising CNS drugs in combination with PTX 

and DOX was evaluated. This time, the drugs thioridazine, benztropine, fluoxetine, 

fluphenazine, and sertraline were selected for evaluation in combination regimens, based 

on the results previously obtained in Chapter I that demonstrated these drugs to be the 

most promising candidates (IC50 under 25 µM) for drug repurposing.  

After determining the IC50 value of each CNS drug in MCF-7 breast cancer cells in 

Chapter I, they were combined with increasing concentrations of DOX or PTX for 48 h, 

following the same experimental protocol described in Figure 25. This time, the obtained 

results were supported by two cell-based assays: MTT and SRB. Morphological evaluation 

of cells treated with each drug alone and in combination was also done.  

Co-treatment of MCF-7 cells with fluoxetine and DOX at concentrations of IC50 

demonstrated significant cytotoxicity, resulting in a decrease in cell viability compared to the 

treatments with DOX and fluoxetine alone (Figure 28A). No significant differences in the 

cellular protein content were observed in cells co-treated with fluoxetine and DOX (Figure 

28B). The combination of sertraline and DOX proved to be less effective in promoting 

cytotoxic effects than each drug alone, for all concentrations tested, both by MTT and SRB 

assays (Figure 28C and D). Co-treatment of thioridazine with DOX proved to be effective 

and significantly different from thioridazine and DOX alone at the concentration of IC50 of 

each drug (Figure 28E). The combination of fluphenazine proved not to be advantageous 

over each drug alone, both by MTT and SRB (Figure 28G and H). Benztropine combined 

with DOX at the concentration of IC50 resulted in significant cell viability reduction compared 

to DOX and benztropine alone (Figure 28I). Linear regression analysis of the results 

obtained by MTT and SRB assays is represented in Figure 29 and demonstrate a good 

correlation between these assays. Morphologically, all treatments resulted in a lower 

number of viable cells compared to the control well and treatment with DOX alone (Figure 

30).  
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Figure 28. Cell viability of MCF-7 breast cancer cells treated with the combination of different CNS drugs and 

DOX, by MTT (left) and SRB assays (right). Cultured cells were seeded in 96-well plates and treated with 

concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50 for 48 h. Cells treated with vehicle (0.1% 

DMSO) were used as the control. Cell viability was determined after the final treatment by MTT and SRB assays. 

The drugs were co-administered in combination. (A) The effect of DOX + fluoxetine on cell viability and (B) cell 

protein synthesis. (C) The effect of DOX + sertraline on cell viability and (D) cell protein synthesis. (E) The effect 

of DOX + thioridazine on cell viability and (F) cell protein synthesis. (G) The effect of DOX + fluphenazine on 

cell viability and (H) cell protein synthesis. (I) The effect of DOX plus benztropine on cell viability and (J) cell 

protein synthesis. Each point represents the mean ± SEM relative to the control cells. * Statistically significant 

at p < 0.05. ** Statistically significant at p < 0.01. *** Statistically significant at p < 0.001. **** Statistically 

significant at p < 0.0001. 

 

Figure 29. Linear regression analysis of the results obtained by MTT and SRB assays. The effect of (A) DOX 

+ fluoxetine (B) DOX + sertraline (C) DOX + thioridazine (D) DOX + fluphenazine and (E) DOX + benztropine 

on cell viability. Each point represents the mean ± SD relative to the control cells. * Statistically significant at p 
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< 0.05. ** statistically significant at p < 0.01. *** statistically significant at p < 0.001. **** statistically significant 

at p < 0.0001. 
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Figure 30. Microscopic cellular visualization of MCF-7 cells after treatment with the combination of different 

CNS drugs and DOX. Cells treated with vehicle (0.1% DMSO) were used as control. Scale bar: 50 µM. 

 

These results demonstrate that fluoxetine, thioridazine, and benztropine combined 

with DOX at the concentrations of IC50 are the most promising drug pairs to further evaluate 

mechanistically and for dose adjustment.  

Next, the combination of PTX with each CNS drug was also evaluated using the 

model of combination previously described in Figure 25. This aimed to understand if the 

choice of the antineoplastic agent could have an influence on the anticancer effects of these 

drug combinations. The combination of PTX plus fluphenazine, fluoxetine, benztropine, 

thioridazine, and sertraline was evaluated by MTT and SRB assays, as well as 

morphological analysis.  

In combination with PTX, fluoxetine demonstrates significant anti-cancer effects 

both by MTT and SRB assays (Figure 31A and B, respectively), mainly at the concentration 

of 2 × IC50, where the combined effect was statistically significant compared to each drug 

alone. The combination with sertraline resulted in a similar reduction of cell viability and cell 

protein synthesis as PTX alone, at all concentrations. At the concentrations of IC50 and 2 × 

IC50, the combination of PTX plus sertraline demonstrated significative anticancer effects 

compared to sertraline alone (Figures 31C and D). The combination with PTX and 

thioridazine demonstrated significant anticancer effects compared to both drugs alone, at 



CHAPTER II 

 
118 

 

the concentration of IC50 (Figure 31E and F). The combination with fluphenazine resulted in 

all intermediate concentrations showing a greater anticancer effect than fluphenazine alone 

(Figure 31G and H). The activity seen for these combinations can be the result of the strong 

anticancer activity of PTX alone. The combination with benztropine resulted in a statistically 

significant reduction of cell viability at the concentration of IC50 compared to both drugs 

alone, and at the concentration of 2 × IC50 compared to PTX alone (Figure 31I and J), 

demonstrating that the activity of this combination can be the result of the repurposed drug 

alone, contrary to the previous combinations. Together, these results demonstrate that both 

CNS drugs and PTX can contribute to different pharmacological effects in the combined 

treatments. Morphologically, the results are in agreement with the MTT and SRB assays. 

At concentrations of 4 × IC50, all combinations resulted in a decrease in cell number and 

smaller and rounder cells, compared to control cells and PTX, indicative of cell death (Figure 

32). 
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Figure 31. Growth inhibition of MCF-7 after 48 h of combination therapy with PTX, by MTT (left) and SRB 

assays (right). Cells were exposed to concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and 

the cell viability was evaluated by MTT and SRB assays. The drugs in combination were co-administered at the 

same time. (A) The effect of PTX plus fluoxetine on cell viability and (B) cell protein synthesis. (C) The effect of 

PTX plus sertraline on cell viability and (D) cell protein synthesis. (E) The effect of PTX plus thioridazine on cell 

viability and (F) cell protein synthesis. (G) The effect of PTX plus fluphenazine on cell viability and (H) cell protein 

synthesis. (I) The effect of PTX plus benztropine on cell viability and (J) cell protein synthesis. Values are 

expressed in percentage of control and represent mean ± SEM. Each experiment was done three times 

independently (n = 3); * statistically significant at p < 0.05. ** statistically significant at p < 0.01. *** statistically 

significant at p < 0.001. **** statistically significant at p < 0.0001. 
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Figure 32. Microscopic cellular visualization of MCF-7 cells after 48 h of incubation with vehicle (A), PTX (B), 

fluoxetine (C), fluoxetine + PTX (D), sertraline (E), sertraline + PTX (F), thioridazine (G), thioridazine + PTX (H), 

fluphenazine (I) fluphenazine + PTX (J), benztropine (K) and benztropine + PTX (L) at concentrations of 4 × 

IC50 of each drug. Scale bar: 50 µm.   
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Compared to our previous results, these findings demonstrate that the combination 

of CNS agents with PTX has an anticancer potential similar to the combination with DOX. 

Nevertheless, as lower doses of PTX are necessary to exert similar therapeutic effects (as 

demonstrated by the IC50 of this drug), the combination of CNS drugs with this antineoplastic 

drug seems preferable than the combination with DOX.  

Although the previous results from Chapter I demonstrated that quetiapine and 

edaravone were not adequate to be used as standalone agents for breast cancer therapy, 

their use as possible adjuvant agents in combination therapies was still investigated.  

Therefore, the combination of PTX and DOX with edaravone and quetiapine was 

evaluated, to determine whether these repurposed drugs could effectively enhance the 

anticancer activity of these chemotherapeutic drugs. To do so, increasing concentrations 

(0.01–100 μM) of edaravone and quetiapine were combined with the IC50 values of PTX and 

DOX. Cell viability was assessed by an MTT assay as well as morphological evaluation.  

The results regarding the combination of DOX plus edaravone are shown in Figure 

33. Analyzing the morphological results (Figure 33A) and MTT results (Figure 33B), it was 

found that the combined effects of edaravone and DOX were very similar to the effect of 

DOX alone, for all concentrations, demonstrating that the cytotoxic effect seen for these 

combinations may be a result of the strong anticancer activity of DOX alone. The same 

conclusions can be applied to the combination of edaravone with PTX (Figure 34). 

 

Figure 33. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of DOX and edaravone. Cells were incubated with increasing concentrations of edaravone, alone and 
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combined with a fixed concentration (IC50) of DOX for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). **** indicate significative results at p < 0.0001. 

Edara: edaravone 

 

Figure 34. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of PTX and edaravone. Cells were incubated with increasing concentrations of edaravone, alone and 

combined with a fixed concentration (IC50) of PTX for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). *** and **** indicate significative results at p < 

0.001 and p < 0.0001, respectively. Edara: edaravone 

 

On the other hand, the combination of quetiapine and DOX revealed significant 

morphological changes in the cell structure and cell number of the MCF-7 cells (Figure 35A). 

These observations were compatible with the results obtained by the MTT assay (Figure 

35B), where a significative reduction was found in the cell viability of the MCF-7 cells treated 

with the combination of DOX plus 0.1, 1, 10, and 50 µM of quetiapine compared with both 

drugs alone, demonstrating the promising anticancer profile of this drug combination against 

this cell line. 
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Figure 35. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment with DOX and quetiapine. Cells were incubated with increasing concentrations of quetiapine, alone 

and combined with a fixed concentration (IC50) of DOX for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). *, *** and **** indicate significative results at p 

< 0.05, p < 0.001 and p < 0.0001, respectively. Queti: quetiapine 

 

Regarding the combination of PTX + quetiapine, it was found this drug combination 

does not induce significant anticancer effects compared to PTX alone, either in the 

morphological analysis (Figure 36A) or in the MTT assay (Figure 36B), demonstrating only 

a significant reduction in cell viability in comparison with quetiapine alone. These results 

demonstrate the anticancer effect of the combination is mainly attributed to the anticancer 

activity of the antineoplastic drug. 
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Figure 36. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of PTX and quetiapine. Cells were incubated with increasing concentrations of quetiapine, alone and 

combined with a fixed concentration (IC50) of PTX for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). *, ** and **** indicate significative results at p < 

0.05, p < 0.01 and p < 0.0001, respectively. Queti: quetiapine 

  



CHAPTER II 

 
125 

 

5.1.2 Combination Model II: Repurposed Drug + Repurposed Drug in Breast 

Cancer 

Next, we aimed to develop a new model of drug combination consisting of two 

repurposed drugs. We selected repurposed drugs with promising anticancer profiles, taking 

into account the previous results regarding the screening of repurposed drugs with 

anticancer potential (Chapter I).  

These drugs were selected based on their IC50, assuming that the lower this value, 

the more their anticancer potential. We selected the two CNS and the two antimalarial drugs 

with the lowest IC50 values, to confirm the viability of this model of combination for 

application in breast cancer therapy.  

This model of combination consisted in fixing the dose of one drug and varying the 

dose of the other drug. To do so, MCF-7 cells were treated with the combinations of 

fluphenazine plus sertraline (and vice-versa), and with the combination of mefloquine plus 

pyronaridine (and vice-versa) for 48 h. Cell morphology and viability were evaluated after 

each treatment. 

First, the combination of mefloquine (IC50) with increasing concentrations of 

pyronaridine on the cell morphology (Figure 37A) and viability (Figure 37B) of MCF-7 breast 

cancer cells was evaluated. The results demonstrate that this combination is not 

advantageous over mefloquine at all concentrations of pyronaridine, with mefloquine alone 

causing more than an 80% reduction in cell viability at its IC50 value. 
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Figure 37. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of mefloquine and pyronaridine. Cells were incubated with increasing concentrations of pyronaridine, 

alone and combined with a fixed concentration (IC50) of mefloquine for 48 h. Cell viability was evaluated using 

an MTT assay. Experiments were performed three times independently (n = 3). **** indicate significative results 

at p < 0.0001. Pyro: pyronaridine; Meflo: mefloquine 

 

Next, the order of the combination was inverted and the dose of pyronaridine was 

fixed and the concentrations of mefloquine varied. The results of the morphological analysis 

(Figure 38A) and for cellular viability (Figure 38B) demonstrate that the combination of 0.01, 

0.1, and 1 of mefloquine with the IC50 for pyronaridine significantly reduced MCF-7 cell 

viability only when compared with mefloquine alone in these concentrations. No statistically 

significant combined pairs were found at any concentration compared to the use of both 

drugs alone, which demonstrates that this combination is not advantageous over single 

drugs. 
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Figure 38. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of pyronaridine and mefloquine. Cells were incubated with increasing concentrations of mefloquine, 

alone and combined with a fixed concentration (IC50) of pyronaridine for 48 h. Cell viability was evaluated using 

an MTT assay. Experiments were performed three times independently (n = 3). ** and **** indicate significative 

results at p < 0.01 and p < 0.0001, respectively. Pyro: pyronaridine; Meflo: mefloquine 

 

The same combination model previously described was then performed using the 

CNS drugs fluphenazine and sertraline. The results regarding the combination of sertraline 

IC50 and fluphenazine (0.01–100 µM) are shown in Figure 39. The results of the cell 

morphological analysis (Figure 39A) and MTT assay (Figure 39B) demonstrate this 

combination induced significant toxicity compared with sertraline alone, suggesting that the 

combined effect must be a result of the cytotoxicity of fluphenazine. The same conclusions 

can be applied to the inverse combination of fluphenazine IC50 and variable concentrations 

of sertraline (Figure 40), where it was found that the observed effect after the drug 

combination treatment is practically equal to the treatment with sertraline alone. 
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Figure 39. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of fluphenazine and sertraline. Cells were incubated with increasing concentrations of fluphenazine, 

alone and combined with a fixed concentration (IC50) of sertraline for 48 h. Cell viability was evaluated using an 

MTT assay. Experiments were performed three times independently (n = 3). **** indicate significative results at 

p < 0.0001. Fluphe: fluphenazine; Sert: sertraline 

 

Figure 40. Morphological analysis (A) and cellular viability (B) results of MCF-7 cells after a single and combined 

treatment of sertraline and fluphenazine. Cells were incubated with increasing concentrations of sertraline, alone 

and combined with a fixed concentration (IC50) of fluphenazine for 48 h. Cell viability was evaluated using an 

MTT assay. Experiments were performed three times independently (n = 3). *** and **** indicate significative 

results at p < 0.001 and p < 0.0001, respectively. Fluphe: fluphenazine; Sert: sertraline  
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5.1.3 Combination Model III: Peptides + Antineoplastic Drugs in Breast 

Cancer 

After demonstrating that repurposed drugs can have promising anticancer potential 

in combination with chemotherapeutic drugs, it was decided to explore if other molecules, 

such as peptides, could also enhance the cytotoxic effect of antineoplastic agents. 

Therefore, the anticancer effects of Melittin (the most abundant peptide in honeybee venom) 

in combination with DOX were evaluated in breast cancer cells.  

Honeybees secrete bee venom from a highly specific venom gland connected to the 

venom reservoir located in the abdominal cavity. Mainly composed of water, with a 

composition of 80%, bee venom is a complex mixture containing at least 18 

pharmacological active compounds, which includes peptides like melittin, apamin, mast cell 

degranulating peptides, adolapin, enzymes such as phospholipase A2 and hyaluronidase, 

bioactive amines such as histamine and dopamine, amino acids, minerals and volatile 

compounds [390]. With a long tradition of applications in natural medicines to treat diseases 

such as arthritis, rheumatism, pain, tumors, and skin diseases, several studies describe the 

therapeutic potential of bee venom components as anti-inflammatory, anti-viral, and anti-

cancer [390, 391]. Moreover, recent research also correlates bee venom to a variety of 

cancer management effects including induction of apoptosis, necrosis, cytotoxicity, and 

inhibition of proliferation in different cancer types, including prostate, breast, lung, liver, and 

bladder [391]. The rich composition in venom peptides, which are described to exhibit high 

specificity and selectivity towards cancer cells, with effects on cell proliferation, invasion, 

migration, and angiogenesis, as well as modulating immune responses [392], shows the 

increased potential of bee venom for targeted cancer therapy. 

Here, a honeybee venom sample was chemically characterized and the differential 

modulations of the treatments with chemotherapeutics combined with honeybee venom on 

the cellular viability of MCF-7 breast cancer cells were investigated.  

It was designed a combination model consisting of increasing concentrations of 

honeybee venom plus a fixed dose of a chemotherapeutic agent. DOX was used as a 

reference drug for MCF-7 cancer cells. Specifically, it was designed a combination model 

with variable doses (6.25–100 µg/mL) of honeybee venom combined with a fixed dose (IC50 

value) of DOX. Cells were treated with each combination for 48 h and cell viability was 

evaluated by MTT and SRB assays. Morphology analysis was also performed in parallel 

with these cell-based assays. 
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The aim of this combination model was to find other compounds rather than 

repurposed drugs that also have the ability to enhance the anti-tumor effect of 

chemotherapeutic drugs for breast cancer therapy. This was achieved using a combination 

model consisting of a natural compound plus a therapeutic drug, instead of using two 

therapeutic drugs, as is usually done in drug combination studies for combatting cancer. 

This work was initiated by the chemical characterization of the honeybee venom 

from Apis mellifera iberiensis, which is shown in Figure 41.  

 

Figure 41. (A) Chromatographic profile of Apis mellifera iberiensis venom at 220 nm; (B) quantification of the 

main compounds of the honeybee venom; APA: apamim; PLA2: phospholipase A2; IS: internal standard 

(cytochrome c, 25 µg/mL); MEL: melittin. 

 

These results demonstrated that the peptide melittin was the most abundant 

compound with a concentration of 65.6 ± 0.3%, followed by the enzyme phospholipase A2, 

with 4.0 ± 0.2%, and the peptide apamin with 1.2 ± 0.1%. Indeed, melittin has been reported 

by different authors as the main constituent of bee venom, accounting for 40–50% of its 

total dry weight [381, 391]. 

After the characterization of the honeybee venom, the anti-cancer effect of 

honeybee venom was analyzed in MCF-7 cells for 48 h and it was found that this compound 

was able to effectively reduce the cell viability of these cancer cells significantly in 

concentrations above 25 µg/mL (Figure 42A). This compound was also able to reduce the 
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cellular protein content of MCF-7 breast cancer cells in concentrations above 12.5 µg/mL 

(Figure 42B). Based on MTT results, a dose-response curve was plotted and the IC50 was 

calculated, giving a value of 12.18 µg/mL (Figure 42C). 

 

 

Figure 42. Cell viability of MCF-7 breast cancer cells treated with honeybee venom. (A) MTT assay, (B) SRB 

assay, and (C) the dose-response curve of MCF-7 cells cultured in 96-well plates and treated with increasing 

concentrations (6.25–100 µg/mL) of honeybee venom for 48 h. The dose-response curve was obtained by non-

linear regression after the normalization of cell viability values. Each point represents the mean ± SEM relative 

to the control cells (0.1% DMSO) of three independent experiences. * Statistically significant vs. control at p < 

0.05.  

 

Next, MCF-7 breast cancer cells were treated with different combinations of DOX 

plus honeybee venom. This combination model included the treatment of cells with 

increasing concentrations of honeybee venom plus the IC50 value of DOX. The combination 

of DOX with bee venom did not result in significant improvements compared to DOX and 

bee venom alone, as demonstrated in the morphological analysis (Figure 43A), MTT (Figure 

43B), and SRB (Figure 43C) assays. 
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Figure 43. Effect of honeybee venom combined with DOX in MCF-7 breast cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. MCF-7 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. ** Statistically significant vs. 

bee venom at p < 0.01; Scale bar: 179.3 µm; BV: bee venom. 

 

Taken together, these results demonstrate that we successfully chemically 

characterized a honeybee venom sample from Apis mellifera iberiensis. Moreover, it was 

found that the peptide melittin was the most abundant compound in this sample, as reported 

by other authors. The cytotoxic evaluation of honeybee venom revealed that this compound 

has anti-cancer activity in the MCF-7 cell line, showing great potential in reducing cell 

viability even at lower concentrations (below 25 µg/mL). Together, these results support the 

anti-cancer potential of honeybee venom as a standalone agent in breast cancer.  
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5.1.4 Combination Model IV: Peptides + Repurposed Drugs in Breast Cancer 

As the combination of honeybee venom with DOX did not result in significant 

improvements over bee venom and DOX alone, it was next decided to evaluate the 

combination of honeybee venom with four different CNS drugs that have demonstrated 

good anticancer profiles in Chapter I: fluphenazine, fluoxetine, sertraline, and thioridazine, 

to further evaluate if this drug class was able to enhance the cytotoxic activity of honeybee 

venom. This combination model consisted of the treatment of cells with increasing 

concentrations of honeybee venom plus the IC50 value of each repurposed drug. 

Co-treatment of fluphenazine and 6.25 µg/mL of honeybee venom resulted in 

enhanced cell viability reduction, compared to both drugs alone. Higher concentrations of 

honeybee venom and fluphenazine only resulted in statistical differences compared to 

fluphenazine alone, demonstrating that the anti-cancer activity of the combination was 

mainly due to the effect of honeybee venom (Figure 44B). These results are supported by 

the morphological analysis (Figure 44A). The SRB assay did not demonstrate significant 

differences in protein cellular content (Figure 44C). 

 

Figure 44. Effect of honeybee venom combined with fluphenazine in MCF-7 breast cancer cells. (A) 

Morphological analysis; (B) MTT and (C) SRB assays. MCF-7 cells were cultured in 96-well plates and treated 

with each combination for 48 h. Cell viability was determined after the final treatment. Each point represents the 

mean ± SEM relative to the control cells (0.1% DMSO) of three independent experiences. **** Statistically 

significant vs. bee venom at p < 0.0001; # Statistically significant vs. fluphenazine at p < 0.05; ## Statistically 

significant vs. fluphenazine at p < 0.01; ### Statistically significant vs. fluphenazine at p < 0.001. Scale bar: 179.3 

µm; BV: bee venom; Fluphe: fluphenazine 
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The combination of fluoxetine and sertraline with increasing concentrations of 

honeybee venom resulted in similar results (Figures 45 and 46, respectively). It was found 

that these combinations were statistically different from single treatments and effectively 

reduced MCF-7 cell viability and cellular protein content when 6.25 µg/mL honeybee venom 

were given in combination with the repurposed drug. These results were also supported by 

microscopy analysis. When using higher concentrations of bee venom, the observed result 

was only statistically different from the repurposed drug alone, demonstrating an anti-cancer 

effect similar to the treatment with bee venom alone. 

 

Figure 45. Effect of honeybee venom combined with fluoxetine in MCF-7 breast cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. MCF-7 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. * Statistically significant vs. 

bee venom at p < 0.05; **** Statistically significant vs. bee venom at p < 0.0001; ## Statistically significant vs. 

fluoxetine at p < 0.01; #### Statistically significant vs. fluoxetine at p < 0.0001. Scale bar: 179.3 µm; BV: bee 

venom; Fluoxe: fluoxetine 
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Figure 46. Effect of honeybee venom combined with sertraline in MCF-7 breast cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. MCF-7 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. * Statistically significant vs. 

bee venom at p < 0.05; **** Statistically significant vs. bee venom at p < 0.0001; #Statistically significant vs. 

sertraline at p < 0.05; ## Statistically significant vs. sertraline at p < 0.01; ### Statistically significant vs. sertraline 

at p < 0.001; #### Statistically significant vs. sertraline at p < 0.0001. Scale bar: 179.3 µm; BV: bee venom; Sertra: 

sertraline 

 

A low number of viable cells and cellular aggregates was seen in the combination 

treatment of thioridazine and bee venom (Figure 47A). MTT results demonstrated that co-

treatment of thioridazine and 6.25 µg/mL honeybee venom significantly reduced breast 

cancer cell viability in relation to both drugs alone (Figure 47B). Protein content was 

significantly lower than bee venom only for the lowest concentration, being similar to bee 

venom in concentrations above 25 µg/mL (Figure 47C). 
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Figure 47. Effect of honeybee venom combined with thioridazine in MCF-7 breast cancer cells. (A) 

Morphological analysis; (B) MTT and (C) SRB assays. MCF-7 cells were cultured in 96-well plates and treated 

with each combination for 48 h. Cell viability was determined after the final treatment. Each point represents the 

mean ± SEM relative to the control cells (0.1% DMSO) of three independent experiences. ** Statistically 

significant vs. bee venom at p < 0.01; **** Statistically significant vs. bee venom at p < 0.0001; # Statistically 

significant vs. thioridazine at p < 0.05; ## Statistically significant vs. thioridazine at p < 0.01. Scale bar: 179.3 µm; 

BV: bee venom; Thio: thioridazine 

 

These results demonstrate that the combination of honeybee venom with 

repurposed drugs is more effective in reducing MCF-7 cell viability than the combination of 

honeybee venom with DOX, notably for lower concentrations. Combinations of CNS drugs 

plus honeybee venom resulted in less than 40% of viable cells for all ranges of 

concentrations, supporting the idea that the combination of these repurposed drugs can 

help improve the efficacy of honeybee venom for breast cancer treatment.    
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5.2 Drug combination in Colorectal Cancer 

5.2.1 Combination Model I: Repurposed Drugs + Antineoplastic Agents in 

Colorectal Cancer 

Next, the same set of experiments was repeated in another type of cancer cells (HT-

29), to determine if the previous combination models could also be employed for the 

treatment of another type of cancer (colorectal cancer). First, the anti-tumor potential of the 

antineoplastic drug 5-FU was analyzed in the HT-29 colorectal cancer cell line, to confirm 

the efficacy of this drug in colorectal cancer. Cells were treated with 5-FU in concentrations 

ranging from 0.1–100 μM for 48 h and cell survival was evaluated by MTT. The results of 

the MTT assay for 5-FU are given in Figure 48A. Based on these results, a dose-response 

curve was obtained and the IC50 value for 5-FU was calculated (Figure 48B). This value 

was further used in the combination studies.  

These results revealed a significant activity of 5-FU at concentrations above 10 µM, 

with little differences in cell viability among the higher concentrations. The cells displayed a 

mild response to the cytotoxic effect of 5-FU, which resulted in an IC50 value of 3.79 µM 

after normalization of cellular viability results.  

 

Figure 48. The effect of 5-FU on HT-29 cells. (A) Cell viability and (B) dose-response. Cells were cultured in 

the presence of increasing concentrations of 5-FU, and after 48 h, the MTT assay was performed to measure 

the cellular viability. Values are expressed in percentage of control and represent mean ± SEM. Each experiment 

was done three times independently (n = 3) *** statistically significant vs. control at p < 0.001. **** statistically 

significant vs. control at p < 0.0001. 

 

These results support the anti-cancer activity of 5-FU in the treatment of colorectal 

cancer and justify its use in the combinations proposed in this study. 
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5.2.1.1 Combination of 5-FU + Antimalarials in HT-29 Cells 

After finding the most promising antimalarials for drug repurposing in colorectal 

cancer therapy (mefloquine and artesunate) and their IC50 value in Chapter I, the 

combination of 5-FU with this class of drugs was next valuated, using the model of 

combination described in Figure 25. HT-29 cells were treated with both drugs alone or 

combined in a fixed ratio, in the concentrations of 0.25 × IC50, 0.5 × IC50, IC50, 2 × IC50, and 

4 × IC50, and two cell-based assays were performed: MTT and SRB. Morphological 

evaluation of cells treated with each drug alone and in combination was also done.  

In the combination of 5-FU plus artesunate (Figure 49A and B), it was found that for 

a concentration of 2 × IC50, the results of the combined drugs were worse than the 

repurposed drugs alone, demonstrating a kind of competition mechanism between the two 

drugs when administered together, mainly in the MTT assays. Additionally, for the highest 

concentrations (4 × IC50), the results obtained for the combined drugs did not show 

improvements concerning the repurposed drugs alone (Figure 49A and B). Microscopically, 

at concentrations of 4 × IC50, differences between cells were only found between 5-FU, 

control cells, and treated cells; differences between single drugs and drug combinations 

were very subtle and both treatments resulted in the decreasing of cell number, less 

aggregate formation and rounded cells (Figure 50). The combination with mefloquine 

resulted in all concentrations showing a greater anticancer effect than 5-FU alone (Figure 

49C and D). The activity seen in these combinations can be the result of the strong 

anticancer activity of mefloquine alone. Morphologically, the results are in agreement with 

the MTT and SRB assays. At concentrations of 4 × IC50, all combinations resulted in a 

decrease in cell number and smaller and rounder cells, compared with control cells and 5-

FU, which is indicative of cell death (Figure 50). 



CHAPTER II 

 
139 

 

 

Figure 49. Growth inhibition of HT-29 after 48 h of combination therapy, by MTT (left) and SRB assays (right). 

Cells were exposed to concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and the cell viability 

was evaluated by MTT and SRB assays. The drugs in combination were co-administered at the same time. (A) 

The effect of 5-FU plus artesunate on cell viability and (B) cell protein synthesis. (C) The effect of 5-FU plus 

mefloquine on cell viability and (D) cell protein synthesis. Values are expressed in percentage of control and 

represent mean ± SEM. Each experiment was done three times independently (n = 3); * statistically significant 

at p < 0.05. ** statistically significant at p < 0.01. *** statistically significant at p < 0.001. **** statistically significant 

at p < 0.0001. 
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Figure 50. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with vehicle (A), 5-FU (B), 

mefloquine (C), mefloquine + 5-FU (D), artesunate (E) and artesunate + 5-FU at concentrations of 4 × IC50 of 

each drug. 

 

Based on the previous MTT assay results (Figure 49), the combination of 5-FU with 

artesunate seemed to demonstrate some kind of competition between these two drugs, with 

the results for the combination being worse than for the repurposed drug alone. Therefore, 

it was designed a new model of combination for these pairs of drugs to evaluate the 

influence of the choice of the drug schedule on HT-29 colon cancer cells.  

It was hypothesized that if drugs were administered at different times (sequential), 

the results would be better, due to non-competition between the two drugs. To do so, three 

schedules (Figure 51) were tested: simultaneous administration (Schedule A), drug A prior 

to drug B (Schedule B), and drug B prior to drug A (Schedule C).  
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Figure 51. Three combination schedules were designed for evaluating 5-FU combination with some repurposed 

drugs. Schedule A represents cells treated concomitantly with 5-FU and each repurposed drug for 48 h. 

Schedule B represents cells pre-treated with 5-FU for 24 h followed by each repurposed drug for another 24 h. 

For schedule C, cells were pre-treated with each repurposed drug for 24 h, followed by 5-FU for another 24 h. 

It was found that, for artesunate, the administration of artesunate prior to 5-FU 

produces better results than other drug schedules (Figures 52A and B). 

 

 

Figure 52. HT-29 cells were exposed to sequential 5-FU and (A, B) artesunate using constant ratios of the IC50 

dose. Values are expressed in percentage of control and represent mean ± SEM. Each experiment was done 

three times independently (n = 3). Artes: artesunate 

 

These results confirm that the choice of the drug schedule may produce different 

therapeutic outcomes when using drug combinations.  
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5.2.1.2 Combination of 5-FU + CNS Drugs in HT-29 Cells 

After finding the most appropriate CNS agents for drug repurposing in colorectal 

cancer therapy and their corresponding IC50 value in Chapter I, next it was evaluated the 

combination of 5-FU with each repurposed drug using the model of combination previously 

described in Figure 25. The most promising CNS drugs were considered as having an IC50 

value under 25 µM: latrepirdine, fluphenazine, fluoxetine, benztropine, thioridazine, and 

sertraline.  

In combination with 5-FU, latrepirdine did not have any significant anti-cancer 

effects, at any concentration, both by MTT and SRB assay (Figure 53A and B, respectively). 

The combination with thioridazine resulted in a similar reduction of cell viability and cell 

protein synthesis as thioridazine alone, at concentrations higher than IC50. At a 

concentration of 4 × IC50, the combination of 5-FU plus thioridazine demonstrated enhanced 

but not significant anticancer effects than thioridazine (Figure 53C and D). The combination 

with 5-FU and sertraline also demonstrated significant anticancer effects compared to 5-FU 

alone, at a higher concentration, for both assays (Figure 53E and F). A small difference 

between sertraline and sertraline + 5-FU is seen at the concentration of 4 × IC50, but this 

difference was not statistically significant. Morphologically, the results were in agreement 

with the MTT and SRB assays. At concentrations of 4 × IC50, all combinations resulted in a 

decrease in cell number and smaller and rounder cells, compared with control cells and 5-

FU, which is indicative of cell death (Figure 54). 
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Figure 53. Growth inhibition of HT-29 after 48 h of combination therapy, by MTT (left) and SRB assays (right). 

Cells were exposed to concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and the cell viability 

was evaluated by MTT and SRB assays. The drugs in combination were co-administered at the same time. (A) 

The effect of 5-FU plus latrepirdine on cell viability and (B) cell protein synthesis. (C) The effect of 5-FU plus 

thioridazine on cell viability and (D) cell protein synthesis. (E) The effect of 5-FU plus sertraline on cell viability 

and (F) cell protein synthesis. Values are expressed in percentage of control and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); * statistically significant at p < 0.05. ** statistically 

significant at p < 0.01. *** statistically significant at p < 0.001. **** statistically significant at p < 0.0001. 
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Figure 54. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with vehicle (A), 5-FU (B), 

latrepirdine (C), latrepirdine + 5-FU (D), thioridazine (E), thioridazine + 5-FU (F), sertraline (G) and sertraline + 

5-FU at concentrations of 4 × IC50 of each drug. 

 

In the combination of 5-FU plus fluphenazine, fluoxetine, and benztropine, it was 

found that for a concentration of 2 × IC50, the results of the combined drugs were worse 

than the repurposed drugs alone, demonstrating a kind of competition mechanism between 

the two drugs when co-administered, mainly in the MTT assays. Additionally, for the highest 

concentrations (4 × IC50), the results obtained for the combined treatments did not show 
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improvements concerning the repurposed drugs alone (Figure 55). Microscopically, at 

concentrations of 4 × IC50, differences between cells were only found between 5-FU, control 

cells, and treated cells; differences between single drugs and drug combinations were very 

subtle and both treatments resulted in the decreasing of cell number, less aggregate 

formation and rounded cells (Figure 56). 

 

 

Figure 55. Growth inhibition of HT-29 after 48 h of combination therapy, by MTT (left) and SRB assays (right). 

Cells were exposed to concentrations of each drug of 0.25, 0.5, 1, 2, and 4 times their IC50, and cell viability was 

evaluated by MTT and SRB assays. The drugs in combination were co-administered at the same time. (A) The 

effect of 5-FU plus fluphenazine on cell viability and (B) cell protein synthesis. (C) The effect of 5-FU plus 

fluoxetine on cell viability and (D) cell protein synthesis. (E) The effect of 5-FU plus benztropine on cell viability 

and (F) cell protein synthesis. Values are expressed in percentage of control and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); * statistically significant at p < 0.05. ** statistically 

significant at p < 0.01. *** statistically significant at p < 0.001. **** statistically significant at p < 0.0001. 
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Figure 56. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with vehicle (A), 5-FU (B), 

fluphenazine (C), fluphenazine + 5-FU (D), fluoxetine (E), fluoxetine + 5-FU (F), benztropine (G) and benztropine 

+ 5-FU at concentrations of 4 × IC50 of each drug. 

 

The combination of 5-FU with fluphenazine, fluoxetine, and benztropine seemed to 

demonstrate some kind of competition between these drugs. It was then hypothesized that 

the administration of these drugs at different times (i.e., sequential treatment), would result 

in better outcomes, due to non-competition between the two drugs. Therefore, the three 

schedules previously described in Figure 51 were also tested for these drug combinations.  
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The results for all CNS drugs tested in different combination schedules 

demonstrated that the simultaneous administration of 5-FU and these repurposed drugs 

resulted in enhanced anticancer effects (Figure 57), compared to sequential schedules; 

nevertheless, in any case, the single treatment with repurposed drugs revealed to be always 

advantageous over the combination regimens.  

 

 

Figure 57. HT-29 cells were exposed to sequential 5-FU and (A, B) fluphenazine (C, D) fluoxetine, and (E, F) 

benztropine using constant ratios of the IC50 dose. Values are expressed in percentage of control and represent 

mean ± SEM. Each experiment was done three times independently (n = 3). Fluph: fluphenazine; Fluox: 

fluoxetine; Benz: benztropine 
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Taken together, these results demonstrate all CNS drugs as single agents have 

better antitumor activity than in combination, indicating these drugs are ideal candidates for 

drug repurposing in colorectal cancer.  

Finally, it was also evaluated the combination of the CNS drugs edaravone and 

quetiapine with 5-FU, following the same methodology previously described for MCF-7 

cells. Edaravone and quetiapine were combined in increasing concentrations with the IC50 

value of 5-FU. This combination aimed to determine whether these repurposed drugs could 

enhance the anticancer effects of 5-FU. 

Regarding the combination of edaravone and 5-FU, significant anticancer effects 

were found compared with each drug alone, when 0.1, 10, 50, and 100 µM of edaravone 

were combined with 5-FU, as demonstrated by morphological analysis (Figure 58A) and by 

MTT assay (Figure 58B). These results differ from those previously obtained for the MCF-

7 cells, where it was found that the combination of edaravone and chemotherapeutic agents 

did not produce any significant effects on cell viability. 

 

Figure 58. Morphological analysis (A) and cellular viability (B) results for HT-29 cells after a single and combined 

treatment with 5-FU and edaravone. Cells were incubated with increasing concentrations of edaravone, alone 

and combined with a fixed concentration (IC50) of 5-FU for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). *, **, *** and **** indicate significant results at 

p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Edara: edaravone 
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The combination of 5-FU and quetiapine also resulted in significant anticancer 

effects compared with each drug alone, visible both in the analysis of cell morphology 

(Figure 59A) and in the MTT results (Figure 59B), for the combination of intermediate 

concentrations of quetiapine (0.1, 1, 10 and 50 µM). Additionally, for the combination of the 

highest concentration of quetiapine with the IC50 value for 5-FU, it was found the combined 

effect induced about 80% of cell death in this cell line.  

 

Figure 59. Morphological analysis (A) and cellular viability (B) results of HT-29 cells after a single and combined 

treatment with 5-FU and quetiapine. Cells were incubated with increasing concentrations of quetiapine, alone 

and combined with a fixed concentration (IC50) of 5-FU for 48 h. Cell viability was evaluated using an MTT assay. 

Experiments were performed three times independently (n = 3). *, **, *** and **** indicate significant results at 

p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Queti: quetiapine 

 

These results demonstrate that these repurposed drugs are promising adjuvant 

agents for combination therapies in colon cancer therapy. Taken together, the results 

obtained in the two cell lines (MCF-7 and HT-29) indicate that quetiapine is a more 

promising repurposed drug for cancer therapy, since it demonstrates anticancer activity 

both as a standalone agent against HT-29 cells and as an adjuvant agent in combination 

regimens with DOX and 5-FU against MCF-7 and HT-29 cells, respectively. 
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5.2.1.3 Combination of 5-FU + Antifungal Drugs in HT-29 Cells 

Based on our findings in Chapter I, it was discovered that the antifungal drug 

clotrimazole was able to induce significant anticancer effects in HT-29 colorectal cancer 

cells. Therefore, the combination of clotrimazole with 5-FU in HT-29 cells was also 

evaluated, to determine if this combination could also display promising cytotoxic effects for 

cancer therapy.  

The results regarding the combination of clotrimazole with 5-FU (Figure 60) seem to 

suggest that the anticancer activity from the combination is a result of the activity of 

clotrimazole alone, not demonstrating positive benefits of its use in oncotherapy. 

 

Figure 60. Cytotoxic effects of the combination of CLZ with (A, B) 5-FU on the viability (right panel) and cell 

protein (left panel) content of HT-29 cells. Cell viability and protein content were assessed by MTT and SRB 

assays, respectively, after 48 h of exposure to each treatment. The results are expressed in the percentage of 

cell viability relative to untreated control cells. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 

0.0001, respectively. All data are presented as the mean ± SEM of three independent experiments. 
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5.2.2 Combination Model II: Repurposed Drugs in Colorectal Cancer 

Next, the combinations of repurposed drugs previously described for MCF-7 were 

examined in another cell line (HT-29) to evaluate whether these drug pairs would also have 

anticancer potential in another type of cancer.  

The effect of the combination of mefloquine (IC50) with increasing concentrations of 

pyronaridine on the cell morphology (Figure 61A) and viability (Figure 61B) of the HT-29 

colon cancer cells indicates that this combination is only statistically significant when 

compared with the cytotoxic effect of pyronaridine alone at lower concentrations (0.01, 0.1, 

1 and 10 µM). It was also found that the drug combination is not advantageous over 

mefloquine alone, with mefloquine alone causing more than an 80% reduction in cell viability 

at its IC50 value. 

 

Figure 61. Morphological analysis (A) and cellular viability (B) results of HT-29 cells after a single and combined 

treatment of mefloquine and pyronaridine. Cells were incubated with increasing concentrations of pyronaridine, 

alone and combined with a fixed concentration (IC50) of mefloquine for 48 h. Cell viability was evaluated using 

an MTT assay. Experiments were performed three times independently (n = 3). **, *** and **** indicate 

significative results at p < 0.01, p < 0.001 and p < 0.0001, respectively. Meflo: mefloquine; Pyro: pyronaridine 

 

On the other hand, when analyzing the results of the reverse combination of a fixed 

concentration of pyronaridine (IC50) and variable concentrations of mefloquine, both 

obtained after microscopic visualization (Figure 62A) and the viability assay (Figure 62B), it 

was found that the combination regimen only induced significant reductions in cell viability 
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compared with mefloquine, and for lower concentrations (0.01, 0.1 and 1 µM). Moreover, 

for the same range of concentrations, it was possible to conclude that the anticancer activity 

may be a result of the cytotoxic potential of pyronaridine, while at higher concentrations 

(>10 µM), the combined effect may be derived from the anticancer activity of mefloquine 

alone. 

 

 

Figure 62. Morphological analysis (A) and cellular viability (B) results of HT-29 cells after a single and combined 

treatment of mefloquine and pyronaridine. Cells were incubated with increasing concentrations of mefloquine, 

alone and combined with a fixed concentration (IC50) of pyronaridine for 48 h. Cell viability was evaluated using 

an MTT assay. Experiments were performed three times independently (n = 3). *, **, *** and **** indicate 

significative results at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Meflo: mefloquine; Pyro: 

pyronaridine 

 

Taken together, these results demonstrate that the combination of antimalarial drugs 

is not advantageous over a single treatment, for either cell line, indicating that these 

repurposed drugs are more promising as standalone agents in breast and colon cancer 

therapies than in combination with other repurposed drugs. Nevertheless, our previous 

results further support their use as chemosensitizers in combination models using 

antineoplastic agents. 
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Next, the two most potent CNS drugs were also combined in HT-29 colon cancer 

cells and the changes in cell morphology and cell viability were evaluated after a treatment 

of 48 h. First, it was evaluated the combination of sertraline at a fixed concentration of IC50 

with increasing concentrations (0.01–100 µM) of fluphenazine. Analyzing both the 

microscopic images (Figure 63A) and the results obtained in the MTT assay (Figure 63B), 

it was possible to verify significant changes in the number and phenotype of the HT-29 cells 

treated with this combination, specifically when compared to the single treatment with 

fluphenazine at lower concentrations (< 1 µM). Indeed, the analysis of the MTT results 

demonstrates a significant reduction in the viability of this cell line at treatments with the 

combination of sertraline plus 0.01, 0.1, and 1 µM fluphenazine, compared to both drugs 

alone, demonstrating the anticancer potential of these repurposed drugs to be used in 

combination regimens. 

 

Figure 63. Morphological analysis (A) and cellular viability (B) results for HT-29 cells after a single and combined 

treatment with fluphenazine and sertraline. Cells were incubated with increasing concentrations of fluphenazine, 

alone and combined with a fixed concentration (IC50) of sertraline for 48 h. Cell viability was evaluated using an 

MTT assay. Experiments were performed three times independently (n = 3). **** indicates significant results at 

p < 0.0001. Sert: sertraline; Fluphe: fluphenazine 

 

On the other hand, when using the reverse combination, i.e., combining a fixed 

concentration of fluphenazine with increasing concentrations of sertraline, it was found that 

the combination was not able to induce significant cytotoxicity in the HT-29 cells, compared 
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to fluphenazine alone (for concentrations < 1 µM) or compared to sertraline alone at higher 

concentrations (>10 µM), demonstrating that the combination itself does not have improved 

anticancer activity compared to both drugs alone (Figure 64). 

 

Figure 64. Morphological analysis (A) and cellular viability (B) results of HT-29 cells after a single and combined 

treatment of fluphenazine and sertraline. Cells were incubated with increasing concentrations of sertraline, alone 

and combined with a fixed concentration (IC50) of fluphenazine for 48 h. Cell viability was evaluated using an 

MTT assay. Experiments were performed three times independently (n = 3). **, *** and **** indicate significative 

results at p < 0.01, p < 0.001 and p < 0.0001, respectively. Sert: sertraline; Fluphe: fluphenazine  

 

Taken together, these results suggest that the combination of repurposed drugs, 

namely combining the CNS drugs sertraline and fluphenazine at lower doses, can be further 

investigated for colon cancer novel therapies. Nevertheless, these results also demonstrate 

the importance of the choice of the appropriate dose ratios used in combination regimens. 
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5.2.3 Combination Model III: Peptides + Antineoplastic Drugs in Colorectal 

Cancer 

5.2.3.1 Melittin (a component of honeybee venom) in combination 

with 5-FU 

Based on the experiments previously described in section 5.1.3., the same 

experiments were repeated in another cancer cell line, the HT-29 colorectal cancer cell line, 

to evaluate if these drug combinations would also have potential for application in colorectal 

cancer therapy. 

First, it was examined the anti-cancer effect of honeybee venom in HT-29 colon 

cancer cells for a period of 48 h. Cells were treated with increasing concentrations of bee 

venom, and cell viability was evaluated by MTT and SRB assays. Control cells were treated 

with 0.1% DMSO, the vehicle used for stock preparation.  

MTT results demonstrated that cells treated with honeybee venom in concentrations 

above 25 µg/mL had a significant reduction of viability (Figure 65A). The SRB assay 

demonstrated that cellular protein content was significantly reduced in cells treated with 

concentrations of bee venom above 6.25 µg/mL (Figure 65B). Based on MTT results, a 

concentration-response curve was plotted and an IC50 value of 24.25 µg/mL was obtained 

for bee venom (Figure 65C). Treatment with concentrations above 50 µg/mL of bee venom 

resulted in more than 80% cell reduction in both cell-based assays, demonstrating the great 

potential of this natural substance to reduce the viability of HT-29 colorectal cancer cells. 

 

Figure 65. Cell viability of HT-29 colon cancer cells treated with honeybee venom. (A) MTT assay (B) SRB 

assay and (C) the dose-response curve of HT-29 cells cultured in 96-well plates and treated with increasing 

concentrations (6.25–100 µg/mL) of honeybee venom for 48 h. The dose-response curve was obtained by non-

linear regression after the normalization of cell viability values. Each point represents the mean ± SEM relative 

to the control cells (0.1% DMSO) of three independent experiences. ** statistically significant vs. control at p < 

0.01; **** statistically significant vs. control at p < 0.0001. 

Next, and as previously done using MCF-7 cells, it was evaluated if honeybee 

venom could be used to further improve the anti-cancer activity of 5-FU, in the HT-29 
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colorectal cancer cell line. It was designed a combination model with variable doses (6.25–

100 µg/mL) of honeybee venom combined with a fixed dose (IC50 value) of 5-FU. Cells were 

treated with each combination for 48 h and cell viability was evaluated by MTT and SRB 

assays. Morphology analysis was also performed in parallel with these cell-based assays. 

MTT results demonstrated that honeybee venom in concentrations above 25 µg/mL 

had greater anti-cancer potential than 5-FU (at the concentration of its IC50). Regarding the 

combination of honeybee venom with 5-FU, these results demonstrated an improved 

cytotoxic effect compared to single treatments with bee venom for concentrations ranging 

from 6.25 to 25 µg/mL. Particularly, for the combined pairs of 5-FU + 12.5 µg/mL of bee 

venom and 5-FU + 25 µg/mL of bee venom, results were even better than both 5-FU and 

bee venom alone (Figure 66B). The results of the SRB assay demonstrated that cellular 

protein content was significantly reduced when 5-FU was combined with 6.25 and 12.5 

µg/mL of honeybee venom, compared to 5-FU and bee venom alone for the same 

concentrations (Figure 66C). Morphological analysis also confirmed that the combination of 

5-FU + bee venom was effective in decreasing the number of tumor cells, especially at 

lower concentrations (Figure 66A). 

 

Figure 66. Effect of honeybee venom combined with 5-FU in HT-29 colon cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. * Statistically significant vs. 

bee venom at p < 0.05; ** Statistically significant vs. bee venom at p < 0.01; **** Statistically significant vs. bee 

venom at p < 0.0001; ## Statistically significant vs. 5-FU at p < 0.01; #### Statistically significant vs. 5-FU at p 

< 0.0001. Scale bar: 179.3 µm; BV: bee venom. 
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5.2.3.2 CPP2-conjugates in combination with 5-FU 

Finally, and given the good results obtained with the combination models with 

honeybee venom, it was hypothesized that other peptides, such as cell-penetrating peptides 

(CPPs), could also be used to enhance the anticancer effects of chemotherapeutic agents. 

Therefore, several CPPs derivatives were tested in combination with 5-FU for colorectal 

cancer therapy.  

CPPs are one of the most promising vehicles for the delivery of various types of 

cargo and have been extensively studied for the transport of different substrates to cancer 

cells [393]. CPPs are small peptides, usually 5–30 amino acids in length, and have the 

advantage of being able to translocate through the cell membrane via a non-toxic and 

apparently independent process of receivers or energy consumption [394]. CPPs are 

capable of transporting into the interior of living cells a wide variety of substrates such as 

drugs, peptides, proteins, liposomes, nanoparticles, or even nucleic acids [395]. There is 

currently a large panoply of CPPs that can be distinguished as to their origin as peptides 

derived from proteins, chimeric peptides (resulting from the fusion of two natural 

sequences), or synthetic peptides (designed based on experimental and/or computational 

studies) [396]. 

CPPs can be classified into three classes: cationic, amphipathic, and hydrophobic 

[397]. Currently, more than 100 different CPPs are patented with approximately 83% being 

cationic [398]. Hydrophobic CPPs are still very scarce and represent approximately 15% of 

all discoveries to date [399]. Although these peptides are rapidly assimilated, the different 

classes exhibit distinct behaviors, especially concerning endocytic internalization. 

Cationic CPPs are composed of positively charged residues such as arginine and 

lysine. Thus, the total charge of the peptide is always positive in physiological conditions. 

These basic residues are responsible for the first interaction of electrostatic nature with the 

plasma membrane, particularly with the negatively charged polysaccharides and lipids 

which eventually lead to the internalization of the peptide in the cell [393]. Most cationic 

peptides are naturally occurring [398]; however, some artificial cationic peptides, such as 

homopolymers of lysine [400] and arginine [401], have already been synthesized. The use 

of cationic CPPs may be associated with the induction of side effects related to plasma 

membrane integrity and consequent cell viability, i.e., it may be associated with some 

degree of cell lysis [402]. 

One of the main applications of CPPs is in cancer therapy [395]. Since cancer is one 

of the greatest scourges in the world today, and since current therapy is strongly associated 
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with many side effects [403], CPPs represent a very plausible alternative for the destruction 

of cancerous cells. To date, more than 1800 kinds of CPPs have been developed to deliver 

cargo from basic research to clinics in therapeutics delivery, gene editing, and cell imaging 

[404]. 

Although CPPs are commonly used for the transport of different cargo, there are 

some specific amino acid sequences with intrinsic activity against tumor cells. For example, 

p28 (LSTAADMQGVVTDGMASGLDK-DYLKPDD) is a CPP that binds to wild-type and 

mutated p53, increasing its intracellular levels and inhibiting cancer cell proliferation. 

Indeed, this was observed in in vitro studies performed with colon, breast, ovarian, and 

other solid tumor cells [405]. Supported by these findings, a phase I clinical trial 

(NCT00914914) was concluded in 2014, where p28 was tested against a range of p53+ 

solid tumors. It was found that the peptide was well tolerated, and no patients exhibited any 

dose-limiting toxicities, significant adverse events, or immune response. Additionally, there 

was evidence of antitumor activity indicating a highly favorable therapeutic index [406]. 

Another study attempted to describe artificial CPPs that were selectively and 

efficiently incorporated into human tumor cells according to their lineage [407]. The authors 

obtained ten representative tumor lineage homing cell-penetrating peptides by a screening 

of a random peptide library constructed using messenger RNA display technology. Among 

the results, they were able to target specific tumor cell types with different CPPs. One of 

those CPPs was FITC–CPP2 (a conjugated form of CPP2 with fluorescein isothiocyanate), 

which showed highly efficient permeation of the colon adenocarcinoma cell line, LoVo, 

without any significant uptake by the other tumor cell lines. This strong permeation was 

corroborated in three additional colon adenocarcinoma lines, Sw620, Colo320, and WiDr, 

whereas other lineages, such as MCF-7 and NHDF, did not show significant permeation 

[407]. Despite the promising results, no CPPs or CPP/cargo complexes have yet been 

approved by the FDA [395]. 

In a previous study, our group reported the synthesis of novel CPP2–thiazole 

conjugates (Scheme 8) and evaluated their anticarcinogenic properties using Caco-2 colon 

and A549 lung cancer cells [408]. At the time, several thiazole conjugates were used: 2-

amino-5-nitrothiazole (NTZ, 2, Scheme 8), 2-amino-5-methylthiazole (MTZ, 3, Scheme 8), 

2-aminobenzothiazole (BenzoTZ, 4, Scheme 8), 5-bromothiazole-2-carboxylic acid 

(BTZCA, 5, Scheme 8) and 2-bromothiazole-5-carboxylic acid (BTZ5CA, 6, Scheme 8). Of 

these, the first three were coupled to CPP2 by a linker (i.e., succinic anhydride); in contrast, 

BTZCA and BTZ5CA were directly coupled to CPP2. The results have demonstrated these 

conjugates have promising anticancer activity against these cancer cell lines [408]. 
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Scheme 8. Structure of the CPP2–thiazole conjugates previously synthesized by our group [408] and used in 

this work: (1) CPP2; (2) NTZ-C2-CPP2; (3) MTZ-C2-CPP2; (4) BenzoTZ-C2-CPP2; (5) BTZCA-CPP2; (6) 

BTZ5CA-CPP2. 

 

Conventional chemotherapy has the main disadvantage of not being specific for 

tumor cells, acting both on normal and carcinogenic cells. In addition to its numerous side 

effects, the concentration of the drug that reaches the tumor site is quite low. Thus, this 

strategy of combining anticancer agents with CPPs may be very beneficial, since this 

synergism may increase the permeability of membranes for therapeutic agents and direct 

them toward the tumor’s location, allowing for an increase in the concentration of drugs 

where they are strictly necessary, leading to an increase in treatment efficacy. 
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Therefore, in this work the previously synthesized CPP2–thiazole conjugates were 

combined with 5-FU in HT-29 colon cancer cells to investigate the cytotoxic effects of these 

combinations for cancer treatment. For that, it was first investigated the effect of each 

conjugate individually on HT-29 colon cells using increasing concentrations (0.1–50 µM) of 

CPP2 and five CPP2–thiazole conjugates for 48 h. Cell viability was evaluated by MTT 

assay.  

The results demonstrated that BTZCA–CPP2 and BTZ5CA–CPP2 were the most 

promising CPP2 conjugates for decreasing the viability of these cells, with enhanced 

anticancer activity compared to 5-FU. Treatment with CPP2 did not result in a significant 

reduction in the viability of HT-29 cells. Cells treated with BenzoTZ-C2–CPP2, NTZ-C2–

CPP2, and MTZ-C2–CPP2 did not result in significant changes compared to the treatment 

with 5-FU (Figure 66).  

 

Figure 67. Cytotoxic effects of 5-FU, CPP2, and CPP2–thiazole conjugates on the viability of HT-29 cells. Cell 

viability was assessed by MTT assay after 48 h of exposure to each treatment. The results are expressed in the 

percentage of cell viability relative to untreated control cells. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 

0.001 and p < 0.0001, respectively, when compared with 5-FU. All data are presented as the mean ± SEM of 

three independent experiments. 

 

Based on these results, it was found that most peptides did not achieve a 50% cell 

inhibition in this cell line, so it was next calculated an intermediate value (IV) for each 

compound individually by nonlinear regression using GraphPad software (Figure 68). This 

IV was obtained by plotting the logarithm of concentration against the normalized values of 

cell viability, as in a dose-response curve, but did not necessarily represent the IC50 of each 

compound, as these peptides had reached a plateau of inhibition. The calculation of this IV 

was necessary to have a method of comparison for the combination experiments. CPP2 

treatment resulted in IV values higher than 50 µM, demonstrating a lack of activity against 

these cells. Treatment with NTZ– and MTZ-C2–CPP2 also resulted in poor anticancer 

effects. BenzoTZ-C2–CPP2 and the two conjugates without a linker (i.e., BTZCA–CPP2 

and BTZ5CA–CPP2) resulted in IV values lower than 1 µM in HT-29 cells.  
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Figure 68. Concentration-response curves of CPP2 (A), BenzoTZ-C2-CPP2 (B), NTZ-C2-CPP2 (C), MTZ-C2-

CPP2 (D), BTZCA-CPP2 (E) and BTZ5CA-CPP2 (F) on HT-29 cells based on the results obtained by MTT 

assay. The results represent the mean ± SEM of three independent experiments performed in triplicate. 

 

CPP2 conjugates with an IV lower than 20 µM were further selected for combination 

treatments with 5-FU. Based on the results from Figure 68, three different CPP2–thiazole 

conjugates were selected for combination with 5-FU: BenzoTZ-C2–CPP2, BTZCA–CPP2, 

and BTZ5CA–CPP2. The in vitro cytotoxic effects of the selected CPP2–thiazole conjugates 

combined with 5-FU were assessed by MTT and SRB assays in HT-29 cancer cells. For 

that, five concentrations were selected, around the IV (0.25, 0.5, 1, 2, and 4 times IV) of 

each drug, both alone and combined, according to our previous combination model 

described in Figure 25. 
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The results between the MTT and SRB assays were in agreement and 

demonstrated a lack of significant antitumor activity for BenzoTZ-C2–CPP2 (Figure 69A and 

B) and BTZ5CA–CPP2 (Figure 69E and F) both alone and combined with 5-FU in HT-29 

colon cancer cells. Moreover, treatment with 5-FU alone did not show significant modulation 

of the viability of these cells. Only cells treated with 5-FU + BTZCA–CPP2 (Figure 69C and 

D) demonstrated a significant reduction in cell viability, compared to 5-FU at the 

concentration of the IV of each drug, by MTT assay.  

 

Figure 69. Cytotoxic effects of the combination of 5-FU with (A, B) BenzoTZ-C2-CPP2, (C, D) BTZCA-CPP2, 

and (E, F) BTZ5CA-CPP2 on the viability (right panel) and cell protein (left panel) content of HT-29 cells. Cell 

viability and protein content were assessed by MTT and SRB assays, respectively, after 48 h of exposure to 

each treatment. Results are expressed in the percentage of cell viability relative to untreated control cells. * 
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Indicates p < 0.05 when compared to control. All data are presented as the mean ± SEM of three independent 

experiments. 

All previous treatments were confirmed by morphological analysis in HT-29 cells. No 

significant differences were noted among HT-29 cells treated with the CPP2–thiazole 

derivates alone compared to the control cells (Figure 70). Combination with 5-FU decreased 

cell number per well, but cell morphology was still maintained. Altogether, these results 

support the previous results obtained in the MTT and SRB assays. 

 

Figure 70. Microscopic visualization of HT-29 treated with CPP2-thiazole derivates, both alone and combined 

with 5-FU, at concentrations of 4 × IV. Representative images were obtained with a high contrast brightfield 

objective (10×) (LionHeart FX Automated Microscope) from three independent experiments. Scale bar: 100 µM. 
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Overall, these results suggest that the combination of CPP2-conjugates with 5-FU 

is not advantageous over treatment with CPP2–thiazole derivatives alone.  
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5.2.4 Combination Model IV: Peptides + Repurposed Drugs in Colorectal 

Cancer 

5.2.4.1 Melittin (a component of honeybee venom) in combination 

with CNS drugs 

After finding the favorable profile of the combination of honeybee venom with 5-FU, 

it was next hypothesized if several CNS drugs (fluphenazine, fluoxetine, sertraline, and 

thioridazine) could also have a promising anticancer profile in combination with this peptide. 

Therefore, these repurposed drugs were combined with honeybee venom in the same 

conditions as previously described.  

Morphological analysis of HT-29 cells treated with fluphenazine plus increasing 

concentrations of honeybee venom resulted in a higher decrease in viable cells compared 

to bee venom alone, for the same range of concentrations (Figure 71A). Combinations with 

fluphenazine resulted in enhanced cytotoxic effects, with fluphenazine + 25 µg/mL of bee 

venom causing higher cytotoxicity than both corresponding drugs alone (Figure 71B). 

Cellular protein content was significantly reduced in HT-29 cells treated with fluphenazine 

+ 6.25 µg/mL and fluphenazine + 12.5 µg/mL, compared to both compounds alone (Figure 

71C).  

 

Figure 71. Effect of honeybee venom combined with fluphenazine in HT-29 colon cancer cells. (A) 

Morphological analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured in 96-well plates and treated 

with each combination for 48 h. Cell viability was determined after the final treatment. Each point represents the 

mean ± SEM relative to the control cells (0.1% DMSO) of three independent experiences. * Statistically 
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significant vs. bee venom at p < 0.05; ** Statistically significant vs. bee venom at p < 0.01; *** Statistically 

significant vs. bee venom at p < 0.001; **** Statistically significant vs. bee venom at p < 0.0001; ### Statistically 

significant vs. fluphenazine at p < 0.001; #### Statistically significant vs. fluphenazine at p < 0.0001. Scale bar: 

179.3 µm; BV: bee venom; Fluphe: fluphenazine 

 

The combination of fluoxetine and honeybee venom caused a higher reduction in 

the number of HT-29 viable cells (Figure 72A), compared to the single treatment with bee 

venom. Cell viability was significantly decreased in cells treated with a mixture of 6.25, 12.5, 

and 25 µg/mL of bee venom plus fluoxetine, being even lower than either drug alone (Figure 

72B). Protein content inside cells in cells treated with the combination of 6.25 and 12.5 

µg/mL of bee venom + fluoxetine was also lower than in cells treated with bee venom or 

fluoxetine alone (Figure 72C). 

 

Figure 72. Effect of honeybee venom combined with fluoxetine in HT-29 colon cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. *** Statistically significant vs. 

bee venom at p < 0.001; **** Statistically significant vs. bee venom at p < 0.0001; #### Statistically significant vs. 

fluoxetine at p < 0.0001. Scale bar: 179.3 µm; BV: bee venom; Fluoxe: fluoxetine 
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Sertraline combined with honeybee venom also resulted in a significant decrease in 

cell viability, both seen by morphological analysis (Figure 73A) and MTT assay (Figure 

73B). MTT results demonstrated that 6.25, 12.5 and 25 µg/mL of honeybee venom 

combined with sertraline produced better anti-cancer efficacy than each drug alone. For 

higher concentrations, results were significantly improved compared to sertraline alone. 

Cellular protein content in combined treatments was significantly lower than sertraline alone 

for all ranges of concentrations and lower than both drugs alone for the concentrations of 

6.25 and 12.5 µg/mL of honeybee venom plus sertraline (Figure 73C). 

 

Figure 73. Effect of honeybee venom combined with sertraline in HT-29 colon cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. * Statistically significant vs. 

bee venom at p < 0.05; *** Statistically significant vs. bee venom at p < 0.001; **** Statistically significant vs. 

bee venom at p < 0.0001; #### Statistically significant vs. sertraline at p < 0.0001. Scale bar: 179.3 µm; BV: bee 

venom; Sertra: sertraline 

 

The last repurposed drug used in HT-29 combination studies with honeybee venom 

was thioridazine. These combinations produced similar results to sertraline and fluoxetine 

plus honeybee venom, both by MTT and SRB assays. Compared to bee venom alone, the 

morphological analysis revealed a higher reduction of viable cells when thioridazine was 

combined with bee venom. These differences were seen mostly at lower concentrations of 

bee venom (Figure 74A). These results were in agreement with MTT assay results, where 
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it was found that the combination of thioridazine and honeybee venom in concentrations of 

6.25, 12.5, and 25 µg/mL caused a significant reduction of viable cells, compared to each 

drug alone. For higher concentrations, the anti-cancer activity of the combinations was 

similar to bee venom alone (Figure 74B). Evaluation of the protein content of the cells 

treated with combinations of honeybee venom plus thioridazine also revealed a significant 

decrease for the two lowest concentrations (6.25 and 12.5 µg/mL of bee venom + 

thioridazine), compared to thioridazine and bee venom alone (Figure 74C). 

 

Figure 74. Effect of honeybee venom combined with thioridazine in HT-29 colon cancer cells. (A) Morphological 

analysis; (B) MTT and (C) SRB assays. HT-29 cells were cultured in 96-well plates and treated with each 

combination for 48 h. Cell viability was determined after the final treatment. Each point represents the mean ± 

SEM relative to the control cells (0.1% DMSO) of three independent experiences. *** Statistically significant vs. 

bee venom at p < 0.001; **** Statistically significant vs. bee venom at p < 0.0001; #### Statistically significant vs. 

thioridazine at p < 0.0001. Scale bar: 179.3 µm; BV: bee venom; Thio: thioridazine 

 

Together, these results demonstrate that honeybee venom has anti-cancer activity 

against colon cancer cells, causing a significant reduction in cell viability in concentrations 

above 25 µg/mL. Moreover, the combinations of honeybee venom with CNS drugs 

(fluphenazine, fluoxetine, sertraline, and thioridazine) demonstrated greatest potential in 

reducing the number of viable cells than 5-FU, a common antineoplastic drug used for 

colorectal cancer.  

Additionally, the combination of 6.25, 12.5, and 25 µg/mL of honeybee venom with 

the repurposed drugs fluoxetine, sertraline, and thioridazine resulted in significant 
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reductions in the viability of HT-29 colon cancer cells compared to each drug alone, 

demonstrating that CNS drugs can help improve the anti-cancer activity of bee venom in 

colon cancer cells. 
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5.2.4.2 CPP2-conjugates in combination with Clotrimazole 

Since CPP2–thiazole conjugates combined with 5-FU did not result in many 

significant results in the HT-29 cell line, it was proposed another combination model using 

the combination of the repurposed drug clotrimazole plus CPP2-thiazole conjugates. This 

antifungal drug was selected because it presented significant anticancer activity against 

HT-29 colorectal cancer cells as a standalone agent. The experimental protocol was the 

same as presented in Figure 25. Cell viability and cellular protein content were evaluated 

by MTT and SRB assays, respectively, after a treatment period of 48 h. 

These results suggest that clotrimazole has efficacy in the reduction of viability and 

protein synthesis of these cells, mainly at concentrations of IV and higher, demonstrating a 

greater anticancer potential than 5-FU in these cells (Figure 75). Nonetheless, the 

combination of CPP2–thiazole derivates did not demonstrated promising results compared 

to clotrimazole alone.  
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Figure 75. Cytotoxic effects of the combination of CLZ with (A, B) BenzoTZ-C2-CPP2, (C, D) BTZCA-CPP2, 

and (E, F) BTZ5CA-CPP2 on the viability (right panel) and cell protein (left panel) content of HT-29 cells. Cell 

viability and protein content were assessed by MTT and SRB assays, respectively, after 48 h of exposure to 

each treatment. Results are expressed in the percentage of cell viability relative to untreated control cells. *, **, 

*** and **** indicate p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. All data are presented as the 

mean ± SEM of three independent experiments. CLZ: clotrimazole 

The morphological analysis demonstrated that clotrimazole shows more potency 

than 5-FU in reducing cell numbers and promoting cell death. No significant differences 

were noted among HT-29 cells treated with the CPP2–thiazole derivates alone compared 

to the control cells. Combination with clotrimazole was very strong in reducing the number 

of viable cells and resulted in changes in the number and phenotype of these cells (Figure 

76). Altogether, these results supported the previous results obtained in the MTT and SRB 

assays. 
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Figure 76. Microscopic visualization of HT-29 treated with CPP2-thiazole derivates, both alone and combined 

with CLZ, at concentrations of 4 × IV. Representative images were obtained with a high contrast brightfield 

objective (10×) (LionHeart FX Automated Microscope) from three independent experiments. Scale bar: 100 µM. 

CLZ: clotrimazole 

 

These results suggest that the anticancer activity observed in these combinations 

resulted from the activity of clotrimazole alone and not from the thiazole derivates. 
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6. CONCLUSION OF CHAPTER II 

Chemotherapy takes an important role in the treatment of colon cancer and has 

been subject of many advances over the years. Given the limitations of traditional new drug 

development, several strategies have gained attention such as drug repurposing, drug 

combination, and combination of repurposed drugs have been tested in both in vitro and in 

vivo studies for cancer therapy.  

Here, the potential of four different combination models for breast and colorectal 

cancer therapy was evaluated. The combination model consisting of repurposed and 

antineoplastic drugs demonstrated that combined treatments using repurposed drugs can 

be advantageous for cancer therapy that it is ineffective or too toxic when 

chemotherapeutics are used as single agents. These results are encouraging for further 

research that considers antimalarials and CNS drugs as chemosensitizing agents of 

chemotherapeutic drugs for breast and colorectal cancer therapy. The combination model 

that combined only repurposed drugs demonstrated that the combination of antimalarial 

drugs is not advantageous over a single treatment, for both MCF-7 breast and HT-29 

colorectal cancer cell lines, indicating that these repurposed drugs are more promising as 

standalone agents than in combination with other repurposed drugs. Nevertheless, the 

combination of CNS drugs demonstrated significant anticancer potential in colorectal 

cancer. In the combination model of peptides plus chemotherapeutic agents, these results 

demonstrated that 5-FU combined with honeybee venom, with peptide melittin as the 

principal component, is a promising drug combination for the chemotherapy of colorectal 

cancer. The last combination model consisted of the combination of repurposed drugs with 

peptides. It was found that CNS drugs can be used to enhance the cytotoxic activity of 

honeybee venom in both MCF-7 and HT-29 cell lines, especially at lower concentrations, 

which supports the anticancer potential of repurposed drugs and natural compounds in 

cancer therapies.   
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CHAPTER III 
EVALUATION OF SYNERGISM IN DRUG COMBINATION MODELS FOR 

FUTURE ORIENTATIONS IN ONCOLOGY  
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1. SUMMARY OF CHAPTER III 

One of the most important when designing and evaluating drug combinations is to 

achieve synergistic effects by demonstrating that the combined effects are greatly superior 

to the expected from the additive effects of the single drugs, allowing for dosage reduction 

and therefore decreasing toxicity. Nevertheless, synergism quantification is not a simple 

task due to the different definitions of additivity. Over the years, several reference models 

have been proposed based on different assumptions of additivity and with different 

mathematical frameworks.  

In Chapter II, different novel combination models were developed and their cytotoxic 

effect was evaluated in two cancer cell lines: MCF-7 breast and HT-29 colorectal. Here, it 

is proposed the determination of the drug interactions between each drug in those 

combinations, aiming to find if the previously described drug combinations present 

synergistic interactions. This evaluation was performed by different reference models, such 

as the Chou-Talalay method as well as Zero Interaction Potency (ZIP), Highest Single Agent 

(HAS), Bliss independence, and Loewe reference models, using the CompuSyn and 

SynergyFinder software.  

Regarding the combination of antimalarials and chemotherapeutic agents in MCF-7 

cells, it was found that the combination of chloroquine, artesunate, and mefloquine with 

DOX and PTX to be synergic (combination index (CI) <1), which suggests that antimalarials 

can act synergistically with DOX/PTX for breast cancer therapy. Specifically, the 

combination of antimalarial drugs with DOX seems to result in more synergic drug pairs 

than the combination with PTX. In the combination of CNS drugs with chemotherapeutic 

agents, it was found that the combination of fluoxetine, fluphenazine, and benztropine with 

PTX resulted in synergism for all concentrations below IC50. Also, it was found that the 

combination of DOX plus fluoxetine, benztropine, and thioridazine at their IC50 can improve 

the anticancer effect of DOX but to a lesser degree than when combined with PTX, resulting 

in most of the drug interactions being antagonist or additive. Moreover, it was also found 

that the use of quetiapine in combined therapies seems to synergistically enhance the 

anticancer activity of DOX but not PTX for the management of breast cancer. On the other 

side, the combination of repurposed drugs in this cell line did not result in synergism.  

In the case of HT-29 colorectal cancer cells, it was found that the CNS drugs 

sertraline and thioridazine in simultaneous combination with 5-FU demonstrated the 

strongest synergism among all combinations. Both quetiapine and edaravone significantly 

improved the cytotoxic potential of 5-FU in HT-29 cells, but only quetiapine synergistically 

interacted with the antineoplastic drug in this combination. It was also found that the 



CHAPTER III 

 
178 

 

antimalarial artesunate administration prior to 5-FU produced better results in reducing HT-

29 cell viability than the inverse drug schedule or the simultaneous combination, with 

synergistic interactions between the two drugs for lower concentrations. Moreover, these 

results also allowed to conclude that antimalarial drugs as repurposed drugs have 

enhanced effects in MCF-7 breast cancer cells, while combination with CNS drugs seems 

to be more effective in HT-29 colon cancer cells. Regarding the combination of repurposed 

drugs, it was only found one synergic combination regimen (sertraline IC50 plus variable 

concentrations of fluphenazine) with anticancer potential against HT-29 colon cancer cells.  

Regarding the combination of the peptide melittin with antineoplastic/repurposed 

drugs, it was found that bee venom combined with 5-FU and fluphenazine in HT-29 cells 

resulted in less cytotoxic effects compared to the co-treatment of fluoxetine, sertraline, and 

thioridazine plus bee venom, which resulted in less than 15% of viable cells for the whole 

range of concentrations, with all combined pairs being synergic, except for the higher 

concentration. Moreover, treatment of MCF-7 cells with the combination of repurposed 

drugs plus honeybee venom resulted in better anti-cancer efficacies and a higher number 

of synergistic pairs than with DOX, notably for lower concentrations.  

Taken together, these results demonstrate that the choice of the antineoplastic drug 

in breast cancer influences the success of the drug combination and the drug interactions 

between the selected drug pairs. Moreover, it was found that CNS drugs activity differs 

between the two selected cell lines, both alone and in combination, which results in 

differences among the number of synergistic drug pairs. It was also found that the 

combination of repurposed drugs, specifically the CNS drugs sertraline and fluphenazine, 

may have an interesting profile for application in colon cancer novel therapies, with ability 

for further studies of dose optimization due to the presence of synergism among these 

drugs. The results regarding the combination of peptides support that honeybee venom in 

combination with repurposed drugs and chemotherapeutic agents can help improve their 

anti-cancer activity, especially for lower concentrations, in both cell lines, corroborating the 

enormous bioactive potential of honeybee venom for colon and breast cancer treatments, 

both alone and in combination with chemotherapy or repurposed drugs. 
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2. INTRODUCTION OF CHAPTER III 

Drug combination exploits the susceptibility of different molecular pathways involved 

in the genesis of a certain disease to the different mechanism of actions of each individual 

drug. The main goal of this strategy is to improve the efficiency of the treatment, by 

decreasing cytotoxicity to normal cells and reducing the development of drug resistance 

[316]. Therefore, when combining two or more drugs, it is desirable to achieve positive 

interaction effects, by demonstrating superior evidence of the beneficial combination of two 

or more drugs compared to each drug individually [409]. Basically, achieving more with less. 

In this way, to make the best of the combination of drugs, it is important to efficiently find a 

way to prove that the drug combination has more benefits than both drugs alone. Over the 

years, research in this area resulted in several theoretical and experimental manuscripts 

[313, 410, 411], that described those interaction effects mostly as synergistic or 

antagonistic, that represent, respectively, more or fewer effects than the expected additive 

effect from each drug individually [316]. Nevertheless, defining additivity is not as simple as 

it may seem and throughout the years several authors have proposed different formal 

definitions and approaches to apply this concept in clinical practice [314, 412].  

Here, it will be described the classical reference models that have been proposed 

for synergism evaluation, usually classified as effect-based and dose-effect-based methods 

(Figure 77), with a brief analysis of the current limitations of these models. It will also be 

provided the mathematical framework behind each reference model to perform the accurate 

evaluation of drug interactions in combination models. Moreover, novel methods for the 

accurate quantification of drug interactions in combined treatments will also be described. 

In addition, some of the most recent preclinical and clinical combination studies will also be 

covered to reflect the importance of the appropriate, accurate and precise application of the 

concepts and methodologies here described for the evaluation of synergism. 
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Figure 77. Most well-known reference models for the analysis of drug combinations. Current approaches can 

be divided into effect-based or dose-effect based and are described by different mathematical frameworks, 

based on different definitions of additivity.  

 

2.1 Effect-Based Approaches 

These methods are based on the effects of each individual drug within a combination 

to assess a positive interaction effect [316]. Effect-based strategies englobe four main 

strategies: Combination Subthresholding, HSA, Response Additivity, and Bliss 

Independence model [316]. The term “effect”, sometimes referred to as response, is usually 

evaluated by cell death, viability, growth rate, among others, being indicative of the 

measured or phenotype effect. Throughout this chapter, the description of theorems 

assumes two drugs, A and B, given at doses a and b, with observed effects EA and EB. The 

effect of drug A combined with drug B is given by EAB [316].  

 

2.1.1 Combination Subthresholding 

The Combination Subthresholding is the simplest approach based on the concept 

that the combination of ineffective doses of drugs generates significant effects. Contrary to 

other reference models, this significant effect is defined based on p values obtained from 

statistical tests by comparison with control (untreated groups) [316]. The observed effect is 

usually considered statistically significant when p < 0.05 (Figure 78). Although this approach 
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is sometimes still used, the observed effects may not be accurate enough and not 

necessarily be representative of significant differences if the difference between what is 

significant or not, is not necessarily significant [316, 413]. 

 

Figure 78. Demonstration of the Combination Subthresholding approach. This model assumes a positive 

interaction effect when p < 0.05. Based on EA=30, EB=20 and EAB=65. Adapted from [316]. * significant at p < 

0.05. 

 

2.1.2 Highest Single Agent (HSA) 

This reference model is also known as the Gaddum’s noninteraction or cooperative 

effect [412, 414] and assumes a positive combination interaction when the drug combination 

elicits a greater response than the highest single agent (EAB > max (EA, EB)) (Figure 79). 

This represents an improvement of the Combination Subthresholding reference model as it 

allows the calculation of a CI by the following equation: 𝐶𝐼 =  
max  (𝐸𝐴,𝐸𝐵)

𝐸𝐴𝐵
. If the value 

obtained for CI is positive, statistical significance is evaluated by comparing drug 

combination effects with the single drug more effective using the p value of the statistical 

test [316]. This reference model is more advantageous as it evaluates if differences are 

significant rather than the difference of significance. Nevertheless, this model only 

compares the drug combination effect to the most effective individual drug (highest single 

agent), not taking into account the expected additive effect of both drugs involved in the 

combination [316]. This makes this model suitable only for drug combinations where one of 

the drugs is inactive for all tested concentrations. Normally, this approach usually gives 
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more optimistic results because it has the lowest threshold for considering synergism 

among all reference models [415].  

 

Figure 79. Demonstration of the Highest Single Agent approach. This model assumes a positive interaction 

effect when the drug combination induces a greater response than the highest single agent. Based on EA=30, 

EB=20 and EAB=65. Adapted from [316]. 

  

2.1.3 Response additivity 

This reference model is also known as Linear Interaction Effect [416] and assumes 

that a positive interaction occurs when the drug combination elicits a greater effect than the 

sum of the individual drugs’ effects (EAB> EA+EB) (Figure 80). The CI can be calculated as 

𝐶𝐼 =  
𝐸𝐴+𝐸𝐵

𝐸𝐴𝐵
, where the p value means the significance of the interaction effect in factorial 

analysis of variance of the individual and combined effects [416]. Compared to the 

previously mentioned reference model, the Response additivity approach represents an 

improvement as it compares the effects from the combination with the expected effects from 

both single drugs, assuming their effect to be addictive. Nevertheless, the determination of 

synergism using this model implies that both drugs have linear dose-effect curves, which 

may not be true for many drugs used in pharmacological studies [417]. 
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Figure 80. Demonstration of the Response Additivity approach. This model assumes synergistic effects when 

the drug combination induces a greater response than the sum of the individual drugs’ effects. Based on EA=30, 

EB=20 and EAB=65. Adapted from [316]. 

 

2.1.4 Bliss independence 

This approach is one of the most popular models and was first introduced in the 

1930s [412, 418–420]. This model assumes that both drugs used in drug combinations act 

independently and do not interfere with the other, assuming that drugs act on different sites 

of action [419]. Nevertheless, this model assumes both drugs contribute to the observed 

effect (Figure 81). In this approach, the drug effects from single and combined treatments 

are expressed in the form of a probability (0 ≤ E ≤ 1) and the expected combined effect is 

defined as: 𝐸𝐴𝐵 = 𝐸𝐴 + 𝐸𝐵(1 − 𝐸𝐴), where EA and EB represent the observed effects of drug 

A and B, respectively, and EAB the effect of drug A combined with drug B. The calculation 

index for this approach can be calculated as 𝐶𝐼 =  
𝐸𝐴+𝐸𝐵−𝐸𝐴𝐸𝐵

𝐸𝐴𝐵
, being indicative of synergy, 

antagonism or additivity when CI is under, above or equal to 1, respectively [316]. This 

model of non-interactivity is one of the effect-based approaches that has survived to the 

critics over time. Although this model is widely used in the pharmaceutical field and is more 

accurate than the previous ones, it still presents some limitations [421] such as: it depends 

on the knowledge of mechanisms of action, and most of the time drugs have several, 

intricate and possibly undetermined mechanisms of action [419]; moreover, this model also 

presumes that drugs follow an exponential dose-effect response, which may not be 

applicable for all drugs [420]; finally, this model only fits for effects that can be ranged in 

probabilities from 0 to 1 [316].  
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Figure 81. Demonstration of the Bliss Independence approach. This model assumes that both drugs act 

independently and do not interfere with each other. Based on EA=30, EB=20 and EAB=65. Adapted from [316]. 

 

2.2 Dose-effect-Based Approaches 

More recently, novel approaches have been proposed to surpass the limitations of 

the previously mentioned reference models. Especially for drugs that have nonlinear dose-

effect curves, dose–effect-based approaches represent an improvement as they take into 

account the dose of each drug that results in the same quantitative effect [422]. These 

reference models consider the dose-effect curves of each drug and provide significant and 

unequivocal definitions of synergy, additivity, and antagonism [316]. Nevertheless, to 

evaluate if there is an interaction effect in a drug combination, it is essential to first define a 

non-interactive effect, which can be achieved by null reference models [410].  

2.2.1 Loewe Additivity 

The Loewe additivity model is a null reference model and the most well-known dose–

effect-based approach. It was first mentioned by Frei in 1913 and further described using a 

mathematical framework by Loewe in 1926 [422–425]. This model is based on the isobole 

representation to define the additive effect. This reference model assumes the dose 

equivalence principle, meaning the dose a from Drug A is equivalent to the dose ba of drug 

B and vice-versa, for any given effect. It also assumes the sham combination principle, 

meaning that dose ba can be added to any dose b of drug B to achieve an additive effect, 

which is not a characteristic of other null reference models [410]. The additive effects 

depend on the dose curves of each drug and can be defined as 𝐸𝑓𝑓𝑒𝑐𝑡 (𝑎 + 𝑏) =

𝐸𝐴(𝑎 + 𝑎𝑏) = 𝐸𝐵(𝑏 + 𝑏𝑎) = 𝐸𝐴𝐵 . 
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This model assumes that individual drugs have a constant potency ratio (𝑅 =
𝐴

𝐵
), 

meaning their doses have the same ratio at each level of effect. Graphically, this means the 

drugs have parallel dose-response curves and achieve the same maximum effects [426]. 

This interaction can be defined by the following mathematical equations: 𝑎 + 𝑎𝑏 = 𝐴 ↔ 𝑎 +

𝑏 × 𝑅 = 𝐴 ↔ 𝑎 + 𝑏 ×
𝐴

𝐵
= 𝐴, which is behind the Loewe Additivity equation and many other 

dose-based approaches that derived from this reference model: 
𝑎

𝐴
+

𝑏

𝐵
= 1.  

The CI derived from the Loewe Additivity is calculated by: 𝐶𝐼 =
𝑎

𝐴
+

𝑏

𝐵
 [422, 427, 428]. 

When CI is under 1, it means that the doses a and b that are necessary to produce a 

combined effect are lower than the ones predicted from additivity, which is indicative of 

synergistic interactions between the two drugs. When the CI value is above 1, the doses 

from each individual drug that produce a combined effect are greater than the ones 

predicted from additivity, meaning that drug interaction is antagonistic [422, 427, 428].  

Isobologram analysis was first introduced in 1995 by Greco et al [419] and is a 

graphical approach to the Loewe Additivity model, allowing an easy interpretation of the 

interaction of two drugs in a given combination [426]. It is a graphical representation that 

has represented the doses of drug A and drug B in the x and y-axis and indicates the 

collection of all dose combinations of the drugs that achieve a desired percentage of effect.   

In this graphical representation, there is a line with a negative slope that represents 

the additive effect (also known as additive isobole), where deviations from additivity indicate 

synergism or antagonism (Figure 82) [314, 429]. It represents the expected combined effect 

of a drug combination using doses a and b from two drugs A and B and can be calculated 

by the equation 𝑏 = 𝐵 −
𝐵

𝐴
× 𝑎, where doses of A and B are represented on the x and y-axis. 

This means that when the doses from individual drugs necessary to achieve a combined 

effects are lower than the corresponding ones described from the additivity line (i.e., are 

located below the line), this can be translated as synergy (CI<1). A drug pair located on the 

additive isobole means that CI=1 and therefore indicates additivity, whereas a drug pair 

located above this isobole is indicative that higher doses of each individual drug are 

necessary to produce the expected combined effect and therefore are related with 

antagonism (CI>1) [316]. This approach does not rely on the drugs’ dose-response 

relationship neither their mechanism of interaction, being only affected by the concentration 

of the drugs used in the combination. This means that one drug pair can be synergic for 

one dosage and antagonist for another therapeutic regimen [420].  
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Figure 82. Demonstration of the Loewe Additivity approach (isobologram). The diagonal line represents the 

additive effect (also known as additive isobole) and deviations from additivity are indicative of synergism or 

antagonism. Adapted from [316]. 

  

Just like the previous reference models, the Loewe Additivity model also presents 

some limitations, mostly related to the dose-effect curves of each individual agent. It is only 

designed for drugs that have dose-response curves described by the Hill equation (also 

called sigmoid or logistic function) and sometimes the determination of these curves 

requires lots of data that can be time and money-consuming [430]. Also, some drugs have 

dose-response curves that are difficult to model, making the Loewe Additivity model useless 

[431]. In addition, many drugs do not fit in the isobole straight line: this can be a result of 

drugs that do not have a constant potent ratio, hence resulting in non-parallel dose-

response curves and/or when the individual drugs do not achieve the same maximum 

effects [429].  

Many null reference models are based on the concept of isoboles. The Chou-Talalay 

approach, proposed by Chou and Talalay is still one of the most used reference models in 

biological studies to quantify drug interactions. This reference model has been built based 

on the Loewe Additivity model [313, 314, 427, 428] and incorporates the median-effect 

equation, derived from the unified theory mass-action law principle, represented by the 

equation  
𝑓𝑎

𝑓𝑢
= (

𝐷

𝐷𝑚
)𝑚, where D represents the drug dosage or concentration, 𝑓𝑎 the 

inhibited fraction by the drug dose D, 𝑓𝑢 the unaffected fraction, Dm the dose that causes 

50% inhibition, and m the coefficient indicating the shape of the dose-effect curve. The 

model is also described by an (r) value, that indicates the fitting of the data to the mass-

action law. The values of (m), (Dm), and (r) for each single drug are the dose-effect 
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parameters required for the implementation of the Chou-Talalay theorem. In this way, the 

unified theory establishes the common link between single and multiple entities, and first 

order and higher-order dynamics. The general equation that describes this model, 

previously mentioned, is derived from the Michaelis-Menten, Hill, Henderson-Hasselbalch, 

and Scatchard equations, the most important ones in biochemistry and biophysics, which 

resulted in the development of the CI theorem, that offers a quantitative determination of 

synergism in drug combinations [313]. It has been improved by including the principle of 

mass action to analyze the combined effects of a given combination and is now the subject 

of a huge number of publications. The CI for a two-drug combination can be calculated as 

following: 𝐶𝐼 =
(𝐷)1

(𝐷𝑥)1
+

(𝐷)2

(𝐷𝑥)2
, where (Dx)1 represents the dose of the drug D1 alone that 

inhibits the growth of cells by x% and (Dx)2 is the dose of the drug D2 alone that inhibits the 

growth of cells by x%. It has its own graphical representation consisting of a plot of CI versus 

the fractional effect (Fa), where CI<1, CI=1 and CI>1 indicate synergism, additivity and 

antagonism, respectively (Figure 83).  

 

Figure 83. Fa-CI plot proposed by Chou and Talalay, based on the Loewe Additivity model. Fa indicates the 

observed effect and CI<1, CI=1, and CI > 1 indicate synergism, additivity, and antagonism, respectively. 

Adapted from [432]. 

 

2.2.2 Zero interaction potency (ZIP) 

This is one of the most recent reference models proposed for the evaluation of 

expected responses in drug combinations, being a hybrid approach between the Bliss 

Independence and the Loewe Additivity models [433]. This approach evaluates the drugs’ 

interactions by comparing changes in the potency of the dose-response curves between 
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individual and combined drugs, not being affected by the pharmacodynamics of the 

compounds in combination. It assumes that drugs are independent and do not interact with 

each other when combined, resulting in minimal changes in their response curves when 

combined [433]. This means that the accurate fitting of the dose-response curves is crucial 

for the determination of parameters like the relative half-maximal effect concentration (EC50) 

and the slope, which can be a difficult challenge if data is of poor quality, for example [415].  

Table 14 summarizes the advantages and disadvantages of the previously 

described reference models used to assess the pharmacological interaction in drug 

combinations, together with the mathematical framework behind the calculation of the 

expected additive effect and CI values for each model. 

 

Table 14. Advantages, disadvantages, and mathematical framework of the reference models described in this 

manuscript used to assess the pharmacological interaction in drug combinations. 

Reference 

model 
Pros Cons 

Mathematical 

Framework 

Combination 

Subthresholding 

- Most simple 

approach 

- Effect-based approach 

- Significant effects are 

defined based on p values 

- The observed effects 

may not be accurate and 

do not necessarily be 

representative of 

significant differences 

- Does not allow the 

calculation of a CI 

- Least accurate reference 

model 

- The observed 

effect is 

considered 

statistically 

significant when 

p < 0.05 

Highest Single 

Agent 

- Allows the 

calculation of a 

CI 

- Effect-based approach 
- EAB = max (EA, 

EB) 
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- Gives more 

optimistic results 

among all 

reference 

models 

- Does not take into 

account the expected 

additive effect of both 

drugs involved in the 

combination 

- Suitable only for drug 

combinations where one 

of the drugs is inactive for 

all tested concentrations 

- 𝐶𝐼 =

 
max  (𝐸𝐴,𝐸𝐵)

𝐸𝐴𝐵
. 

Response 

additivity 

- Allows the 

calculation of a 

CI 

- Considers the 

effects of both 

drugs in 

combination, 

assuming their 

effect to be 

additive 

- Effect-based approach 

- Implies the drugs to have 

linear dose-effect curves 

 

- EAB = EA + EB 

- 𝐶𝐼 =  
𝐸𝐴+𝐸𝐵

𝐸𝐴𝐵
 

Bliss 

Independence 

- One of the 

most popular 

- Allows the 

calculation of a 

CI 

- Takes into 

account the 

effects of both 

drugs in the 

combination 

- Effect-based approach 

- Depends on the 

knowledge of mechanisms 

of action of the drugs 

- Presumes that drugs 

follow an exponential 

dose-effect response 

- Only fits for effects that 

can be ranged in 

probabilities from 0 to 1 

- 𝐸𝐴𝐵 = 𝐸𝐴 +

𝐸𝐵(1 − 𝐸𝐴) 

- 𝐶𝐼 =

 
𝐸𝐴+𝐸𝐵−𝐸𝐴𝐸𝐵

𝐸𝐴𝐵
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- Assumes that 

both drugs act 

independently 

and do not 

interfere with the 

other 

- Allows 

combinations of 

more than 2 

drugs 

Loewe Additivity 

- Most well-

known dose–

effect-based 

approach 

- Allows the 

calculation of a 

CI 

- Take into 

account the 

dose of each 

drug 

- Assumes the 

dose 

equivalence and 

the sham 

combination 

principles 

- Graphical 

approach 

(isobologram) 

- Only designed for drugs 

that have dose-response 

curves described by the 

Hill equation 

- Requires more data and 

sometimes raw data 

preprocessing 

- Only fit to drugs that 

have a constant potent 

ratio. 

- 𝐸𝐴𝐵 = 𝐸𝐴(𝑎 +

𝑎𝑏) = 𝐸𝐵(𝑏 +

𝑏𝑎) 

- 𝐶𝐼 =
𝑎

𝐴
+

𝑏

𝐵
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- Does not rely 

on the drugs’ 

dose-response 

relationship nor 

their mechanism 

of interaction 

- Allows 

combinations of 

more than 2 

drugs 

Zero Interaction 

Potency 

- One of the 

most recent 

reference 

models 

- Dose-effect-

based approach 

- Assumes that 

drugs are 

independent 

and do not 

interact with 

each other when 

combined 

- It is not 

affected by the 

pharmacodyna

mics of the 

compounds in 

combination 

- Requires accurate fitting 

of the dose-response 

curves 

- Requires data of good 

quality 

- Does not allow 
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2.3 Current limitations of the classical combination models 

As demonstrated in the previous sections, current reference models for the 

evaluation of synergism have been improved over the years but there are still some general 

limitations to the classical combination models [313, 316, 434].  

The first limitation in the analysis of drug combinations is the misleading of the term 

“synergy” [411]. In most clinical studies and throughout the literature, this term is often used 

to justify the combination of drugs in therapy, but many times this term is not clearly defined 

and is commonly used without the proper knowledge underlying the concept and the 

methods necessary to evaluate it  [410, 435]. Frequently, synergy is not evaluated nor 

calculated using the appropriate reference models and results are interpreted as synergism 

only by comparison of results obtained from simple experimental assays, rather than 

included in a mathematical approach and without information about the dose-effect curves 

for single drugs. For example, sometimes, better-observed effects in drug combinations are 

often described as synergy when indeed it is only a potentiation of the effects of the two 

drugs combined if only one drug is active alone [316].   

Another limitation is that, to date, there is not a standard reference model to evaluate 

drug synergism. All available reference models have limitations and while some fail to 

provide clear definitions of additivity, others rely on data about the drug’s mechanism of 

action, do not cover rare and specific cases like drugs that do not follow the ideal dose-

response curves, or are not intuitive and user friendly [436]. The Loewe Additivity model is 

the most improved reference model, but it is also limited by the large amount of data 

required to make precise synergy analysis, which is particularly important when data is 

expensive or difficult to determine [316]. On the other hand, effect-based approaches are 

more limited but can still provide enough evidence of positive combination effects, with 

fewer data.  

Another limitation is that, most of the time, the analysis of drug interactions in clinical 

trials involving drug combinations is impaired by intense practical and ethical constraints, 

which makes it hard to collect sufficient data to clearly and properly support synergy. Also, 

the choice of the reference model in each step of the investigational process must be 

tailored to the data available at each discovery step. For example, in in vitro studies, the 

HSA, Bliss Independence, and Loewe Additivity may be the most appropriate reference 

models to find promising drug pairs for evaluation of their mechanisms of action or to 

proceed for further clinical research [414, 437–441], whereas in further preclinical studies 

the Loewe Additivity with CI and Isobologram analysis may be more appropriate to 

determine more precisely the combination effects [316]. In clinical studies in humans, the 
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recommendations from the FDA [442] together with EMA [443] and the WHO [444] 

determine that there must be a strong and rational basis for the use of combination therapies 

supported by previous preclinical studies that also justify the use of combined agents over 

individual drugs and their improved safety profile for the proposed disease. Nevertheless, 

extrapolating in vitro results to animals or even humans is not well established and raise 

several questions, being far from being consensual among the scientific community [445]. 

Generally, drug combination clinical trials include four experimental groups that are treated 

with placebo, drug A, drug B or a combination of drug A + drug B and it must be clearly 

demonstrated that the combination therapy has greater efficacy than both drugs alone, 

using the same or even lower doses than the individual agents, while still maintaining a 

safety profile [313, 446]. 

The fourth limitation is related to the optimization of dose ratios. Since cells do not 

differentiate single drugs or their combination, two drugs combined at a given ratio could be 

considered as a third that has its own dose-effect relation [313]. So, rather than evaluating 

if a drug combination is synergistic, scientists must ask what dose ratio optimizes their 

synergy [447]. To do so, the design of experimental analysis must evaluate a different set 

of fixed ratios and explore what doses fit well to reach the desired synergistic effects [434]. 

These experiments should always be performed in preclinical studies before further clinical 

trials [316].  

When analyzing drug combination results, one must also take into account that 

biological experiments regularly have associated some type of experimental error [316]. 

Although the Highest Single Agent and Response Additivity reference models take into 

account the statistical significance, the Bliss Independence and Loewe Additivity models do 

not allow statistical significance interpretation, because they do not have the mathematical 

background necessary for statistical evaluation [316]. In this way, the software CompuSyn 

(http://www.combosyn.com), based on the Chou-Talalay theory, which follows the Loewe 

Additivity model and assumes the Median-Effect approach of Chou and Talalay to assess 

the statistical significance of the experiments, represents an improvement over other 

approaches [313].  

Another limitation when referring to the previously mentioned approaches is the use 

of drug combinations with more than two drugs, a common practice in cancer therapy, for 

example. Indeed, these approaches can be further extended for use of any drugs in 

combination. For example, for the Loewe Additivity model, the CI can be calculated by the 

following equation: 𝐶𝐼 =
𝑎

𝐴
+

𝑏

𝐵
+ ⋯ +

𝑛

𝑁
. Nevertheless, such generalization does not permit 

the quantification of each drug’s contribution to the combination, implying that a synergistic 
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combination of three or more drugs could be the result of only two drugs, for example [316]. 

Therefore, it is really important to rationally design the experimental protocols to 

demonstrate that, for example, in a triple combination using drugs A, B, and C, A, and B are 

synergistic, and that the combination of A + B (considered as a new single agent) with the 

drug C is also synergistic [316]. 

 

2.4 Novel methods for directly quantifying drug synergism 

Loewe additivity and Bliss independence approaches have been dominant in the 

field of synergism, together with the work proposed by Chou and Talalay. Still, there is no 

consensus among the scientific community regarding the appropriate use of these 

reference models. Recently, there has been an increase in the number of publications 

related to the definition of synergism, such as the “lack-of-fit” model [410] or the 

rediscovered Hand model [448, 449]. Novel ways to evaluate synergism in drug 

combination studies also appeared such as the ZIP model [433], Combenefit (SANE) [450], 

Bivariate Response to Additive Interacting Doses (BRAID) [451], Schindler’s Hill partial 

differential equation [452], the SynergyFinder software [453], the Multi-dimensional Synergy 

of Combinations (MuSyC) [454], the effective dose model [455] and the copula model [456], 

for example.  Next, we will describe some of the most recent methods for directly quantifying 

and evaluating drug synergism [434].  

Response surface modeling is an approach based on a 3D plot representation to 

describe the interaction effects in drug combinations. Basically, doses of drugs A and B are 

plotted on the x and y-axis and the expected combined effects (response) are plotted on 

the z-axis, creating a 3D surface. Synergism or antagonism is measured as deviations from 

this surface and depends on the value of z. It allows the use of both Bliss Independence 

and Loewe additivity models for the estimation of the expected effects [434].  

Recently, more user-friendly approaches have gained attention for the quantification 

of drug interactions. CompuSyn, a computer software based on the Chou-Talalay theorem, 

has been developed to make synergy determination more user-friendly, enhancing the 

usage of this reference model for the evaluation of drug interactions in combination studies. 

To use this software, raw data must be analyzed and normalized to convert responses in 

value between 0 and 1 [313].  

Another approach is the Mixlow (i.e. Mixed-effects Loewe) methodology, developed 

by Boik, Newman, and Boik in 2008 [457]. This approach is based mainly on three elements: 

a nonlinear mixed-effects model for the estimation of the sigmoidal curve parameters from 
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the concentration-response curves, the Loewe index, and a method for the evaluation of 

statistical significance for the index. It is an improvement of the Chou-Talalay method as it 

is more accurate in the estimation of the parameters, includes the evaluation of confidence 

intervals, and dismisses the need for previous data processing [457].  

More recently, Hennessey et al (2010) [458] proposed a novel model for the 

evaluation of dose-response curves and synergy determination. The Bayesian model uses 

hierarchical nonlinear regression to describe the variability between and within experiments 

and in the observed responses of the controls. To do so, the authors used Markov chain 

Monte Carlo (MCMC) for data fitting and a modified version of Loewe additivity to infer about 

synergism in drug combinations while incorporating variables related to variability and 

uncertainty related intrinsically to the experiments. The authors found this approach to be 

more precise in drug synergism estimation than the Chou-Talalay methodology [458].  

 

2.5 Oncological preclinical studies based on combination models 

The evaluation of synergism in preclinical trials involving in vitro assays is a common 

practice and nowadays many in vivo drug combination studies using animal models are 

based on the results obtained in studies using cell lines. Here, it was performed a search in 

the PubMed database using the terms ‘in vivo’ and ‘synergy’ and ‘cancer’ and the results 

were limited to a period from 2019 to 2022. The selected studies will next be analyzed to 

find if in vivo combination studies make correct use of the term synergy and to evaluate 

which reference models they employ to assess drug interactions.  

One of the reference papers for the evaluation of drug synergism in in vivo studies 

is the one published by Fu et al in 2016 [459], from the research group led by Ting-Chao 

Choug. The authors studied the combination of two anticancer drugs that target microtubule 

polymerization: Taxotere and T607 compound. They found these drugs were synergic 

against human colon carcinoma HCT-116 xenograft mice. The authors determine drug 

interactions quantitatively using the median-effect equation of the mass-action law and the 

CI theorem proposed by Chou-Talalay, demonstrating the basic concepts and experimental 

design aspects important for the quantitative analysis of drug interaction dynamics in 

complex biological systems [459]. 

A recent study from Skeberdyte [460] evaluated the effect of the combination of 

salinomycin and dichloroacetate in lung carcinoma. Salinomycin acts on cancer stem cells 

and dichloroacetate inhibits the pyruvate dehydrogenase kinase. The authors performed in 

vitro studies using two and three-dimensional cell cultures of Lewis lung carcinoma cells 
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(LLC1) and also in vivo studies using an LLC1-C57BL/6 mouse model. The authors 

successfully proved that this drug combination has synergistic effects in vitro using the 

Chou-Talalay method by testing several doses below IC50 from both monotherapies using 

a non-constant ratio drug design. The authors also proved this combination increased the 

survival rate of mice, reduced metastasis occurrence, and also decreased the population of 

cancer stem cells, proving the benefits of this combination both in vitro and in vivo [460]. 

Another study by Xu et al [461] attempted to evaluate the potential of the 

combination of ABT199 and irinotecan in RAS-mutant lung cancer cells. The authors 

selected this in vitro model as KRAS mutation is very frequent in non-small cancer lung 

cancer (NSCLC). Irinotecan is one of the most well-known chemotherapeutic drugs 

commonly used for metastatic colorectal cancer and ABT199 is an investigational drug with 

high efficacy of the Bcl-2 inhibitor. Using different human NSCLC cell lines (H441, A549, 

H838, and H522), the authors had successfully demonstrated that this drug combination 

inhibits lung cancer cell growth and enhances apoptosis, being synergistic with CIs under 

0.7. Further in vivo studies suggested this combination induces tumor size and weight 

reduction, demonstrating the potent in vivo efficacy of the combination [461]. 

Ghosh et al [462] recently studied the anticancer effect of the combination of 

methylglyoxal, an agent with a well-established anticarcinogenic effect, and 5-FU, an 

antineoplastic agent commonly used for several types of cancer, including breast cancer 

treatment. This research group evaluated the effect of this drug combination both in vitro 

using MCF-7 breast cancer cells and in vivo and successfully found synergism using the 

Chou-Talalay theorem. In vivo studies revealed that EAC (Ehrlich Ascites Carcinoma) 

bearing mice and BALB/c mouse 4T1 breast tumor models exhibited tumor regression with 

fewer side effects when treated with this combination compared to single agents [462].  

Buocikova and her colleagues [463] recently studied the combination of the DNA 

methyltransferase inhibitor decitabine with the anthracycline antibiotic DOX for breast 

cancer. They first evaluated the synergism of sequential decitabine + DOX treatment in 

three breast cancer cell lines (JIMT-1, MDA-MB-231, and T-47D) after assessing their 

influence on the cytotoxicity, genotoxicity, apoptosis, and migration capacity of these cells. 

The mathematical framework employed for drug synergism was based on the Chou-Talalay 

method using the CI to quantify drug interactions. They further confirmed these results using 

an orthotopic xenograft mouse model, demonstrating the potential of epigenetic drugs in 

the modulation of cancer cells’ sensitivity to antineoplastic agents [463].  

Another study combined Cisplatin-loaded poly(L-glutamic acid)-graft-methoxy 

poly(ethylene glycol) complex nanoparticles with different PD1/PD-L1 inhibitors and 
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evaluated their cytotoxic effect in different types of cells (LLC, H1299, A549, B16F10, ID8, 

and U14) and female C57BL/6 mice. They found this combination to cause tumor PD-L1 

overexpression time-dependent in vitro and increased tumor PD-L1 signals after 72 h of 

treatment in vivo. Different from the previously mentioned studies, this work employed the 

Q value method of Zhengjun Jin to analyze the synergistic interaction of the combination 

group for tumor therapy (in vivo). Taken together, the authors demonstrated the potential 

clinical treatment of Cisplatin-loaded poly(L-glutamic acid)-graft-methoxy poly(ethylene 

glycol) complex nanoparticles with different PD1/PD-L1 inhibitors for cancer therapy [464].  

In another study, the authors attempted to combine gemcitabine, a deoxycytidine 

nucleoside analog commonly used for the treatment of advanced or metastatic pancreatic 

cancer, with Troxacitabine (Troxatyl™), an unnatural L-nucleoside analog that 

demonstrates potent antitumor activity. The authors performed in vitro studies using 

different pancreatic adenocarcinoma cell lines (AsPC-1, Capan-2, MIA PaCa-2, and Panc-

1) and evaluated synergism using the isobologram and CI methods of Chou and Talalay. 

The authors then evaluated the effects of both drugs, alone or combined in nude mice 

transplanted with human pancreatic (AsPC-1) tumors, and concluded that both drugs were 

more than additive at safer doses and schedules, being potential candidates for further 

evaluation in patients with advanced pancreatic cancer [465].  

Sánchez et al [466] recently studied the combination of docetaxel, a 

chemotherapeutic agent, and capsaicin, an ingredient of hot chili peppers, for the treatment 

of prostate cancer. The authors used two prostate cancer cell lines (LNCaP and PC-3) for 

the in vitro studies and xenograft prostate cancer models to further evaluate this 

combination in vivo. Using the Chou-Talalay reference model, they found that docetaxel 

and capsaicin had synergistic effects in the inhibition of LNCaP and PC-3 cell growth, 

reflecting a CI under 1 for most of the combinations evaluated in the work. In vivo results 

reinforced the synergistic effects of this combination in the reduction of tumor growth in 

xenograft prostate cancer models [466]. 

Recently, another study aimed to study if the synergism between the drugs 

vincristine and irinotecan also extended to eribulin, another microtubule inhibitor for the 

treatment of childhood solid tumors. The authors combined vincristine or eribulin with 

irinotecan and studied their anticancer effect in vitro and xenograft models. CIs were 

calculated based on the Bliss model of independence and the Loewe additivity model. They 

found the eribulin combination to be very effective in these xenograft models, but not 

synergistic in vitro [467]. 
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Despite the huge number of publications stating synergism in animal experiments, 

what was found is that most papers are not able to really prove drug synergism in vivo, 

assuming synergistic interactions based on the in vitro results and using only one reference 

model for assessing the drug interactions (usually the Chou-Talalay theorem). According to 

Chou [313], the quantification of synergy in vitro and in animals is based on the same 

principles, requiring a minimum of 65 nude mice for accurate results [313]. We believe that, 

for most of the combination studies, synergism is only determined in vitro because the 

determination in vivo is more expensive, time-consuming, and introduces more variability. 

Most of the studies then extrapolate the results from in vitro to animals, “which is a general 

and separate biomedical problem which is not expected to be solved by the Chou-Talalay 

method” [313]. 
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2.6 Oncological clinical trials based on preclinical synergism evaluation 

Most clinical trials are often supported by preclinical studies that state to have found 

synergistic drug combinations. Although synergism is the gold standard desired when 

referring to drug combinations in cancer therapy, this term is commonly misused, as we 

previously stated. Another aspect is that, even if one achieves synergism in a certain 

combination of drugs, this does not necessarily mean that the combination will be indeed 

useful for cancer therapy. The potential for clinical use of combining drugs in clinical trials 

should always be measured by the therapeutic index, a concept that relates the relative 

toxicity of an anticancer treatment to its toxicity in normal tissues, rather than only by the 

quantification of synergism [435].  

In this way, a report from 2012 from Ocana et al [435] attempted to evaluate if clinical 

trials that frequently evaluate drug combinations were well designed and if they used 

correctly the term synergy, based on strong evidence from preclinical studies [435]. The 

authors found, at the time, that only 13.6% of the preclinical studies included the evaluation 

of synergism based on isobologram analysis and 7.6% based on the Chou-Talalay method. 

Regarding preclinical studies involving animal models, only 39% evaluated the therapeutic 

index, concluding that most phase I and II studies did not perform the appropriate 

background methods for correctly assessing synergism [435].  

Also, a recent paper argued that synergism has not been proved in most clinical 

trials, especially those regarding studies that combine various checkpoint inhibitors with 

each other and with other antineoplastic drugs [468]. This review analyzed thirteen Phase 

III clinical trials and found no synergistic interactions, just additive effects of each therapy, 

only synergism previously supported in animal models. Although this is not necessarily a 

bad thing, it is still not the good thing that all scientists have been looking at and reflects, 

once again, the misuse of the term synergism among clinical studies [468].  

Indeed, in a perspective published by Chou in 2010 [313], he stated that it is 

generally not possible to determine synergism in clinical trials, based on scientific, practical, 

and ethical reasons [313] that we already discussed previously. Furthermore, he claimed 

that most clinical trials that employ the term “synergism” are not well supported by the 

available data, especially in studies where only a single dose was tested for a single drug, 

mentioning the importance of preclinical evaluation for accurate and robust results to 

support clinical trials in humans [313].  

Here, it was performed a Pubmed search using the same methodology as described 

by Ocana et al [435]. The terms ‘synergy’ or ‘synergistic’ and ‘cancer’ were searched and 
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limited to studies in humans, and clinical trials over the last year (2021-2022). Next, it will 

be mentioned some of the most recent clinical trials in oncology that are based on preclinical 

studies claiming synergism.  

Kang et al [469] published the results from a recent randomized, multicenter, double-

blind, placebo-controlled, phase II-III clinical trial (NCT02746796) for the evaluation of the 

combination of immune checkpoint inhibitor nivolumab and oxaliplatin versus placebo plus 

oxaliplatin. This combination is intended to be used as first-line therapy for the treatment of 

patients with HER2-negative, unresectable advanced, or recurrent gastric or gastro-

esophageal junction cancer [469]. This study was based on previous preclinical studies that 

supported the additive or synergistic antitumor effects of the combination of immune 

checkpoint inhibitors with oxaliplatin. The authors found that a combination of nivolumab 

and oxaliplatin enhanced progression-free survival but not overall survival and concluded 

this drug combination has the potential to be used as a first-line treatment for patients with 

this type of cancer [469].  

Jain et al [470] recently conducted a single-center, phase II nonrandomized trial 

(NCT02756897) to study the combination of ibrutinib and venetoclax in the treatment of 

chronic lymphocytic leukemia [470]. The study was based on preclinical studies that 

demonstrated synergism of Bruton tyrosine kinase inhibitors with the Bcl-2 inhibitor 

venetoclax. The authors found this combination can be advantageous for previously 

untreated patients with chronic lymphocytic leukemia [470].  

Another study from Cousin et al [471] performed a single-arm, multicentric phase II 

trial (REGOMUNE) to assess regorafenib plus avelumab for the treatment of patients with 

microsatellite stable colorectal cancer, based on previous preclinical results that 

demonstrated that this combination is synergic. The authors concluded that regorafenib 

combined with avelumab successfully modulates antitumor immunity in some patients with 

this type of cancer [471]. 

A phase Ib randomized, open-label, multicenter study studied the combination of 

alpelisib with everolimus ± exemestane in solid tumors. This study claimed to be based on 

preclinical models that demonstrated a synergistic effect between and with alpelisib. 

Everolimus inhibits mTORC1, alpelisib acts on the phosphatidylinositol 3-kinase catalytic 

subunit p110α blockage, and exemestane is an antineoplastic drug already used for cancer 

therapy. The authors concluded that this combination was safe, manageable, and reversible 

and that the pharmacokinetics of each drug did not change significantly when in 

combination [472]. 
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Another phase I clinical trial (NCT01677559) aimed to combine an aurora kinase A 

inhibitor (alisertib) and nab-PTX, a chemotherapeutic agent, for refractory high-grade 

neuroendocrine tumors. The authors refered that this trial was based on preclinical studies 

that have demonstrated that the combination of alisertib plus PTX was synergic in rapidly 

proliferative cancers. Moreover, the authors successfully found that the proposed 

combination was safe, manageable, and reversible and demonstrated promising 

preliminary efficacy [473].  

Hong et al [474] recently published the results from a phase Ib study 

(NCT02124148) where it was evaluated the combination of prexasertib and samotolisib. 

Prexasertib is a CHK1 Inhibitor and samotolisib is a dual PI3K/mTOR inhibitor. This clinical 

trial was based on previous studies that demonstrated that prexasertib alone had moderate 

anticancer activity and other preclinical data in triple-negative breast cancer cells, MDA-

MB-231 orthotopic xenograft tumors, and TNBC patient-derived xenograft mouse models 

that also supported this combination. The authors found this combination to be effective in 

preclinical models and preliminary effective, with some degree of toxicity associated [474].   

Another phase I, open-label, dose-escalation study was performed by Amin et al 

[475], for the determination of the maximal tolerated dose of docetaxel in combination with 

temsirolimus for the treatment of refractory solid tumors. Temsirolimus selectively inhibits 

mTOR and docetaxel is an antineoplastic drug belonging to the class of taxanes. This trial 

was based on preclinical results that demonstrated the combination of taxanes and mTOR 

inhibitors to be additive or synergic in different types of cancer cells. The authors found this 

combination to be very toxic and not suitable for cancer treatment [475].  

Taken together, the aforementioned clinical trials, usually phases I and II, 

demonstrated that synergism in preclinical studies is usually the justification for the clinical 

evaluation of drug combinations in cancer-related studies, clarifying the importance of the 

accurate and reliable drug interaction quantification in this type of studies. Therefore, in this 

chapter, we have evaluated synergism regarding the drug combinations previously studied 

in Chapter II, using the most common reference models (Chou-Talalay, ZIP, HSA, Bliss 

independence, and Loewe), to provide a more robust basis for further research of these 

drug combinations in future animal studies or clinical trials. 
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3. OBJECTIVES OF CHAPTER III 

In this chapter, it was aimed to evaluate the drug interactions in the drug 

combinations previously tested in Chapter II, to find possible synergistic interactions 

between drugs. The analysis of drug interactions was evaluated by different reference 

models, namely Chou-Talalay, ZIP, HSA, Bliss independence, and Loewe, using the 

CompuSyn and SynergyFinder software.  
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4. MATERIALS AND METHODS OF CHAPTER III 

4.1 Analysis of Drug Interactions 

To quantify drug interaction in the drug combinations evaluated in Chapter II, the CI 

was estimated by the unified theory, introduced by Chou and Talalay [313] using the 

CompuSyn software (ComboSyn, Inc., New York, NY, USA). It was used the mutually 

exclusive model, based on the assumption that drugs act through entirely different 

mechanisms [411]. CI was plotted on the y-axis as a function of Fa on the x-axis to assess 

drug synergism between drug combinations. The CI is a quantitative representation of 

pharmacological interactions. CI < 1 indicates synergism, CI = 1 indicates additive 

interaction and CI > 1 indicates antagonism. For some drug pairs, the SynergyFinder 

software was also used to estimate the synergy scores of the proposed drug pairs by four 

different reference models: Bliss, Loewe, HSA, and ZIP. Synergy scores <−10 meant that 

the interaction between two drugs was likely to be antagonistic; scores from −10 to 10 meant 

the interaction between two drugs was likely to be additive, and scores >10 meant the 

interaction between two drugs was likely to be synergistic. 
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5. RESULTS AND DISCUSSION OF CHAPTER III 

5.1 Analysis of Drug Interactions in Breast Cancer Cells 

5.1.1 Synergistic Combinations of Antineoplastic and Antimalarial drugs 

Experimental evidence suggests that some antimalarials exhibit synergism with 

other drugs with no increased toxicity toward normal cells. In this regard, the potential 

synergistic effects of several antimalarials with DOX and PTX were studied for the treatment 

of breast cancer. After evaluation of cytotoxic activity, seven antimalarials were selected for 

combination with DOX and PTX in Chapter II. Based on these results, here it was evaluated 

drug synergism using the Chou-Talalay method, which is based on the median-effect 

equation, derived from the mass-action law principle. This unified theory encompasses the 

Michaelis-Menten, Hill, Henderson-Hasselbalch, and Scatchard equations in biochemistry 

and biophysics and provides a quantitative definition for additive effect (CI = 1), synergism 

(CI < 1), and antagonism (CI > 1) in drug combinations.  

Therefore, to investigate the synergistic effects of the combined antineoplastic drugs 

DOX and PTX with the antimalarial agents, the CI was calculated using the Chou-Talalay 

method. CI was plotted on the y-axis as a function of Fa on the x-axis to assess drug 

synergism. The fractional effect is a value between 0 and 1, where 0 means the drug had 

no effect on cell viability and 1 means the drug produced a full effect on decreasing cell 

viability.  

Results for synergistic combinations are summarized in Table 15. The combination 

of DOX + chloroquine demonstrated more synergism than the combination with PTX. For 

lower doses of 0.05 µM + 16 µM, 0.1 µM + 32 µM, and 0.2 µM + 64 µM, corresponding to 

the concentrations of DOX and chloroquine, respectively, all combinations were synergic 

and produced effects between 0.724 and 0.851. The combination of 32 and 64 µM with 1.5 

nM and 3 nM, respectively, also resulted in synergism, with Fa between 0.782 and 0.831 

(Figure 84A). The combination of the IC50s of DOX + mefloquine (8 µM and 0.2 µM, 

respectively) for 48h resulted in a synergistic effect (CI<1), with a fractional effect of 0.845. 

The combination of 3 nM of PTX and 8 µM of mefloquine also resulted in synergism, with a 

fractional effect of 0.841 (Figure 84B). The combination of artesunate with DOX resulted in 

more synergism than the combination of PTX with the same antimalarial drug, with CI<1 for 

almost all pairs of concentrations, with effects between 0.487 and 0.821. Only the 

combinations of 6 and 12 µM of artesunate with 1.5 and 3 nM of PTX were synergic but 

produced a lower fractional effect (Figure 84C).  
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Table 15. CI values and respective fractional effects of various combinations of DOX/PTX and mefloquine, 

chloroquine, and artesunate. CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 

Concentration 

(Drug A + Drug B) 

Fractional 

Effect (Fa) 

CI 

DOX + chloroquine 

0.05 µM + 16 µM 

0.1 µM + 32 µM 

0.2 µM + 64 µM 

0.4 µM + 128 µM 

0.8 µM + 256 µM 

0.724 

0.797 

0.851 

0.856 

0.854 

0.965 

0.676 

0.560 

1.027 

2.126 

PTX + chloroquine 

0.75 nM + 16 µM 

1.5 nM + 32 µM 

3 nM + 64 µM 

6 nM + 128 µM 

12 nM + 256 µM 

0.636 

0.782 

0.831 

0.850 

0.851 

2.886 

0.809 

0.747 

1.091 

2.146 

DOX + mefloquine 

0.05 µM + 2 µM 

0.1 µM + 4 µM 

0.2 µM + 8 µM 

0.4 µM + 16 µM 

0.8 µM + 32 µM 

0.176 

0.375 

0.845 

0.856 

0.855 

3.231 

2.582 

0.729 

1.349 

2.718 
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PTX + mefloquine 

 

0.75 nM + 2 µM 

1.5 nM + 4 µM 

3 nM + 8 µM 

6 nM + 16 µM 

12 nM + 32 µM 

0.158 

0.479 

0.841 

0.863 

0.857 

2.939 

1.501 

0.718 

1.252 

2.602 

DOX + artesunate 

0.05 µM + 3 µM 

0.1 µM + 6 µM 

0.2 µM + 12 µM 

0.4 µM + 24 µM 

0.8 µM + 48 µM 

0.487 

0.684 

0.631 

0.821 

0.828 

0.480 

0.315 

0.847 

0.544 

1.035 

PTX + artesunate 

0.75 nM + 3 µM 

1.5 nM + 6 µM 

3 nM + 12 µM 

6 nM + 24 µM 

12 nM + 48 µM 

0.337 

0.453 

0.544 

0.617 

0.726 

1.044 

0.880 

0.984 

1.289 

1.448 
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Figure 84. Chou-Talalay method Fa-CI plot of DOX/PTX and chloroquine (A), mefloquine (B) and artesunate 

(C). CI was plotted on the y-axis as a function of effect level (Fa) on the x-axis to assess drug synergism. CI<1, 

CI=1, and CI>1 indicate synergism, additivity, and antagonism, respectively. CQ: chloroquine; ME: mefloquine; 

Ar: artesunate 

 

Together, these results demonstrate that non-quinolinic antimalarial derivates may 

be more promising to evaluate in future combinations (Figure 85). Other combinations were 

also performed but the results were not significant (Figure 86). 
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Figure 85. Synergy heat map compiling CI values. The squares in the figure indicate antagonism (CI > 1.2, red), 

additivity (0.9<CI<1.1, yellow), and synergism (CI<0.9, green) between DOX/PTX and 

chloroquine/mefloquine/artesunate against MCF-7 cells at combination settings described in Chapter II. 

 

Figure 86. Chou-Talalay method Fa-CI plot of DOX/PTX and tafenoquine (A) and pyronaridine (B). CI was 

plotted on the y-axis as a function of effect level (Fa) on the x-axis to assess drug synergism. CI<1, CI=1, and 

CI>1 indicate synergism, additivity, and antagonism, respectively. TA: tafenoquine; Py: pyronaridine 

 

Moreover, these results demonstrated that antimalarial drugs in combination can 

improve the anti-cancer activity of DOX and PTX in ER-positive breast cancer cells. It was 

demonstrated, for the first time, that the combination of artesunate, mefloquine, and 

chloroquine can synergistically inhibit breast cancer proliferation in MCF-7 cells. 

Furthermore, these results imply that antimalarial drugs may be promising chemosensitizing 

compounds for enhancing the cytotoxic effects of DOX and PTX in MCF-7 cells. 
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5.1.2 Synergistic Combinations of Antineoplastic and CNS drugs 

Recent studies have investigated new drugs that can synergize with antineoplastic 

agents, but, to our knowledge, none have explored CNS drugs in combination with 

chemotherapeutic drugs for breast cancer therapy.  

In Chapter II, it was studied the potential anticancer activity of different CNS drugs 

in MCF-7 breast cancer cells. Here, the potential synergistic effects of this class of drugs 

combined with PTX and DOX, two antineoplastic drugs used for breast cancer treatment, 

were evaluated. Drug synergism was evaluated synergism by two different methods: Chou-

Talalay and Bliss independence. The Bliss independence model adopts a stochastic 

process in which two drugs produce their effects independently, and the expected 

combination effect can be calculated based on the probability of independent events [476].  

First, the CI for the combinations of PTX + CNS drugs in MCF-7 cells was calculated. 

The combination of PTX plus fluoxetine demonstrated synergism for the lowest 

concentrations with three synergic pairs (Figure 87A), with Fa values of 0.1184, 0.2472, 

and 0.3621 (Table 16). The combination with sertraline resulted in only one synergic pair, 

for the lowest concentration (Figure 87B). The combinations of PTX plus thioridazine 

demonstrated synergism for two pairs (Figure 87C), with Fa values of 0.1895 and 0.5027 

(Table 16). Combination with fluphenazine and benztropine resulted in three synergic pairs 

(Figure 87D and E, respectively), with Fa values lower than 0.60 (Table 16).  
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Figure 87. Chou-Talalay method Fa-CI plot of PTX plus fluoxetine (A), sertraline (B), thioridazine (C), 

fluphenazine (D), and benztropine (E). CI was plotted on the y-axis as a function of effect level (Fa) on the x-

axis to evaluate drug synergism. CI < 1, CI = 1, and CI > 1 refer to synergism, additivity, and antagonism, 

respectively. Fl: fluoxetine; Se: sertraline; Th: thioridazine; Fz: fluphenazine; Be: benztropine 
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Table 16. CI values and respective fractional effect of different combinations of PTX plus CNS agents. CI in 

bold indicates concentrations of drug pairs that are synergic. Cells were treated with 0.25, 0.5, 1, 2, and 4 times 

the IC50 of each drug (total dose). 

Combination 

(Drug A + Drug B) 

Total Dose 

(Dose A + Dose B) 

Fractional 

Effect (Fa) 

CI 

Value 

PTX + fluoxetine 

2.75 0.1184 0.33562 

5.5 0.2472 0.48322 

11.0 0.3621 0.79198 

22.0 0.5227 1.24993 

44.0 0.7167 1.85505 

PTX + sertraline 

1.375 1.0 × 10−4 5.01852 

2.75 0.0768 0.73865 

5.5 0.1987 0.99737 

11.0 0.4012 1.40860 

22.0 0.6326 2.04261 

PTX + thioridazine 

2.25 0.0109 0.98541 

4.5 0.1895 0.69489 

9.0 0.5027 0.86789 

18.0 0.7077 1.32210 

36.0 0.7128 2.62409 

PTX + fluphenazine 

1.5 0.01908 0.63552 

3.0 0.057 0.83495 

6.0 0.33804 0.78096 

12.0 0.44769 1.33256 

24.0 0.67095 1.95345 
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PTX + benztropine 

6.25 0.09897 0.45763 

12.5 0.2321 0.65346 

25.0 0.51629 0.86840 

50.0 0.66485 1.42716 

100.0 0.71074 2.66897 

 

Together, these results demonstrate that these CNS agents may be promising 

candidates to evaluate in future combinations. 

Nevertheless, these drug interactions were also evaluated by the Bliss 

Independence method, using the SynergyFinder 2.0 software. This software is a web 

application for interactive analysis and visualization of multi-drug combination profiling data 

by different synergism evaluation methods. In this software, the synergy score for a drug 

combination is averaged over all the dose combination measurements, giving a positive or 

negative value, corresponding to synergism or antagonism, respectively. The 2D and 3D 

synergy maps highlight synergistic and antagonistic dose regions in red and green colors, 

respectively [476].  

Fluoxetine combination with PTX analyzed with the Bliss model (Figure 88A) 

demonstrated the highest synergy score, in line with the Chou-Talalay results, indicating 

synergism for three pairs. Sertraline combination demonstrated synergism using the Bliss 

model, with a positive synergy score of 2.127 (Figure 88B). The combination of PTX with 

thioridazine also resulted in synergism using the Bliss method (Figure 88C) with a synergy 

score of 2.938. The combinations of PTX plus fluphenazine and benztropine resulted in the 

lowest synergy scores using the Bliss method, with scores of 0.569 and -8.262 (Figure 88D 

and E, respectively). 
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Figure 88. Bliss synergy plots of PTX plus fluoxetine (A), sertraline (B), thioridazine (C), fluphenazine (D), and 

benztropine (E). 

The Bliss method results demonstrate slightly different results regarding the synergy 

evaluation of drug combinations compared to the Chou-Talalay results, especially regarding 

fluphenazine and benztropine combinations. Despite this, these reference models produce 

similar results most of the time. 

Together, these results demonstrate that all tested CNS drugs can synergistically 

decrease MCF-7 cell viability when combined with PTX, with fluoxetine, benztropine, and 
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fluphenazine being the most promising drugs at lower concentrations. Curiously, when 

tested alone in MCF-7, sertraline was the most potent repurposed drug, but its combination 

with PTX resulted in only one synergistic pair. Taken together, these results imply that CNS 

drugs may be promising chemosensitizer compounds and enhance the cytotoxic effects of 

PTX in MCF-7 cancer cells.  

PTX belongs to the taxanes drug class and acts by blocking cell mitosis through the 

stabilization of microtubules, leading to cell cycle arrest preferentially in the G2/M phase 

and apoptosis [477]. Some studies showed that drugs acting on serotonin (5-HT) signaling, 

including SSRI, inhibit tumor sphere formation in human breast tumor cells in in vitro and in 

vivo models [192]. Particularly, fluoxetine was found to significantly decrease the 

proliferation of several breast cancer cell lines by inducing apoptosis and autophagy-

mediated cell death or endoplasmic reticulum stress and autophagy, respectively [190–

193]. In triple-negative breast cancer cells, fluphenazine inhibited breast cancer cell growth 

and induced G0/G1 cell cycle arrest, and induced mitochondria-mediated apoptosis in 

breast cancer cells [165]. In the case of MCF-7 cells, as they do not express caspase-3, 

they do not undergo normal apoptosis and autophagy can represent the main alternative 

cell death pathway [478]. Recent studies suggest that benztropine reduces the activity of 

oncogenic signaling transducers and trans-activators for MMP9, including STAT3, NF-kB, 

and β-catenin [183]. In this way, we believe that the PTX mechanism of synergy in 

combination with CNS drugs can be related to enhanced cell cycle arrest, interference with 

important oncogenic signaling, and increased autophagy-mediated cell death. We also 

believe that CNS drugs can act as chemosensitizers by slowing down drug efflux, increasing 

drug accumulation. As several CNS drugs are substrates and modulators of the P-

glycoprotein (P-gp) protein [479–481], we also believe they can inhibit P-gp to stop effusing 

drugs from intracellular, to increase the intracellular concentration of anticancer drugs such 

as PTX. 

Then, and to complement our previous studies, it was hypothesized that the 

combination of CNS drugs would also synergistically increase the antitumor potential of 

DOX in breast cancer cells and that this combination would be preferable to the combination 

with PTX. However, as shown in Figure 89, the CI values of DOX and CNS drugs in 

combination were mostly higher than one, except for one pair of DOX + fluoxetine, 

suggesting that the growth inhibitory effect of these compounds in combination was mostly 

additive or antagonistic in MCF-7 cells. 

 



CHAPTER III 

 
215 

 

 

Figure 89. Fa-CI plot of combined treatments of DOX and different CNS drugs on MCF-7 breast cancer cells. 

For simplification, the results were split into two different plots. (A) Fa-CI plot of DOX+fluoxetine (blue), 

DOX+sertraline (red), and DOX+Thioridazine (green). (B) Fa-CI plot of DOX+fluphenazine (blue) and 

DOX+benztropine (red). CI was determined using CompuSyn software. CI < 1, = 1, and >1 indicate synergistic, 

additive, and antagonistic effects, respectively. Fl: fluoxetine; Se: sertraline; Th: thioridazine; Fz: fluphenazine; 

Be: benztropine. 

 

In addition to CompuSyn results, it was also evaluated the drug interaction in these 

combinations with SynergyFinder, using the Bliss model. These results suggested that 

fluoxetine interacts most with DOX in intermediate concentrations, resulting in a synergy 

score of 10.675, indicative of synergism between the two drugs (Figure 90A). Sertraline 

combination with DOX also resulted in a positive Bliss score of 3.332, with synergic 

interactions with the reference drug for higher concentrations (Figure 90B). Both 

thioridazine and benztropine combinations with DOX resulted in negative scores of -3.284 

and -8.262, respectively, indicative of antagonism (Figure 90C and E). Fluphenazine 

interaction with DOX gave a value of Bliss score near zero, indicating additivity (Figure 

90D).  



CHAPTER III 

 
216 

 

 

Figure 90. Bliss synergy plots of combined treatments of DOX and different CNS drugs on MCF-7 breast cancer 

cells. Bliss synergy plots of (A) DOX + fluoxetine, (B) DOX + sertraline, (C) DOX + thioridazine, (D) DOX + 

fluphenazine and (E) DOX + benztropine. The synergy score was calculated using SynergyFinder software. 

Positive or negative Bliss synergy scores indicate synergistic and antagonistic effects, respectively. 

 

Compared to our previous findings, the combination of CNS drugs with PTX resulted 

in enhanced cell viability reduction compared to DOX, suggesting that these repurposed 

drugs should have some signaling pathway that may complement the mechanism of action 

of PTX but not DOX. These results also reinforce that the choice of the antineoplastic drug 

in different combination models with the same repurposed drugs can affect the results and 
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should be performed very carefully. Following these results, CI calculation also 

demonstrated that most drug pairs involving DOX presented an antagonistic or additive 

interaction, which supports our results from the viability studies. Moreover, these results 

demonstrate that using different reference models to evaluate the drug interactions between 

drug pairs can affect the synergism evaluation of these combinations.  

It was next investigated the synergistic effects of the combinations of antineoplastic 

drugs DOX and PTX with CNS drugs quetiapine and edaravone using the Chou–Talalay 

method. These results are summarized in Figure 91 and Table 17.  

In line with the previous MTT results obtained in Chapter II, it was found that the 

combinations of both chemotherapeutic drugs with edaravone resulted in all pairs being 

antagonists (CI > 10), with Fa values being very low (all under 0.5). As the y-axis in Figure 

91 is under 2, these points are not displayed in the graph. On the other hand, the 

combination of DOX and PTX with quetiapine demonstrated promising results, with all pairs 

being synergistic. Nevertheless, the Fa values for these combinations are under 0.6, even 

when using the highest concentration of quetiapine, demonstrating that, although the drugs 

act synergistically, the combinations themselves cannot reduce cell viability by more than 

60%.  

 

 

Figure 91. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 

DOX + edaravone (blue), PTX + edaravone (red), DOX + quetiapine (green), and PTX + quetiapine (pink). ED: 

edaravone; QU: quetiapine 
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Table 17. CI values and the respective fractional effect of different combinations of antineoplastic drugs plus 

CNS agents in MCF-7 cells. CI in bold indicates drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 
Dose A Dose B Fractional Effect (Fa) CI Value 

DOX + edaravone IC50 

0.01 0.389 >10 

0.1 0.393 >10 

1 0.343 >10 

10 0.381 >10 

50 0.370 >10 

100 0.376 >10 

PTX + edaravone IC50 

0.01 0.255 >10 

0.1 0.307 >10 

1 0.240 >10 

10 0.247 >10 

50 0.240 >10 

100 0.274 >10 

DOX + quetiapine IC50 

0.01 0.399 0.528 

0.1 0.464 0.363 

1 0.451 0.390 

10 0.530 0.252 

50 0.554 0.231 

100 0.562 0.232 

PTX + quetiapine IC50 

0.01 0.173 0.182 

0.1 0.264 0.049 

1 0.283 0.043 

10 0.231 0.186 
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50 0.287 0.295 

100 0.567 0.027 

 

Taken together, these results demonstrate that the use of quetiapine synergistically 

enhances the anticancer activity of DOX and PTX for the management of breast cancer, 

although further studies of dose optimization are still necessary to guarantee the maximum 

therapeutic effects. 
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5.1.3 Synergistic Combinations of Antimalarial Drugs 

The examination of the CI for the combination of two antimalarial drugs described in 

Chapter II demonstrates that some pairs interact synergistically, especially when the 

pyronaridine concentration is fixed and the mefloquine concentration is variable. Regarding 

the combination of the mefloquine IC50 plus variable pyronaridine, CI values of 0.205 and 

0.664 were found for the combination with 10 and 50 µM of pyronaridine, respectively. The 

combination of pyronaridine IC50 plus variable mefloquine demonstrated synergism for 

lower concentrations of mefloquine (<10 µM). These results are shown in Figure 92 and 

Table 18.  

 

Figure 92. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 

mefloquine IC50 + variable pyronaridine (blue) and pyronaridine IC50 + variable mefloquine (red). ME: 

mefloquine; PYR: pyronaridine 
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Table 18. CI values and the respective fractional effect of drug combinations using antimalarial drugs in MCF-

7 cells. CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 
Dose A Dose B 

Fractional Effect 

(Fa) 
CI Value 

Mefloquine + 

Pyronaridine 
IC50 

0.01 0.204 >10 

0.1 0.242 7.063 

1 0.339 1.537 

10 0.582 0.205 

50 0.623 0.664 

100 0.618 1.324 

Pyronaridine + 

Mefloquine 
IC50 

0.01 0.538 0.025 

0.1 0.514 0.038 

1 0.547 0.096 

10 0.621 0.279 

50 0.619 1.358 

100 0.632 2.272 
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5.1.4 Synergistic Combinations of CNS Drugs 

The CI evaluation was then performed for the combination of CNS drugs using 

fluphenazine and sertraline. After calculation of the CI values and the respective fractional 

effects of the drug combinations using CNS drugs in MCF-7 cells (Figure 93 and Table 19), 

only one synergistic pair was found for the combination of sertraline IC50 plus 10 µM of 

fluphenazine and two pairs regarding the combination of fluphenazine IC50 and variable 

doses of sertraline (10 and 50 µM). 

 

Figure 93. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 

sertraline IC50 + variable fluphenazine (blue) and fluphenazine IC50 + variable sertraline (red). SE: sertraline; 

FLU: fluphenazine 
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Table 19. CI values and the respective fractional effect of drug combinations using CNS drugs in MCF-7 cells. 

CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 
Dose A Dose B 

Fractional Effect 

(Fa) 
CI Value 

Sertraline + 

Fluphenazine 
IC50 

0.01 0.192 8.434 

0.1 0.177 >10 

1 0.255 5.102 

10 0.601 0.351 

50 0.618 1.269 

100 0.629 2.197 

Fluphenazine + 

Sertraline 
IC50 

0.01 0.156 >10 

0.1 0.196 >10 

1 0.218 >10 

10 0.619 0.250 

50 0.621 0.967 

100 0.630 1.676 
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5.1.5 Synergistic Combinations of Peptides and Antineoplastic/CNS Drugs 

Next, the potential for synergistic cytotoxic activity between DOX, CNS drugs, and 

honeybee venom was also evaluated using the Chou–Talalay reference (Figure 94). The 

produced effect (Fa) and CI values for each combination are represented in Table 20. Based 

on the CI values, all drug combinations with CNS drugs indicated synergism for 

concentrations below 25 µg/mL of honeybee venom. The evaluation of drug interactions in 

cells treated with the combination of honeybee venom with DOX indicated mostly 

antagonism, except for DOX + 25 µg/mL honeybee venom.  

 

 

Figure 94. Fa-CI plot of combined treatments of DOX and CNS drugs combined with honeybee venom on MCF-

7 breast cancer cells. The CI was calculated using CompuSyn software. CI < 1, = 1, and > 1 indicate synergistic, 

additive, and antagonistic effects, respectively. BV: bee venom; DOX: doxorubicin; Flu: fluphenazine; Fluo: 

fluoxetine; Ser: sertraline; Thi: thioridazine. 

Table 20. The nature of drug interactions in MCF-7 breast cancer cells treated with CNS drugs and DOX 

combined with honeybee venom. 

Drug A 
Dose A 

(µM) 
Sample B 

Dose B 

(ug/mL) 

Effect 

(Fa) 
CI value Interaction 

DOX 0.17 
Honeybee 

Venom 

6.25 0.0656 30.74 Antagonism 

12.5 0.3388 1.69 Antagonism 

25 0.6877 0.63 Synergism 

50 0.6897 1.13 Antagonism 

100 0.6851 2.15 Antagonism 
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Fluphenazine 2.68 
Honeybee 

Venom 

6.25 0.4464 0.64 Synergism 

12.5 0.5691 0.55 Synergism 

25 0.6707 0.67 Synergism 

50 0.667 1.19 Antagonism 

100 0.6646 2.23 Antagonism 

Fluoxetine 7.78 
Honeybee 

Venom 

6.25 0.7064 0.34 Synergism 

12.5 0.7025 0.47 Synergism 

25 0.7016 0.72 Synergism 

50 0.7022 1.21 Antagonism 

100 0.7076 2.18 Antagonism 

Sertraline 2.22 
Honeybee 

Venom 

6.25 0.5892 0.32 Synergism 

12.5 0.716 0.33 Synergism 

25 0.7492 0.53 Synergism 

50 0.7442 1.01 Antagonism 

100 0.7497 1.92 Antagonism 

Thioridazine 5.72 
Honeybee 

Venom 

6.25 0.7398 0.27 Synergism 

12.5 0.7523 0.38 Synergism 

25 0.7505 0.61 Synergism 

50 0.7545 1.06 Antagonism 

100 0.7545 1.98 Antagonism 
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The evaluation of drug interactions was also performed using the SynergyFinder 

software by other four reference models (ZIP, HSA; Bliss, and Loewe). The ZIP model 

evaluates the drug interactions’ relationships by comparing the change in the potency 

(effect at a certain dose level) of the dose-response curves between individual drugs and 

their combinations, assuming that two non-interacting drugs were expected to incur minimal 

changes in their dose-response curves [433]. The Loewe additivity model calculates the 

expected response as if both drugs were the same [482]. The HSA model is one of the 

simplest reference models, which states that the expected combination effect is the 

maximum of the single drug responses at corresponding concentrations [316]. In these 

representations, synergy scores under −10, from −10 to 10, and above 10 indicate 

antagonism, additivity, and synergism, respectively. 

These results also demonstrated that the combination of DOX plus honeybee venom 

was predominantly antagonistic (Figure 95), while combinations with CNS drugs were 

mostly additive (Figure 96–99). For the combined pair of thioridazine with honeybee venom, 

the ZIP synergy plot was not calculated by the software.  

 

 

Figure 95. Synergy plots of combined treatments of DOX combined with honeybee venom on MCF-7 breast 

cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data were 

obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate antagonism, 

additivity, and synergism, respectively. 
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Figure 96. Synergy plots of combined treatments of fluphenazine combined with honeybee venom on MCF-7 

breast cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data 

were obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate 

antagonism, additivity, and synergism, respectively. 

 

Figure 97. Synergy plots of combined treatments of fluoxetine combined with honeybee venom on MCF-7 breast 

cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data were 

obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate antagonism, 

additivity, and synergism, respectively. 
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Figure 98. Synergy plots of combined treatments of sertraline combined with honeybee venom on MCF-7 breast 

cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data were 

obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate antagonism, 

additivity, and synergism, respectively. 

 

Figure 99. Synergy plots of combined treatments of thioridazine combined with honeybee venom on MCF-7 

breast cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data 

were obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate 

antagonism, additivity, and synergism, respectively. 
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5.2 Analysis of Drug Interactions in Colorectal Cancer Cells 

5.2.1 Synergistic Combinations of Antineoplastic and Antimalarial drugs 

To investigate the effects of the combinations of 5-FU with the antimalarial drugs 

previously tested in Chapter II, the CI was calculated using the Chou-Talalay method, using 

the CompuSyn software. The combination of artesunate with 5-FU did not result in any 

synergism (Figure 100A), with CI > 1 for all pairs of concentrations (Table 21). The 

combination of 5-FU and mefloquine resulted in only one synergic pair (Figure 100B), with 

a Fa value of 0.848 (Table 21). 

 

Figure 100. Chou-Talalay method Fa-CI plot of 5-FU plus artesunate (A) and mefloquine (B). CI was plotted on 

the y-axis as a function of effect level (Fa) on the x-axis to evaluate drug synergism. CI < 1, CI = 1, and CI > 1 

refer to synergism, additivity, and antagonism, respectively. FU: 5-FU; Art: Artesunate; Mef: Mefloquine. 

 

Table 21. CI values and the respective fractional effect of different combinations of 5-FU plus antimalarial drugs 

in HT-29 cells. CI in bold indicates concentrations of drug pairs that are synergic. Cells were treated with 0.25, 

0.5, 1, 2, and 4 times the IC50 of each drug (total dose). 

Combination 

(Drug A + Drug B) 

Total Dose 

(Dose A + Dose B) 

Fractional 

Effect (Fa) 

CI 

Value 

5-FU + mefloquine 

3.625 0.2138 29.9325 

7.25 0.5659 4.07663 

14.5 0.8481 0.68334 

29.0 0.861 1.14685 

58.0 0.873 1.92463 
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5-FU + artesunate 

5.25 1.0E-5 1461.26 

10.5 0.0782 1.27561 

21.0 0.1521 1.35742 

42.0 0.2489 1.62381 

84.0 0.5575 1.07643 

 

Besides the Chou-Talalay method, drug interactions were also evaluated by the 

Bliss Independence and HSA methods, using the SynergyFinder 2.0 software. For 

mefloquine, no synergism was observed using the Bliss and HSA models (Figure 101A and 

B, respectively). Contrary to the previous results obtained by the Chou-Talalay method, the 

combination of 5-FU plus artesunate evaluated by the Bliss Method resulted in a positive 

synergy score of 0.411, with a red region on the 2D/3D plot in the lowest concentrations 

(Figure 101C). Using the HSA model, the synergy score was negative, demonstrating 

antagonism (Figure 101D).  
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Figure 101. Bliss (left) and HSA (right) synergy plots of 5-FU plus mefloquine (A, B) and artesunate (C, D).  

These results demonstrate that the choice of synergy evaluation model can give 

slightly different results regarding the synergy evaluation of drug combinations, although 

these reference models produce similar results most of the time. 

 

5.2.2 Synergistic Combinations of Antineoplastic and CNS drugs 

Next, the drug interactions between the combinations of CNS drugs with 5-FU were 

assessed both by Chou-Talalay method as well as Bliss and HSA reference models. The 

combination of 5-FU plus latrepirdine demonstrated little synergism with only one synergic 

pair (Figure 102A), with a Fa value of 0.44 (Table 22). Both combinations of 5-FU plus 

fluoxetine and benztropine demonstrated synergism just for one pair (Figure 102B and C, 

respectively), with Fa values of 0.73 and 0.87, respectively (Table 22). The combination 

with thioridazine was one of the most promising ones, with three synergic pairs (Figure 

102D) and a Fa value reaching 0.75 (Table 22). For sertraline, all combinations were 

synergic (Figure 102E) and produced a Fa value of 0.85 (Table 22). A combination of 
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fluphenazine with 5-FU did not result in any synergism (Figure 102F), with CI > 1 for all 

pairs of concentrations (Table 22).  

 

Figure 102. Chou-Talalay method Fa-CI plot of 5-FU plus latrepirdine (A), fluoxetine (B), benztropine (C), 

thioridazine (D), sertraline (E), and fluphenazine (F). CI was plotted on the y-axis as a function of effect level 

(Fa) on the x-axis to evaluate drug synergism. CI < 1, CI = 1, and CI > 1 refer to synergism, additivity, and 

antagonism, respectively. FU: 5-FU; LA: Latrepirdine; Flu: Fluoxetine; Ben: Benztropine; Thi: Thioridazine; Ser: 

Sertraline; Flp: Fluphenazine. 
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Table 22. CI values and the respective fractional effect of different combinations of 5-FU plus CNS agents. CI 

in bold indicates concentrations of drug pairs that are synergic. Cells were treated with 0.25, 0.5, 1, 2, and 4 

times the IC50 of each drug (total dose). 

Combination 

(Drug A + Drug B) 

Total Dose 

(Dose A + Dose B) 

Fractional 

Effect (Fa) 

CI 

Value 

5-FU + latrepirdine 

2.75 0.14129 1.65359 

5.5 0.16103 2.00449 

11.0 0.17389 2.97604 

22.0 0.21248 2.69396 

44.0 0.44126 0.21700 

5-FU + fluoxetine 

2.25 0.1497 1.83049 

4.5 0.1688 2.64547 

9.0 0.364 1.36014 

18.0 0.73678 0.98008 

36.0 0.8799 1.09726 

5-FU + benztropine 

5.25 0.1984 1.94601 

10.5 0.3913 1.17167 

21.0 0.5293 1.27070 

42.0 0.6237 1.67649 

84.0 0.8716 0.74841 

5-FU + thioridazine 

1.75 1.0E-5 3.28032 

3.5 0.0882 0.57237 

7.0 0.5245 0.63129 

14.0 0.7502 0.99126 

28.0 0.8692 1.63800 
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5-FU + sertraline 

1.375 1.0E-4 0.91640 

2.75 0.001 0.95924 

5.5 0.1469 0.54137 

11.0 0.4412 0.76907 

22.0 0.8507 0.99970 

5-FU + 

fluphenazine 

5.25 0.11608 11.6103 

10.5 0.17321 13.0845 

21.0 0.4477 8.40182 

42.0 0.5522 12.1699 

84.0 0.8399 8.04387 

 

The results from SynergyFinder are represented in Figure 103. Latrepirdine in 

combination with 5-FU, both by Bliss and HSA models (Figure 103A and B, respectively), 

demonstrated a negative synergy score, in line with the Chou-Talalay results, indicating 

antagonism for all pairs. Thioridazine demonstrated synergism by the Bliss model, with a 

positive synergy score of 5.178 (Figure 103C). The results for the HSA model demonstrated 

antagonism, but some regions of synergy, as represented in red in Figure 103D. In line with 

the previous results, the combination of 5-FU with sertraline resulted in strong synergism, 

both in the Bliss (Figure 103E) and HSA models (Figure 103F), with synergy scores of 

22.203 and 3.042, respectively. By the Bliss model, fluphenazine combined with 5-FU 

resulted in a negative synergy score, demonstrating antagonism (Figure 103G). By the HSA 

models, the general synergy score was also negative but with a region in the 2D/3D plot 

demonstrating a pair of concentrations with synergic behavior (Figure 103H). Fluoxetine 

(Figure 103I and J) and benztropine (Figure 103K and L) did not show any synergism in 

Bliss and HSA models, demonstrating an antagonistic behavior between these drugs and 

5-FU.  
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Figure 103. Bliss (left) and HSA (right) synergy plots of 5-FU plus latrepirdine (A, B), thioridazine (C, D), 

sertraline (E, F), fluphenazine (G, H), fluoxetine (I, J) and benztropine (K, L).  

Together, these results demonstrate that some CNS agents, such as sertraline and 

thioridazine, may be promising to evaluate future combinations. 

Drug synergism was further evaluated for the combinations of 5-FU with 

quetiapine/edaravone (Figure 104 and Table 23). It was found that all drug pairs for the 

combination of 5-FU with quetiapine present a CI value under 1, indicative of synergistic 

interactions. Additionally, for the combination of the highest concentration of quetiapine with 

the IC50 value for 5-FU, it was found the combined effect induced about 80% of cell death 

in this cell line. On the other hand, the CI values obtained for the combination of 5-FU and 

edaravone demonstrated all drug pairs to have values above 10, indicating antagonistic 

effects between the drugs (Figure 104 and Table 23).  
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Figure 104. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 5-

FU + edaravone (blue) and 5-FU + quetiapine (red). 5FU: 5-FU; ED: Edaravone; QU: Quetiapine 

Table 23. CI values and the respective fractional effect of different combinations of 5-FU plus CNS agents in 

HT-29 cells. CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + 

Drug B) 

Dose A Dose B 
Fractional 

Effect (Fa) 

CI 

Value 

5-FU + 

edaravone 
IC50 

0.01 0.261 >10 

0.1 0.406 >10 

1 0.367 >10 

10 0.529 >10 

50 0.458 >10 

100 0.645 >10 

5-FU + 

quetiapine 
IC50 

0.01 0.307 0.095 

0.1 0.398 0.072 

1 0.374 0.102 

10 0.654 0.036 

50 0.643 0.061 

100 0.775 0.026 
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Comparing the results obtained in both cell lines, it is possible to conclude that CNS 

drugs work best in HT-29 colon cancer cells, both alone and combined with 5-FU, than in 

MCF-7 cells. When combined with PTX in MCF-7 cells, combination with CNS drugs 

resulted in higher combined efficacy than with DOX, revealing that the choice of the 

antineoplastic has an important role in the success of the combination. These results also 

allow to conclude that antimalarial drugs as repurposed drugs have enhanced effects in 

MCF-7 breast cancer cells, while combination with CNS drugs seems to be more effective 

in HT-29 colon cancer cells. These differences are visible when comparing the number of 

synergic pairs between the two cell lines and within the same line treated with different 

reference drugs (Table 24). Moreover, these results also demonstrate that quetiapine is a 

more promising repurposed drug than edaravone for breast and colorectal cancer therapy, 

demonstrating anticancer activity both as a standalone agent against HT-29 cells and as an 

adjuvant agent in combination regimens with DOX, PTX, and 5-FU against MCF-7 and HT-

29 cells, respectively. 

Table 24. Comparison of the number of synergic pairs in HT-29 and MCF-7 cell lines treated with the 

combination of CNS drugs (Drug B) and appropriate references (Drug A). N.D.: not determined 

Drug A Drug B 

HT-29* MCF-7 

Number of synergic 

interactions 

Number of synergic 

interactions 

5-FU 

Mefloquine 1 

N.D. 

Artesunate 0 

Latrepirdine 1 

Fluphenazine 0 

Fluoxetine 1 

Benztropine 1 

Thioridazine 3 

Sertraline 5 

 Edaravone 0  

 Quetiapine 6  
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DOX 

Artesunate 

N.D. 

4 

Chloroquine 3 

Mefloquine 1 

Pyronaridine 2 

Tafenoquine 0 

Fluoxetine 1 

Sertraline 0 

Thioridazine 0 

Benztropine 0 

Fluphenazine 0 

 Edaravone  0 

 Quetiapine  6 

PTX 

Artesunate 

N.D. 

2 

Chloroquine 2 

Mefloquine 1 

Pyronaridine 3 

Tafenoquine 0 

Fluoxetine 3 

Sertraline 2 

Thioridazine 3 

Benztropine 3 

Fluphenazine 3 

 Edaravone  0 

 Quetiapine  6 
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5.2.3 Synergism Evaluation of Different Combination Schedules of 5-FU and 

CNS Agents/Antimalarial Drugs 

Next, it was analyzed the drug interactions in the different drug combinations 

schedules of 5-FU with antimalarial and CNS drugs previously evaluated in Chapter II, to 

evaluate if there were differences in the CI values between the three schedules of 

administration. For fluphenazine, there were no differences between the simultaneous 

administration and the sequential administration of the drugs, and all pairs were antagonists 

(Figure 105A). For fluoxetine, only one pair in the simultaneous administration was synergic, 

and in sequential administration, no synergism could be seen, so it was concluded that the 

simultaneous combination was advantageous over the sequential (Figure 105B). The same 

conclusions were found for benztropine and demonstrated a lack of efficacy in sequential 

administration (Figure 105C). Contrary to these drugs, the combination of 5-FU with 

artesunate in sequential form, with artesunate being given prior to 5-FU, seemed to produce 

better results compared to 5-FU prior to artesunate and simultaneous administration, 

resulting in three synergistic pairs (CI < 1) (Figure 105D). Table 25 shows the CI values 

obtained for each combination, depending on the drug schedule. 

 

Figure 105. Chou-Talalay method Fa-CI plot of three schedule-dependent combinations of 5-FU plus 

fluphenazine (A), fluoxetine (B), benztropine (C), and artesunate (D). CI was plotted on the y-axis as a function 

of effect level (Fa) on the x-axis to evaluate drug synergism. CI < 1, CI = 1, and CI > 1 refer to synergism, 

additivity, and antagonism, respectively. FU: 5-FU; Ben: Benztropine; Art: Artesunate; Flp: Fluphenazine; Flu: 

Fluoxetine.   
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Table 25. CI values and respective fractional effect for three different combination schedules of 5-FU plus 

fluphenazine, fluoxetine, benztropine, and artesunate. CI in bold indicate concentrations of drug pairs that are 

synergic. 

CI for the Different Drug Combinations 

Drug Combination 

(µM) 

Schedule A 

(CI) 

Schedule B 

(CI) 

Schedule C 

(CI) 

5-FU Fluphenazine    

0.75 0.5 11.61 >100 4.09 

1.5 1 13.08 >100 24.81 

3 2 8.40 >100 1.77 

6 4 12.17 4.36 1.96 

12 8 8.04 4.68 1.76 

5-FU Fluoxetine    

0.75 1.5 1.83 >100 7.30 

1.5 3 2.65 >100 3.53 

3 6 1.36 >100 2.32 

6 12 0.98 2.56 1.48 

12 24 1.10 1.74 1.11 

5-FU Benztropine    

0.75 4.5 1.95 34.97 4.01 

1.5 9 1.17 2.86 2.54 

3 18 1.27 3.42 2.12 

6 36 1.68 4.33 3.58 

12 72 0.75 4.31 3.14 
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5-FU Artesunate    

0.75 4.5 >100 7.88 0.40 

1.5 9 1.28 4.85 0.49 

3 18 1.36 4.22 0.81 

6 36 1.62 2.56 1.16 

12 72 1.08 1.64 1.26 

 

    

5.2.4 Synergistic Combinations of Antimalarial Drugs 

The evaluation of drug interactions regarding the combination of two antimalarial 

drugs in HT-29 cells (previous evaluated in Chapter II) is shown in Figure 106 and Table 26 

and indicates that the combination of mefloquine IC50 plus pyronaridine acts synergistically 

when lower concentrations (< 10 µM) of pyronaridine are used. On the other hand, when 

combining pyronaridine at a fixed concentration plus variable concentrations of mefloquine, 

CI values under 1 were found for all concentrations, except for 100 µM of mefloquine, 

indicating synergistic interactions between these repurposed drugs. 

 

Figure 106. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 

(A) mefloquine IC50 + variable pyronaridine and (B) pyronaridine IC50 + variable mefloquine. ME: mefloquine; 

PY: pyronaridine. 
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Table 26. CI values and the respective fractional effect of drug combinations using antimalarial drugs in HT-29 

cells. CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 
Dose A Dose B 

Fractional 

Effect (Fa) 

CI 

Value 

Mefloquine + 

Pyronaridine 
IC50 

0.01 0.891 0.164 

0.1 0.889 0.169 

1 0.891 0.192 

10 0.893 0.439 

50 0.904 1.426 

100 0.907 2.643 

Pyronaridine + 

Mefloquine 
IC50 

0.01 0.385 0.373 

0.1 0.219 0.654 

1 0.600 0.263 

10 0.850 0.256 

50 0.875 0.777 

100 0.877 1.460 
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5.2.5 Synergistic Combinations of CNS Drugs 

The quantification of the CI for the combination of sertraline with fluphenazine 

demonstrated that, for concentrations under 10 µM, both combinations present synergism, 

with CI values under 1. Specifically, it was found that sertraline IC50 combined with 0.01, 

0.1, 1, and 10 µM interact synergistically. The same occurred when fluphenazine IC50 was 

combined with 0.01, 0.1, 1, and 10 µM sertraline. These results are represented in Figure 

107 and Table 27. 

 

Figure 107. Graphical representation of CI plot obtained from the CompuSyn Report for the combinations of 

sertraline IC50 + variable fluphenazine (blue) and fluphenazine IC50 + variable sertraline (red). SE: sertraline; 

FL: Fluphenazine. 

Table 27. CI values and the respective fractional effect of drug combinations using CNS drugs in HT-29 cells. 

CI in bold indicates concentrations of drug pairs that are synergic. 

Combination 

(Drug A + Drug B) 
Dose A Dose B 

Fractional 

Effect (Fa) 

CI 

Value 

Sertraline + 

Fluphenazine 
IC50 

0.01 0.784 0.081 

0.1 0.789 0.083 

1 0.786 0.122 

10 0.815 0.451 

50 0.840 1.749 

100 0.838 3.464 
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Fluphenazine + 

Sertraline 
IC50 

0.01 0.319 0.322 

0.1 0.399 0.262 

1 0.542 0.230 

10 0.805 0.380 

50 0.831 1.466 

100 0.836 2.814 

 

 

5.2.6 Synergistic Combinations of Peptides and Antineoplastic/CNS Drugs 

To evaluate the nature of the drug interactions in the combinations of honeybee 

venom with 5-FU and different CNS drugs, the CompuSyn software was also used, based 

on the Chou–Talalay method. The CI values of 5-FU and honeybee venom in combination 

were mostly lower than one, except for one pair (Figure 108), suggesting that the growth 

inhibitory effect of these compounds in combination was mostly synergistic in HT-29 cells. 

The same behavior was seen for combinations involving fluoxetine, sertraline, and 

thioridazine (Figure 108). Regarding the combination of fluphenazine and honeybee venom, 

it was found only two pairs presented synergism, while most of them were antagonists 

(Figure 108). Results obtained in the CompuSyn software are summarized in Table 28. 

 

Figure 108. Fa-CI plot of combined treatments of 5-FU and CNS drugs combined with honeybee venom on HT-

29 colon cancer cells. The CI was calculated using CompuSyn software. CI < 1, =1, and >1 indicate synergistic, 

additive, and antagonistic effects, respectively. BV: bee venom; 5FU: 5-FU; Flu: fluphenazine; Fluo: fluoxetine; 

Ser: sertraline; Thi: thioridazine. 
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Table 28. The nature of drug interactions in HT-29 colon cancer cells treated with CNS drugs and 5-FU 

combined with honeybee venom. 

Drug A 
Dose A 

(µM) 
Sample B 

Dose B 

(ug/mL) 

Effect 

(Fa) 
CI value Interaction 

5-FU 3.56 
Honeybee 

Venom 

6.25 0.1364 0.42 Synergism 

12.5 0.4246 0.34 Synergism 

25 0.7125 0.47 Synergism 

50 0.8731 0.77 Synergism 

100 0.8723 1.53 Antagonism 

Fluphenazine 1.86 
Honeybee 

Venom 

6.25 0.0193 >100 Antagonism 

12.5 0.2529 4.39 Antagonism 

25 0.7797 0.58 Synergism 

50 0.866 0.83 Synergism 

100 0.867 1.60 Antagonism 

Fluoxetine 6.12 Honeybee Venom 

6.25 0.9125 0.20 Synergism 

12.5 0.9255 0.27 Synergism 

25 0.9244 0.44 Synergism 

50 0.9252 0.79 Synergism 

100 0.9256 1.47 Antagonism 

Sertraline 2.45 Honeybee Venom 

6.25 0.877 0.15 Synergism 

12.5 0.924 0.21 Synergism 

25 0.9249 0.38 Synergism 

50 0.9246 0.72 Synergism 

100 0.9247 1.41 Antagonism 



CHAPTER III 

 
247 

 

Thioridazine 4.26 Honeybee Venom 

6.25 0.9034 0.13 Synergism 

12.5 0.9122 0.21 Synergism 

25 0.911 0.39 Synergism 

50 0.912 0.75 Synergism 

100 0.913 1.45 Antagonism 

 

Drug interactions in each combination were also analyzed by other four reference 

models: ZIP, Loewe, Bliss and HSA using the SynergyFinder software [476]. Synergy plots 

regarding the combination of 5-FU (Figure 109), fluphenazine (Figure 110), and fluoxetine 

(Figure 111) plus honeybee venom indicate mostly additivity, by all reference models. 

Analyzing the synergy plots of sertraline plus honeybee venom (Figure 112), it was found 

that the drug interaction in this combination was synergistic by ZIP, Bliss, and HSA models, 

with synergy scores of 12.04, 13.52, and 17.25, respectively. Thioridazine combined with 

honeybee venom was found to be predominantly additive, for all reference models (Figure 

113). 

 

Figure 109. Synergy plots of combined treatments of 5-FU combined with honeybee venom on HT-29 colon 

cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data were 

obtained using SynergyFinder software. Synergy scores < −10, from −10 to 10, and > 10 indicate antagonism, 

additivity, and synergism, respectively. 
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Figure 110. Synergy plots of combined treatments of fluphenazine combined with honeybee venom on HT-29 

colon cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data 

were obtained using SynergyFinder software. Synergy scores < −10, from −10 to 10, and > 10 indicate 

antagonism, additivity, and synergism, respectively. 

 

Figure 111. Synergy plots of combined treatments of fluoxetine combined with honeybee venom on HT-29 

colon cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data 

were obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate 

antagonism, additivity, and synergism, respectively. 
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Figure 112. Synergy plots of combined treatments of sertraline combined with honeybee venom on HT-29 colon 

cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data were 

obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate antagonism, 

additivity, and synergism, respectively. 

 

Figure 113. Synergy plots of combined treatments of thioridazine combined with honeybee venom on HT-29 

colon cancer cells calculated with (A) ZIP; (B) Loewe; (C) Bliss and (D) HSA reference models. These data 

were obtained using SynergyFinder software. Synergy scores < -10, from -10 to 10, and > 10 indicate 

antagonism, additivity, and synergism, respectively. 
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Finally, the interaction between CPP2-thiazole derivatives and 5-FU as well as 

clotrimazole in HT-29 cells was evaluated, to confirm if these drug combinations presented 

synergism.   

The combination of 5-FU + CPP2–thiazole derivatives in HT-29 cells demonstrated 

synergism only for the combinations of 5-FU plus BTZCA-CPP2 and BTZ5CA-CPP2 

(Figures 114A). On the other side, the combination of clotrimazole with CPP2–thiazole 

derivatives in HT-29 cells resulted in synergistic pairs for the combinations with all CPP2-

thiazole derivatives, at the concentration of 2 x IV (Figure 114B). These results are 

summarized in Figure 115.  

 

Figure 114. Chou–Talalay method Fa–CI plot of (A) 5-FU and (B) CLZ combined with CPP2–thiazole 

conjugates in HT-29 cells. CI is plotted on the y-axis as a function of effect level (Fa) on the x-axis to assess 

drug synergism. CI < 1, CI = 1, and CI > 1 indicate synergism, additivity, and antagonism, respectively. FUBen: 

5-FU + BenzoTZ-C2-CPP2; FUBTZ: 5-FU + BTZCA-CPP2; FUBTZ5: 5-FU + BTZ5CA-CPP2; FUCLZ: 5-FU + 

CLZ; CLZBen: CLZ + BenzoTZ-C2-CPP2; CLZBTZ: CLZ + BTZCA-CPP2; CLZBTZ5: CLZ + BTZ5CA-CPP2. 
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Figure 115. Synergy heat map compiling the CI values in HT-29 cells treated with the combination of CPP2–

thiazole derivates plus the reference drug or CLZ. The squares in the figure indicate antagonism (CI > 1.2, red), 

additivity (0.9 < CI < 1.1, yellow), and synergism (CI < 0.9, green). 
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6. CONCLUSION OF CHAPTER III 

There have been extensive efforts to enhance the efficacy of chemotherapy and find 

synergistic drug combinations for cancer therapy. While many studies have identified 

synergistic drug pairs for specific cancer cells based on the combination of antineoplastic 

agents, few reports if repurposed drugs offer improved therapeutic benefits in drug 

combination with antineoplastic agents. The synergistic combination of repurposed drugs 

with antineoplastic agents may allow for a decrease in the therapeutical doses, which can 

help to reduce the side effects of the treatments.  

The novel combination model consisting of antimalarials and antineoplastic drugs 

developed by our research group demonstrated the potential for drug repurposing of 

antimalarials and found synergy between DOX/PTX and artesunate, mefloquine, and 

chloroquine which makes these combinations a promising approach to treat breast cancer, 

mainly the non-invasive and estrogen-receptor positive ones. It was also proved that 

artesunate has anticancer potential in HT-29 cells and that the combination with 5-FU is 

beneficial if given in a sequential schedule and prior to 5-FU. 

Regarding the combination of CNS drugs with chemotherapeutic agents, it was 

found that all tested CNS drugs can synergistically decrease MCF-7 cell viability when 

combined with PTX, with fluoxetine, benztropine, and fluphenazine being the most 

promising drugs at lower concentrations. It was also concluded that sertraline and 

thioridazine in combination with 5-FU can synergistically decrease cancer viability in HT-29 

colon cancer cells. Moreover, it was found that the use of quetiapine synergistically 

enhances the anticancer activity of DOX and PTX for the management of breast cancer. 

Edaravone and quetiapine significantly improved the cytotoxic potential of 5-FU in the HT-

29 cells, with quetiapine synergistically interacting with the antineoplastic drug in this drug 

combination. Taken together, these results demonstrated that quetiapine can act as a 

chemosensitizer in combination therapies for breast and colon cancer. The mechanism of 

action behind these drug combinations should be further explored but studies suggest it 

may involve the WNT/β-catenin signaling pathway. Together, these results demonstrate 

that the use of CNS and antimalarial drugs, both alone and in combination, may lead to new 

therapeutic strategies for colon and breast cancer therapy. 

Regarding the combination of antimalarial agents, it was found that the combination 

of antimalarials was not advantageous over a single treatment, for either cell line, indicating 

that these repurposed drugs are more promising as standalone agents in breast and colon 

cancer therapies than in combination with other repurposed drugs. Regarding the 

combination of CNS drugs, it was found that the combination of sertraline IC50 plus variable 
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concentrations of fluphenazine synergistically reduced the viability of HT-29 cancer cells, 

with significant anticancer potential at lower concentrations of fluphenazine. These results 

demonstrate that the combination of repurposed drugs, namely combining the CNS drugs 

sertraline and fluphenazine at lower doses, can also be further investigated for colon cancer 

novel therapies. 

The results regarding the combination of honeybee venom support the idea that its 

combination with repurposed drugs and chemotherapeutic agents can help improve their 

anti-cancer activities, especially for lower concentrations, in both cell lines. These 

combinations also demonstrate greater potential for applications in colon cancer cells than 

in breast cancer therapy, with an indication of more synergistic interactions in HT-29 cancer 

cells. Together, these results demonstrate that chemotherapeutic and repurposed drugs 

combined with honeybee venom, with peptide melittin as the principal compound, are 

promising compounds for the chemotherapy of colorectal and breast cancer, being good 

candidates for employment in combination therapies. 

The combination of CPPs with 5-FU and clotrimazole demonstrated that some 

CPP2–thiazole conjugates, such as BTZCA-CPP2 and BTZ5CA-CPP2, can be successfully 

combined with both drugs, resulting in enhanced anticancer effects and synergistic 

inhibition of cancer cell proliferation.   
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CHAPTER IV 
EVALUATION OF THE BIOSAFETY PROFILE OF THE MOST PROMISING 

DRUG COMBINATIONS IN HUMAN NORMAL CELLS  
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1. SUMMARY OF CHAPTER IV 

Drug combination and drug repurposing are two strategies that allow to find novel 

oncological therapies, in a faster and more economical process.  

In the previous chapters, our research group developed a novel model of drug 

combination using antineoplastic and different repurposed drugs. It was demonstrated the 

combinations of DOX + artesunate, DOX + chloroquine, PTX + fluoxetine, PTX + 

fluphenazine, and PTX + benztropine induced significant cytotoxicity in MCF-7 breast 

cancer cells. Furthermore, it was found that 5-FU + thioridazine and 5-FU + sertraline could 

synergistically induce a reduction in the viability of the human colorectal adenocarcinoma 

cell line (HT-29).  

Therefore, in this chapter, we aimed to evaluate the biosafety profile of these drug 

combinations against non-tumoral cells. To do so, human fetal lung fibroblast cells (MRC-

5) were incubated for 48 h with all drugs, both alone and in combination in concentrations 

of 0.25, 0.5, 1, 2, and 4 times their IC50. Cell morphology and viability were evaluated.  

It was demonstrated that these combinations were cytotoxic for cancer cells and 

safe for non-tumoral cells at lower concentrations. These results support the use of 

antimalarial and CNS drugs in combination regimens with chemotherapeutic agents.  
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2. INTRODUCTION OF CHAPTER IV 

In cancer treatment, one of the most important treatment regimens is chemotherapy; 

however, there are many problems regarding the use of many antitumor agents, including 

their hydrophobicity, low bioavailability, instability, high toxicity, severe side effects, and lack 

of targeted action [49, 483]. Therefore, an important area is the development and evaluation 

of new drug combination models for the treatment of tumors with higher efficiency and lower 

toxicity, that should always include their evaluation against non-tumoral cells.  

Toxicological studies constitute one of the most important steps in the development 

of new drugs, as they allow to find possible adverse effects of these substances on the 

body, helping to prevent the appearance of undesired side effects [484, 485]. When 

referring to drug combinations, these should also be assessed for their toxicological profile 

in normal cells or animal models, even when using repurposing drugs, because their use in 

combined regimens can induce the crosstalk of novel pathways that can generate side 

effects. Biosafety studies may include both in vitro experiments or/ and in vivo toxicity testing 

[484, 485] and only in this way, the use of these new therapeutical drugs or drug 

combinations can be supported for clinical use, with the adequation of doses and modes of 

applications.  

In oncology, the main aim of these studies is to assess the safety of these 

compounds or drug combinations and to determine if they do not induce significant 

cytotoxicity in normal cells while trying to guarantee maximum effectiveness against 

malignantly transformed cells.  

In the previous chapters, new combination models involving the use of antineoplastic 

drugs and repurposed drugs were developed, aiming to improve the anticancer effects of 

chemotherapy in two different cancer cell lines: MCF-7, breast cancer, and HT-29, 

colorectal cancer. It was screened several repurposed drugs [11 antimalarial and 17 CNS 

drugs], that were selected based on literature findings that suggested the repurposing 

potential of these drug classes. For that, both cell lines were incubated with each 

repurposed drug alone, at increasing concentrations (0.1–100 µM), to find their IC50 value. 

Then, all repurposed drugs that presented an IC50 under 25 µM were considered to have a 

promising anticancer profile and therefore selected for the screening involving the drug 

combinations. Although the IC50 of chloroquine was above 25 µM, this drug was also 

included in the screening because approximately 30 clinical studies are currently evaluating 

the activity of this antimalarial drug combined with various standard treatments in different 

types of cancer.  
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In breast cancer cells, the selected repurposed drugs were combined with two 

different antineoplastic drugs (PTX and DOX). In colon cancer cells, the selected 

repurposed drugs were only combined with 5-FU. The cytotoxic effect of each drug pair was 

then evaluated by cell-based assays and the nature of drug interactions in each drug 

combination (additivity, synergism, or antagonism) was assessed. Drug combinations that 

demonstrated the ability to synergistically enhance the chemotherapeutic effect of the 

antineoplastic drug were considered promising drug combinations for cancer therapy.  

Collectively, it was found that some combination regimens could effectively 

decrease the viability of these cell lines. Specifically, it was found the combinations of DOX 

+ artesunate, DOX + chloroquine, PTX + fluoxetine, PTX + fluphenazine, and PTX + 

benztropine to be the most cytotoxic for MCF-7 cells and to act synergistically in this cell 

line. Regarding the results in HT-29 cells, it was found that 5-FU + thioridazine and 5-FU + 

sertraline were the drug combinations with the highest number of synergistic pairs in this 

cell line.  

Therefore, in this chapter, it was evaluated the biosafety of the previously mentioned 

drug combinations in a non-tumoral human fetal lung fibroblast cell line (MRC-5) to 

determine their biosafety profile against non-tumoral cells.  
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3. OBJECTIVE OF CHAPTER IV 

In this chapter, it was aimed to evaluate the biosafety of the previously evaluated 

drug combinations in Chapters II and III using a non-tumoral human fetal lung fibroblast cell 

line (MRC-5), to determine if the most promising drug combinations are safe for use in 

breast and colorectal cancer treatments.  
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4. MATERIALS AND METHODS OF CHAPTER IV 

4.1 Cell Culture 

MRC-5 human normal lung fibroblast cell line, obtained from the ATCC (Manassas, 

VA, USA), was used in passage 8 for the evaluation of biosafety of the most promising drug 

combinations found in previous chapters. These cells were maintained in DMEM cell culture 

medium supplemented with 10% FBS and 1% pen-strep solution, at 37 °C and 5% CO2. 

Cell culture reagents were purchased from Millipore Sigma (Merck KGaA, Darmstadt, 

Germany). For subculturing, confluent cells were trypsinized using a 0.25% trypsin-EDTA 

solution (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and subcultured in the 

same culture media. On the day before treatments, 8,000 cells/well were seeded in 96-well 

plates and allowed to adhere for 24 h. 

4.2 Drug Treatment 

Based on our findings from Chapters II and III, the most promising drug 

combinations were selected for evaluation of their biosafety profile in normal cells. 

Previously, it was found that the combinations of DOX (cat. no. 15007, Cayman Chemical, 

Ann Arbor, MI, USA) + artesunate (cat. no. 11817, Cayman Chemical, Ann Arbor, MI, USA) 

and chloroquine (cat. no. C6628, Santa Cruz Biotechnology, Dallas, TX, USA), as well as 

PTX (cat. no. 1097, Tocris Bioscience, Bristol, UK) + fluoxetine (cat. no. 14418, Cayman 

Chemical, Ann Arbor, MI, USA), fluphenazine (cat. no. F4765, Merck KGaA, Darmstadt, 

Germany) and benztropine (cat. no. 16214, Cayman Chemical, Ann Arbor, MI, USA), 

resulted in significant cytotoxic effects in MCF-7 breast cancer cell line. On the other hand, 

for HT-29 colon cancer cells, the most promising drug combinations included the 

combination of 5-FU (cat. no. F6627, Merck KGaA, Darmstadt, Germany) + thioridazine 

(cat. no. 14400, Cayman Chemical, Ann Arbor, MI, USA) and sertraline (cat. no. 14839, 

Cayman Chemical, Ann Arbor, MI, USA).  

Based on these findings, the cytotoxic effect of different drug combinations (DOX + 

artesunate, DOX + chloroquine, PTX + fluoxetine, PTX + fluphenazine, PTX + benztropine, 

5-FU + thioridazine and 5-FU + sertraline) was evaluated in MRC-5 cells after 48 h of 

treatment. Cells were first incubated with each drug alone and then with each combination. 

MRC-5 cells were incubated with the following concentrations: 0.25, 0.5, 1, 2, and 4 times 

the IC50 value of each drug. These IC50 values were based on our previous results, where 

it was found the IC50 for each drug in HT-29 and MCF-7 cells (Table 29). Stock solutions 

were prepared in 100% DMSO and diluted to 0.1% DMSO on the day of the experiments. 
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Control cells were treated with vehicle (0.1% DMSO). No significant differences were seen 

between control cells with or without vehicle. 

Table 29. Half-maximal inhibitory concentration (IC50) of reference and repurposed drugs in MCF-7, breast 

cancer, and human colorectal adenocarcinoma (HT-29) cells. N.D.: not determined 

Drug 

HT-29 MCF-7 

IC50 

(µM) 

IC50 

(µM) 

DOX N.D. 0.17 

PTX N.D. 2.78 (nM) 

5-FU 3 N.D. 

Fluoxetine 6.12 7.78 

Benztropine 18.23 21.71 

Thioridazine 4.26 5.72 

Sertraline 2.45 2.22 

Fluphenazine 1.86 2.68 

Artesunate 17.88 11.60 

Chloroquine 32.13 63.98 

 

4.3 Morphological Analysis 

Morphological analysis was performed for all conditions using a Leica DMI 6000B 

microscope coupled with a Leica DFC350 FX camera (Leica Microsystems, Wetzlar, 

Germany). Images were treated with the Leica LAS X imaging software (v3.7.4) (Leica 

Microsystems, Wetzlar, Germany). 

4.4 MTT Assay 

The cytotoxicity of each treatment was evaluated using the MTT assay. Briefly, after 

cell treatment, each well aspirated and 100 µL of MTT solution (0.5 mg/mL in PBS, cat. no. 

M5655, Merck KGaA, Darmstadt, Germany) was added. Plates were protected from light 

and incubated for a period of 3 h at 37 °C. Then, the MTT solution was removed and 



CHAPTER IV 

 
263 

 

replaced with 100 µL/well of DMSO to solubilize the formazan crystals. Absorbance was 

measured at 570 nm using an automated microplate reader (Tecan Infinite M200, Tecan 

Group Ltd., Männedorf, Switzerland). 

4.5 Statistical Analysis 

GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) was used to 

obtain the cell viability representations. The results of three independent experiments are 

represented as the mean ± SEM. Statistical analysis was performed with one-way ANOVA 

tests by Dunnett’s multiple comparisons between control and treatment groups. Statistical 

significance was accepted at p values < 0.05. 
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5. RESULTS AND DISCUSSION OF CHAPTER IV 

5.1 Single Drug Treatments 

In the previous chapters, it was developed a novel model of combination consisting 

of antineoplastic and repurposed drugs. These studies aimed to find repurposed drugs with 

promising anticancer activity that could, at the same time, be used in combination with 

antineoplastic drugs to improve their cytotoxicity against two different cancer cell lines: 

MCF-7 and HT-29. In these experiments, it was first determined the IC50 of every single 

drug and then selected the ones with the most promising pharmacological profiles (defined 

as having an IC50 < 25 µM, Table 29). Although the IC50 of chloroquine was above 25 µM, 

it was also included in the screening because approximately 30 clinical studies are currently 

evaluating the activity of this antimalarial drug combined with various standard treatments 

in different types of cancer. Next, it was combined simultaneously the antineoplastic drugs 

with the selected repurposed drugs in variable concentrations and evaluated the combined 

effects of equipotent concentrations (fixed ratio) of the IC50 values for each drug (0.25, 0.5, 

1, 2, and 4 times IC50). This experiment protocol for drug combinations was selected based 

on Chou-Talalay publications [313, 314], where it is recommended to use constant-ratio 

drug combinations and to select several data points above IC50 and below IC50 to determine 

drug interactions more accurately. It was successfully identified several antimalarial and 

CNS drugs with potential anticancer activity against these cell lines and demonstrated that 

the most promising drug combinations were DOX + artesunate, DOX + chloroquine, PTX + 

fluoxetine, PTX + fluphenazine, PTX + benztropine for MCF-7 cells, and 5-FU + thioridazine 

and 5-FU + sertraline for HT-29 cells.  

Here, it was investigated if these drug combinations were safe against non-tumoral 

cells. First, to evaluate whether the antineoplastic drugs used in the previously proposed 

combinations were selective for cancer cells and non-cytotoxic for normal cells, each drug 

was tested, both alone and in combination, in a human normal lung fibroblast cell line (MRC-

5). This cell line is commonly used in the production of vaccines, for biosafety evaluation 

and in other toxicological studies. To do so, the cytotoxic effect of each antineoplastic drug 

was evaluated, in a range of concentrations from 0.25 to 4 times their IC50 value for 48 h. 

Cell viability was assessed using an MTT assay. Drugs that did not cause significant 

reduction in the viability of MRC-5 cells were considered to have an acceptable toxicological 

profile and to be non-toxic for normal cells [486]. 

In our previous studies using tumoral cell lines, it was found an IC50 of 0.17 µM and 

0.44 nM for DOX and PTX, respectively, in MCF-7 cells and 3.79 µM for 5-FU in HT-29 

cancer cells. Here, using a non-tumoral cell line, it was demonstrated that all 
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chemotherapeutic drugs present an acceptable toxicological profile, at all concentrations 

below their IC50. Significant toxicity was only found in the treatment with DOX in the 

concentration of 4 × IC50 (Figure 116A). Furthermore, treatment with 2 and 4 × IC50 of PTX 

also resulted in significant cytotoxicity for MRC-5 cells (Figure 116B). On the other hand, 

results regarding treatment with 5-FU did not demonstrate significant cytotoxicity at any 

concentration (Figure 116C). Together, these results demonstrate that DOX, PTX, and 5-

FU are non-toxic for normal cells and support their use as anticancer agents.  

 

Figure 116. Cytotoxic effects of antineoplastic drugs in human fetal lung fibroblast cell line (MRC-5). MTT results 

of MRC-5 cells treated with increasing concentrations of (A) DOX, (B) PTX, and (C) 5-FU for 48 h. Results are 

represented as the percentage of control and represent mean ± SEM. Each experiment was done three times 

independently (n = 3). Statistically significant vs control at p < 0.05 * and p < 0.0001 ****. 

 

Next, it was evaluated the cytotoxic effect of the antimalarial drugs used in the 

previously mentioned drug combinations. It was found these drugs were more cytotoxic for 

MCR-5 cells than the antineoplastic drugs DOX, PTX, and 5-FU. Artesunate treatment 

induced a significant reduction in cell viability at concentrations of IC50 and higher (Figure 

117A). On the other side, chloroquine treatment demonstrated toxicity for all the ranges of 

concentrations tested for this cell line (Figure 117B). These results demonstrate that, 

although antimalarial drugs alone can be promising anticancer agents, they also induce 

cytotoxicity to normal cells, which warns their use as standalone therapeutics for cancer 

therapy.  
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Figure 117. Cytotoxic effects of antimalarial drugs in MRC-5 human normal lung fibroblast cells. MTT results 

of MRC-5 cells treated with increasing concentrations of (A) artesunate and (B) chloroquine for 48 h. Results 

are represented as the percentage of control and represent mean ± SEM. Each experiment was done three 

times independently (n = 3). Statistically significant vs. control at p < 0.05 *, p < 0.001 *** and p < 0.0001 ****. 

 

Then, the biosafety of CNS drugs was evaluated on MRC-5 cells. MTT results 

demonstrated that fluoxetine treatment did not induce cell cytotoxicity in concentrations 

under IC50 (Figure 118A). Moreover, treatment with fluphenazine resulted in a similar 

toxicological profile to fluoxetine, with an acceptable biosafety profile to MRC-5 cells at the 

concentrations of 0.25, 0.5, and 1 times IC50 (Figure 118B). On the other hand, benztropine 

treatment demonstrated a compatible cytotoxic profile to normal cells only at the lowest 

concentration (0.25 × IC50) (Figure 118C). Indeed, benztropine was the most cytotoxic 

compound among all CNS drugs tested. Thioridazine treatment only induced significant 

reductions of cell viability in concentrations above IC50, without significant cytotoxicity at the 

concentrations of 0.25, 0.5, and 1 times IC50 (Figure 118D). Sertraline, along with 

benztropine, was the second most cytotoxic compound for MRC-5 cells, with an acceptable 

biosafety profile only at the concentration below 0.5 × IC50 (Figure 118E). These results 

demonstrate that the selected CNS drugs have an acceptable toxicological profile, 

supporting their use as standalone or adjuvant compounds for cancer therapy, since used 

at lower dosages.  
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Figure 118. Cytotoxic effects of CNS drugs in MRC-5 human normal lung fibroblast cells. MTT results of MRC-

5 cells treated with increasing concentrations of (A) fluoxetine, (B) fluphenazine, (C) benztropine, (D) 

thioridazine, and (E) sertraline for 48 h. Results are represented as the percentage of control and represent 

mean ± SEM. Each experiment was done three times independently (n = 3). Statistically significant vs. control 

at p < 0.05 *, p < 0.01 ** and p < 0.0001 ****. 

 

Figure 119 summarizes the previously described results. Taken together, these 

results demonstrate that antineoplastic drugs are safe for normal cells, with an acceptable 

toxicological profile, at concentrations below their IC50. Moreover, it was also demonstrated 

that antimalarial drugs are more cytotoxic than CNS drugs in MRC-5 human normal lung 

fibroblast cells, with chloroquine causing significant cell reduction even at lower 

concentrations. The selected CNS drugs only produced significant reductions in cell viability 

at higher concentrations, being safe for normal cells at concentrations below their IC50.  
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Figure 119. Comparison of the cytotoxic effect after single drug treatments with antineoplastic, antimalarial, and 

CNS drugs in MRC-5 human normal lung fibroblast cells. Results are represented as the percentage of control 

and represent mean ± SEM. Each experiment was done three times independently (n = 3). 

 

5.2 Combination Treatments 

Next, the safety of the drug combinations was evaluated in MCR-5 cells. MRC-5 

cells were treated with the antineoplastic and repurposed drugs simultaneously, using a 

fixed ratio of concentrations: 0.25, 0.5, 1, 2, and 4 times the IC50 value of each drug. Cell 

morphology and viability were evaluated after 48 h incubation.  

Although some repurposed drugs demonstrated cytotoxicity against normal cells as 

single agents, their biosafety profile was further evaluated in combination treatments to find 

if the combination of these drugs with antineoplastic agents could result in lower toxicity for 

normal cells. Regarding the combination of DOX + artesunate, it was found changes in the 

normal phenotype of MRC-5 cells treated with DOX + artesunate in concentrations above 

IC50 (Figure 120A). The MTT results demonstrated this drug combination only presented 

significant cytotoxicity in concentrations above IC50 (Figure 120B). Furthermore, the 

combination of these drugs presented less cytotoxicity than each drug alone in 

concentrations of 0.25 and 0.5 times IC50, demonstrating that the association of artesunate 

with DOX can effectively decrease the toxicity of each drug. Moreover, it was found that, in 

some conditions (IC50 and 2 × IC50), the toxicity of artesunate was reduced when combined 

with DOX, which was also supported by morphological analysis. Furthermore, compared to 

the results previously obtained in MCF-7, it was notorious the biosafety profile of this drug 

combination in MRC-5 cells and the selectivity of DOX + artesunate to cancer cells (Figure 

120C). 
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Figure 120. Cytotoxic effects of DOX + artesunate in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of DOX, 

artesunate, and DOX + artesunate for 48 h. (C) Comparison of cytotoxicity of combined treatment with DOX + 

ART for 48 h in MCF-7 breast cancer cells and MRC-5 normal cells. Results are represented as the percentage 

of control and represent mean ± SEM. Each experiment was done three times independently (n = 3). Statistically 

significant at p < 0.05 * and p < 0.0001 ****. Statistically significant compared to artesunate at p < 0.05 #. Scale 

bar 200 µm. 

 

As expected, and in line with the results obtained for single drug treatments, the 

combination of DOX + chloroquine resulted in higher cytotoxicity to MRC-5 cells than DOX 

+ artesunate. The morphological analysis supported the toxic profile of the combination, 

with notorious changes in the cell morphology, even for the lowest concentrations (Figure 

121A). Specifically, the combination of 0.25 × IC50 of DOX + 0.25 × IC50 of chloroquine did 

not produce significant cytotoxic effects in these normal cells (Figure 121B). Compared to 

the results in MCF-7, this combination seems to be safe in the concentrations of 0.25 and 

0.5 times IC50, while having potent anticancer activity against tumor cells (Figure 121C) and 

further supporting the study of this combination.  
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Figure 121. Cytotoxic effects of DOX + chloroquine in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of DOX, 

chloroquine, and DOX + chloroquine for 48 h. (C) Comparison of cytotoxicity of combined treatment with DOX 

+ CQ for 48 h in MCF-7 breast cancer cells and MRC-5 normal cells. Results are represented as the percentage 

of control and represent mean ± SEM. Each experiment was done three times independently (n = 3). Statistically 

significant at p < 0.0001 ****. Statistically significant compared to chloroquine at p < 0.0001 ####. Scale bar 200 

µm. 

 

The combination of PTX + fluoxetine did not produce significant alterations in cell 

viability at lower concentrations, which is supported by the microscopic images of 

morphological analysis (Figure 122A). The MTT results regarding the combination of PTX 

+ fluoxetine revealed a promising safety profile of this combination, for all concentrations, 

except for 4 × IC50 (Figure 122B). Furthermore, compared to MCF-7 cells, it was 

demonstrated this drug is safe against MRC-5 cells, at all concentrations from 0.25 to 2 × 

IC50, and cytotoxic for cancer cells (Figure 122C). These results demonstrate that fluoxetine 

can be effectively used in combination with PTX, with a safety profile against normal cells 

and high efficacy against cancer cells.  
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Figure 122. Cytotoxic effects of PTX + fluoxetine in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of PTX, 

fluoxetine, and PTX + fluoxetine for 48 h. (C) Comparison of cytotoxicity of combined treatment with PTX + 

fluoxetine for 48 h in MCF-7 breast cancer cells and MRC-5 normal cells. Results are represented as the 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3). Statistically significant at p < 0.01 **, p < 0.001 *** and p < 0.0001 ****. Scale bar 200 µm. 

 

Next, the cytotoxic effect of the combination of PTX + fluphenazine was evaluated 

in MRC-5 cells. The results of cellular morphology analysis were in accordance with the 

MTT results, with significant changes in the phenotype of MRC-5 cells in the concentration 

of 4 times IC50 (Figure 123A). Analyzing the MTT results, it was possible to confirm this 

combination regimen is safe for this cell line in the concentrations of 0.25, 0.5, 1, and 2 

times IC50 (Figure 123B). Moreover, the comparison of the cytotoxic effect between tumoral 

MCF-7 cells and non-tumoral MRC-5 cells demonstrated that, at lower concentrations, this 

combination has a promising toxicological profile, being safe for normal cells and effective 

against tumor cells (Figure 123C).  
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Figure 123. Cytotoxic effects of PTX + fluphenazine in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of PTX, 

fluphenazine, and PTX + fluphenazine for 48 h. (C) Comparison of cytotoxicity of combined treatment with PTX 

+ fluphenazine for 48 h in MCF-7 breast cancer cells and MRC-5 normal cells. Results are represented as the 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3). Statistically significant at p < 0.05 * and p < 0.0001 ****. Statistically significant compared to fluphenazine at 

p < 0.05 #. Scale bar 200 µm. 

 

Regarding the combination of PTX plus benztropine, it was found this combination 

to be more cytotoxic to MRC-5 cells than PTX + fluoxetine and PTX + fluphenazine, which 

was also in line with the previous results obtained for single-drug treatments. The 

morphological analysis demonstrated a reduction of cell viability and changes in cell 

morphology in the concentration of 0.5 × IC50 (Figure 124A), warning the use of this 

combination. Nevertheless, this combination demonstrated to have an acceptable 

toxicological profile at concentrations of 0.25 and 0.5 times IC50 (Figure 124B). The results 

of PTX + benztropine in MRC-5 and MCF-7 cells support the use of this combination at 

lower concentrations in cancer therapy (Figure 124C).  
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Figure 124. Cytotoxic effects of PTX + benztropine in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of PTX, 

benztropine, and PTX + benztropine for 48 h. (C) Comparison of cytotoxicity of combined treatment with PTX + 

benztropine for 48 h in MCF-7 breast cancer cells and MRC-5 normal cells. Results are represented as the 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3). Statistically significant at p < 0.0001 ****. Statistically significant compared to benztropine at p < 0.05 #. Scale 

bar 200 µm. 

 

The combination of the antineoplastic drug 5-FU with thioridazine did not 

demonstrate significant changes in cell phenotype in concentrations under 2 × IC50 (Figure 

125A). Regarding the MTT results, this combination demonstrated low cytotoxicity against 

MRC-5 cells in concentrations below the IC50, with no significant changes in cell viability in 

this range of concentrations (Figure 125B). Comparing the cytotoxic effects of this 

combination between tumoral and non-tumoral cells (Figure 125C), it was found this drug 

significantly reduced the cell viability of HT-29 colon cancer, without affecting MRC-5 

fibroblast cells. These results support the use of this combination in cancer therapies.  
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Figure 125. Cytotoxic effects of 5-FU + thioridazine in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of 5-FU, 

thioridazine, and 5-FU + thioridazine for 48 h. (C) Comparison of cytotoxicity of combined treatment with 5-FU 

+ thioridazine for 48 h in HT-29 colon cancer cells and MRC-5 normal cells. Results are represented as the 

percentage of control and represent mean ± SEM. Each experiment was done three times independently (n = 

3). Statistically significant at p < 0.0001 ****. Statistically significant compared to thioridazine at p < 0.05 # and p 

< 0.0001 ####. Scale bar 200 µm. 

 

Finally, the cytotoxic effect of 5-FU combined with sertraline was evaluated in MRC-

5 cells. The results of the morphological analysis demonstrated some degree of cytotoxicity 

even in concentrations of 0.5 × IC50, with a decrease in the cell number as well as changes 

in the cell phenotype (Figure 126A). Nevertheless, the MTT assay demonstrated this 

combination did not induce significant effects on the cell viability of this cell line, in 

concentrations below and equal to IC50 (Figure 126B). It is, therefore, advised to use this 

drug combination at lower concentrations (0.25 × IC50). The results described in Figure 

126C demonstrated that in the range of concentrations this combination was safe (0.25–1 

× IC50), there was almost no anticancer effect against HT-29 colon cancer cells, which 

suggests that the use of this drug combination in cancer therapy may not be totally 

adequate.  
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Figure 126. Cytotoxic effects of 5-FU + sertraline in MRC-5 human normal lung fibroblast cells. (A) 

Morphological analysis and (B) MTT results of MRC-5 cells treated with increasing concentrations of 5-FU, 

sertraline, and 5-FU + sertraline for 48 h. (C) Comparison of cytotoxicity of combined treatment with 5-FU + 

SERT for 48 h in HT-29 colon cancer cells and MRC-5 normal cells. Results are represented as the percentage 

of control and represent mean ± SEM. Each experiment was done three times independently (n = 3). Statistically 

significant at p < 0.0001 ****. Statistically significant compared to sertraline at p < 0.01 ##. Scale bar 200 µm. 

 

Figure 127 summarizes the previously described results. Taken together, these 

results are in line with the ones obtained for MRC-5 treated with single drugs. DOX + 

chloroquine is among the most cytotoxic drug combinations against this cell line and its use 

is only adequate at lower concentrations. PTX + benztropine is the second most cytotoxic 

drug combination and its use in cancer therapies is only possible in concentrations below 

0.5 × IC50. The remaining drug combinations present selectivity for tumoral cells and are 

safe for normal cells, especially at concentrations below their IC50. At the concentration of 

4 times IC50, all tested drug pairs have significant cytotoxicity against MRC-5 normal cells. 

It was further demonstrated that these combinations help to reduce the cytotoxicity of the 

repurposed drugs alone. Taken together, these results support the use of these drug 

combinations in further studies, using animal models, although the use of lower doses is 

recommended. 
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Figure 127. Comparison of the cytotoxic effect after combination treatments with antineoplastic and repurposed 

drugs in MRC-5 human normal lung fibroblast cells. Results are represented as the percentage of control and 

represent mean ± SEM. Each experiment was done three times independently (n = 3). 
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6. CONCLUSION OF CHAPTER IV 

It was successfully demonstrated that the combinations of antineoplastic drugs with 

antimalarial and CNS drugs have an acceptable toxicological profile. By studying their 

cytotoxic evaluation on MRC-5 cells, it was demonstrated these combinations are safe at 

lower doses, without significant cell viability reduction of MRC-5 fibroblast cells. It was also 

proved these combinations induce cytotoxicity for cancer cells, even in the concentration 

range that is compatible with non-tumoral cells.  

Taken together, it was demonstrated that antimalarial and CNS drugs can be safely 

used in combination regimens with chemotherapeutic agents. These results support further 

studies of these drug combinations in more complex systems such as animal models.  



CHAPTER IV 

 
278 

 

 

  



 

 
 

 

 

 

 

CHAPTER V 
MECHANISTIC STUDIES OF THE MOST PROMISING DRUG COMBINATIONS 

IN BREAST AND COLON CANCER CELLS  
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1. SUMMARY OF CHAPTER V 

In the previous chapters, our group proposed novel drug combinations for breast 

and colon cancer using repurposed drugs from different classes (antimalarial and CNS) and 

chemotherapeutic agents such as 5-FU, PTX and DOX and found promising results 

regarding the toxicity and biosafety profiles of these combined pairs. In this way, in this last 

chapter, we aimed to further study the mechanisms of action of the most promising drug 

combinations found in the previous experiments.  

Therefore, the most promising drug combinations were selected for evaluation of the 

expression of EMT biomarkers (E-cadherin, P-cadherin, vimentin, and β-catenin) by 

immunohistochemistry (IHC) to assess if these drug combinations affect the expression of 

these proteins and eventually revert EMT. The IHC results demonstrated that combination 

treatments increase E-cadherin expression while reducing P-cadherin, vimentin, and β-

catenin, suggesting that these treatments could induce EMT reversal.  

Then, it was designed and constructed a cell microarray (CMA) to perform IHC 

studies for the evaluation of the expression of several proteins involved in the 

carcinogenesis process: palmitoyl-protein thioesterase 1 (PPT1), Ki67, cleaved-PARP, 

multidrug resistance-associated protein 2 (MRP2), P-glycoprotein (P-gp), and NF-kB p65 

expression. It was found that PPT1 may have an important role in the mechanism of action 

of these combinations, as demonstrated by their ability to decrease PPT1 expression.  

Taken together, these results support the use of antimalarial and CNS drugs in 

combination regimens with chemotherapeutic agents and implicate changes in EMT and 

PPT1 as having an impact in the action of these drug combinations; nevertheless, additional 

studies are recommended to further explore their complete mechanism of action.  
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2. INTRODUCTION OF CHAPTER V 

In the last chapter, our research group explored the strategies of drug repurposing 

and drug combination for the development of novel cancer therapies, as they represent a 

novel way to identify new potential candidates for cancer combat. These strategies are 

advantageous as repurposed drugs have pharmacokinetics, pharmacodynamics, and 

toxicological profiles that are well established, making it easy for their approval for novel 

indications [487]. At the same time, if the combination with antineoplastic agents enhances 

their anticancer activity, it allows decreasing the therapeutical dose needed for the 

treatment and consequently the side effects [488]. We have studied the repurposing of 

antimalarial and CNS drugs for breast and colon cancer and have already found promising 

drug pairs for colon and breast cancer. Collectively, it was found DOX + artesunate, DOX 

+ chloroquine, PTX + fluoxetine, PTX + fluphenazine, and PTX + benztropine to be the most 

promising combinations for breast cancer therapy [489, 490]. For colon cancer cells, we 

found 5-FU+thioridazine and 5-FU+sertraline to be the most effective drug pairs to reduce 

cell viability [489]. 

Here, it will be described the importance of EMT proteins and its link with cancer 

progression and explored further proteins involved in carcinogenesis such as PPT1, Ki67, 

cleaved-PARP, MRP2, P-gp, and NF-kB p65, to further describe the mechanisms of action 

behind the most promising drug combinations previously proposed in last chapters.  

 

2.1 EMT proteins and cancer progression 

Epithelial-mesenchymal transition (EMT) is a complex cellular process where cells 

lose their epithelial features and acquire mesenchymal characteristics. This phenomenon 

allows the cells to gain mobility and migrate from the primary tumor site, resulting in 

metastases [491]. Although EMT is normal in embryonic stages [492], in adults, EMT is 

usually related to the healing process or cancer metastasis [493]. EMT also explains the 

aggressive phenotype and malignancy of different types of cancer [494]. Different studies 

already suggested that EMT is linked to cancer progression [495–500].  

Different biomarkers can be used in EMT studies through evaluation of their level of 

expression, distribution, and changes of function, which help to characterize the state in 

which cancer cells are. These biomarkers include growth factors, such as TGF-β and Wnts, 

transcription factors such as Snail and Twist, adhesion molecules such as cadherins, and 

molecules present in the cytoskeleton as vimentin [501].  



CHAPTER V 

 
283 

 

TGF-β regulates cell proliferation and is one of the main regulators of EMT: it is a 

suppressor of epithelial cells and leads to the loss of epithelial proteins such as E-cadherin 

while increasing the expression of mesenchymal biomarkers such as vimentin [502]. Snail, 

a transcription factor induced by TGF-β, also increases the expression of mesenchymal 

phenotype while decreasing epithelial proteins such as E-cadherin [503]. Twist, another 

transcription factor, regulates the shift from E-cadherin to a less adhesive N-cadherin, a 

characteristic cadherin in mesenchymal cells [491]. P-cadherin is usually co-expressed with 

E-cadherin, and its expression is increased in some disease states, namely genetic 

disorders or cancer progression [504]. Another marker of EMT is the β-catenin expression, 

which is overexpressed in more advanced cases with worse prognoses [505]. Vimentin is 

a cytoskeleton protein, typically overexpressed in mesenchymal cells, and its increased 

expression has been observed in several carcinomas such as breast and colon, associated 

with malignancy and metastasis [506–508]. Therefore, the study of the expression of these 

proteins may give information about cancer progression or regression.  

 

2.2 PPT1 enzyme and its relationship with repurposed drugs in cancer 

Autophagy is a cellular process responsible for the degradation and elimination of 

misfolded proteins and damaged organelles [509]. Autophagy role is the adaption to 

starvation, development, cell death, and tumor suppression [510–512]. It is a pathway 

mediated by double-membrane vesicles called autophagosomes that collect damaged cell 

components and deliver them to the lysosomes. Lysosomes recycle these components 

under stress and confer protection to the cells from damaged proteins and toxins, promoting 

cell survival. In stress conditions such as nutrient deprivation, autophagy aims to provide 

nutrients (energy supply), increasing cell survival [511–513].   

This process is tightly regulated by proteins: mTOR is one of the most important 

ones and is involved in the regulation of cell proliferation, stress, and cancer progression. 

Activated mammalian target of rapamycin complex 1 (mTORC1), a complex of mTOR, is 

involved in the phosphorylation of autophagy-related protein (ATG) that inhibits the 

autophagic process. Under stress conditions, mTORC1 is inhibited, which leads to 

increased AMPK and the autophagic process is increased [512, 514, 515]. The role of 

mTORC1 in autophagy is not completely understood [516].  

Autophagy also plays an important role in cancer. Some studies suggest autophagy 

can regulate the expression of some oncogenes and tumor suppressor genes [513, 517]. 

Its role is controversial as some studies suggest that autophagy plays a dual role: it can 



CHAPTER V 

 
284 

 

promote tumorigenesis and it can also be involved in cancer inhibition [512, 518, 519]. On 

one hand, it may suppress carcinogenesis by inhibiting cancer cell survival and inducing 

apoptosis; on the other hand, it can induce tumorigenesis by improving the proliferation and 

growth of tumor cells [520, 521]. mTOR and AMPK are the negative regulators of tumor 

suppressor genes, promoting autophagy and suppression of cancer initiation. mTOR also 

regulate oncogenes and activate them, inhibiting autophagy and enhancing cancer 

progression [513, 517]. For these reasons, the regulation of autophagy is a very important 

target in cancer therapy. Drugs targeting the mTOR are already been used in several types 

of cancer, such as breast [522], brain [523] and kidney [524], although their efficacy has 

been limited. AstraZeneca also developed an mTOR inhibitor (vistusertib) but trials in 

several types of cancer resulted in different outcomes and the drug has been abandoned 

[525].  

Recent studies have pointed out the role of antimalarials in several types of cancer, 

including breast [526], lung  [527] and other solid tumors [528]. According to 

ClinicalTrials.gov, approximately 20 clinical trials are evaluating the role of chloroquines in 

cancer [529]. Indeed, antimalarial drugs have gained crescent interest in the scientific 

community because of their promising results in cancer. Until recently, their mechanism of 

action in cancer has not been completely understood.  

Recently, researchers at the University of Pennsylvania discovered that chloroquine 

and its derivates target the PPT1, an enzyme localized in the lysosomes [530]. PPT1 

depalmitoylates proteins in the lysosome before their degradation; it also regulates the 

mTOR and consequently the autophagic process [531]. In this work, they found this enzyme 

is overexpressed in several types of cancer, including breast, colon and other solid tumors. 

In most advanced stages, PPT1 expression was even higher and associated with worse 

outcomes. Using the CRISPR-Cas9 gene editing, researchers were able to knockout PPT1 

from cancer cells, and it resulted in slowed tumor growth. Melanoma cells treated with 

chloroquine and derivates confirmed that PPT1 is the target these drugs are targeting [530]. 

PPT1 expression and importance in cancer are not completely understood. Rebecca 

et al found that PPT1-dependent depalmitoylation may be important for the stabilization of 

v-ATPase subunits in the lysosomes. This v-ATPase complex maintains lysosomal acidity 

and provides the machinery needed for mTOR activation. They found that dynamic 

palmitoylation is involved in the stabilization of autophagy-lysosome function and 

consequent mTOR signaling, via v-ATPase. Moreover, they found that inhibiting PPT1 

activity suppresses v-ATPase function and, consequently, autophagy [530]. The loss of 

PPT1 protein activity also leads to upregulation of lysosomal biosynthesis and mitochondrial 
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dysfunction, increasing ROS production. It was also found that these pathologies can be 

mitigated by the addition of exogenous PPT1 [532]. These results describe a novel target 

in cancer cells and demonstrate the potential of PPT1 inhibition in cancer therapy. A recent 

study also found that PPT1 interactome affects neuronal morphology and function, 

suggesting this enzyme may be involved in the regulation of neurodegenerative diseases 

as well [533].  

Lysosomal activity is elevated in advanced cancers and regulates mTORC1-

dependent protein translation and autophagy. It was found that DOX co-localizes with 

lysosomes and autophagosomes in breast cells resistant to doxorubicin. Also, it was found 

that inhibitors of lysosomal function such as chloroquine potentiate the anticancer effect of 

doxorubicin in hepatic cancer cells. Studies also demonstrate that PTX inhibits endosomal-

lysosomal membrane trafficking, by inducing early accumulation of protein and endocytic 

markers in endosomes and later accumulation in a subdomain of lysosomes. Also, reports 

suggest that enhanced lysosomal function is responsible for PTX resistance in cancer cells 

and that this drug resistance can be reverted using artesunate or other inhibitors of 

lysosomal function. Taken together, these results suggest that other antimalarial drugs 

besides chloroquine and CNS drugs may also interact in lysosomal metabolism, mainly 

through the inhibition of the PPT1 enzyme. This interaction can help to decrease the 

accumulation of the antineoplastic drugs in the lysosome and cell resistance, enhancing 

their bioavailability, and increasing the antitumor effect of these drugs, explaining their 

synergism in breast cancer cells.   

Recently, our group found that antimalarials and CNS could act synergistically with 

DOX and PTX in MCF-7 breast cancer cells and with 5-FU in HT-29 colorectal cancer cells 

but the mechanism behind these interactions remains unknown [490]. Following the results 

obtained by Rebecca et al [530], we hypothesized that other antimalarial drugs besides 

chloroquine as well as CNS drugs, could also target lysosomal enzyme PPT1 in breast and 

colorectal cancers. We believe that mefloquine, artesunate and different CNS drugs can 

also target PPT1, inhibiting the mTOR pathway and playing a role in the regulation of 

autophagy.  

 

2.3 Other proteins involved in carcinogenesis  

Here, it was constructed a cell microarray (CMA) to evaluate the expression of 

several proteins in MCF-7 and HT-29 cells exposed to each treatment, by 

immunohistochemistry. The CMA is a single paraffin block that allows side-by-side 
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comparations between different cell lines, diverse conditions, biomarker expression, and 

cytolocalization evaluation at the same time [534]. It was evaluated the expression of the 

PPT1, P-gp, MRP2, Ki67, cleaved-PARP and NF-kB p65 after treatment with drugs, both 

alone and combined, in both cell lines.  

These proteins were studied for their implication in cancer: NF-kB p65 is a protein 

complex that regulates DNA transcription, cytokine production, and cell survival/death. Its 

inactive form is located in the cytoplasm and, upon activation, it migrates to the nucleus, 

enabling DNA transcription [535]. In cancer cells, a higher expression of NF-kB p65 is 

associated with a worse prognosis [535]. The P-gp, also known as multidrug resistance 

associated protein 1 (MRP1), is a glycoprotein expressed in the cellular membrane and is 

involved in the efflux of drugs to the outside of cells [536]. Therefore, it has an important 

role in the development of drug resistance, being overexpressed in tumor cells [536]. The 

MRP2 protein is a member of the ATP-binding cassette (ABC) transporters and has a similar 

function as P-gp [537]. Higher levels of MRP2 are related to chemoresistance [537]. The 

Ki67 is a marker for tumor cell proliferation; this protein is located in the nucleus and is 

involved in the regulation of mitosis [538]. This protein is used as a prognostic predictive 

biomarker in cancer patients, being an indicator of metastasis and tumor stage [538]. The 

PARP1 is a protein that is cleaved during apoptosis, being generated by the activation of 

caspases 3 and 7 [539]. This protein is involved in DNA repair and chromatin structure 

modulation. It is a nuclear protein and its levels are elevated in different types of cancer 

[539].  
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3. OBJECTIVE OF CHAPTER V 

In the previous chapters, it was evaluated the combination of CNS drugs with PTX, 

DOX and 5-FU, in MCF-7 breast and HT-29 colon cancer cells and it was found that some 

drug pairs could synergistically decrease the proliferation and viability of cancer cells. This 

work is a follow-up to our previous experiments and here our group hypothesized that the 

combination of antineoplastic agents and repurposed drugs could help reverse the EMT in 

breast and colon cancer cells. To understand how the drugs act in combination and if EMT 

is involved, it was evaluated the most promising drug pairs since the beginning of this 

project, regarding the use of repurposed drugs (antimalarial and CNS agents) combined 

with antineoplastic agents in two different cell lines (HT-29 and MCF-7 cells), for the 

expression of EMT biomarkers, such as E-cadherin, P-cadherin, vimentin, and β-catenin, 

to assess if all drug pairs would affect EMT the same way, using different classes of 

repurposed drugs and different cell lines. MCF-7 breast and HT-29 colon cancer cells are 

widely used cell lines, with epithelial characteristics. Some studies suggest they can acquire 

mesenchymal features under malignancy and drug resistance. 

It was also studied the expression of the proteins PPT1, P-gp, MRP2, Ki67cleaved-

PARP and NF-kB p65 after treatment with drugs, both alone and combined, in both cell 

lines, to further evaluate the possible mechanisms of action behind these drug 

combinations.  
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4. MATERIALS AND METHODS OF CHAPTER V 

4.1 Evaluation of EMT Biomarkers 

4.1.1 Materials and Reagents 

Cell culture reagents such as McCoy’s 5A Modified Medium, DMEM, FBS, and a 

mixture of pen-strep solution were obtained from Millipore Sigma (Merck KGaA, Darmstadt, 

Germany). Other cell culture reagents were brought from Gibco (Thermo Fisher Scientific, 

Inc, Waltham, MA, USA). Fluphenazine (cat. no. F4765), latrepirdine (cat. no. D6196), 5-

FU (cat. no. F6627), Bovine Serum Albumin (BSA, cat. no. A8531), Entellan mounting 

medium (cat. no. 107960), and (3-Aminopropyl)triethoxysilane (silane, cat. no. A3648) were 

obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Benztropine (cat. no. 

16214), sertraline (cat. no. 14839), thioridazine (cat. no. 14400), fluoxetine (cat. no. 14418), 

artesunate (cat. no. 11817), and doxorubicin (cat. no. 15007) were acquired from Cayman 

Chemical (Ann Arbor, Michigan, USA). Chloroquine (cat. no. C6628) was purchased from 

Santa Cruz Biotechnology (Dallas, Texas, USA). PTX (cat. no. 1097) was obtained from 

Tocris Bioscience (Bristol, UK). Perampanel was purchased from Eisai Co., Ltd. (Tokyo, 

Japan). Novolink Max-Polymer detection system was bought from Novocastra (Newcastle, 

UK).  

4.1.2 Cell Line and Cell Culture  

This protocol was carried out using two different cell lines: MCF-7 and HT-29 cell 

lines (ATCC, Manassas, VA, USA). MCF-7 and HT-29 cells were maintained in DMEM and 

McCoy’s cell culture medium, respectively, in the same conditions described in the previous 

chapters. After reaching 70–80% confluence, cells were prepared for 

immunohistochemistry.  

4.1.3 Preparation of Cells for Immunohistochemistry (IHC) 

It was first adapted the protocol for IHC for 24 well plates, using adherent cells. 

Sterile 13 mm coverslips were placed in 24-well plates and coated with silane 2% in acetone 

for 1 h at room temperature. Before cell seeding, silane coverslips were washed with PBS 

and allowed to dry for 2 h. Next, MCF-7 and HT-29 cells were seeded with a density of 

12,500 and 37,500 cells/well, respectively, and incubated for 24 h at 37 °C. After that period, 

cells were incubated with single and combination treatments for 48 h. Cells treated with 

vehicle (0.1% DMSO) were used as control. Cells were then washed with PBS and 

incubated with a solution of paraformaldehyde (PFA) 4% in PBS for 15 min at room 

temperature, for cell fixation. Next, cells were washed three times with PBS-0.1% Tween 

20 and maintained in PBS at 4 °C until the beginning of the IHC protocol.  
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4.1.4 Immunohistochemistry Protocol 

For the IHC protocol, a Novolink Max-Polymer detection system was used, 

according to the manufacturer’s instructions. The detailed protocol is described in Figure 

128. Primary antibodies included anti-E-cadherin (4A2C7; 1:1000 in bovine serum albumin 

(BSA) 5%; Invitrogen, MA, USA), anti-P-cadherin (56/P-Cadherin; 1:150 in BSA 5%; BD 

Biosciences, NJ, USA), anti-β-catenin (CAT-5H10; 1:900 in BSA 5%; Invitrogen, MA, USA), 

and anti-vimentin (V9; 1:1000 in BSA 5%; Dako, Denmark). The negative control refers to 

cells that were not incubated with the primary antibody. After IHC protocol, each coverslip 

was removed from the 24-well plate using a small pair of broad-tipped forceps and rinsed 

in water, counterstained in hematoxylin for 30 sec, washed again for 5 to 10 min, dehydrated 

(at increasing concentrations of ethanol), and diaphanized in xylene, and the slides were 

mounted using Entellan. Each slide was analyzed using a Nikon Eclipse E600 microscope 

coupled to a digital camera (Nikon Digital Sight DS-Fi2, Tokyo, Japan). Images were then 

captured using the Imaging Software NIS-Elements AR Version 4.30.0 (Nikon, Tokyo, 

Japan). 
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Figure 128. Detailed protocol of immunohistochemistry technique used in this work. Briefly, sterile 13 mm 

coverslips were placed in 24-well plates and coated with silane 2% in acetone for 1 h at room temperature. 

Before cell seeding, silane coverslips were washed with PBS and allowed to dry for 2 h. Next, cells were seeded 

and incubated for 24 h at 37 °C. After that period, cells were incubated with each treatment for 48 h. Cells were 

then washed with PBS and incubated with a solution of PFA 4% in PBS for 15 min at room temperature, for cell 

fixation. Next, cells were permeabilized with PBS-0.1% Triton X-100. Antigen retrieval (unmasking) was 

performed using a Retrieval Solution (10% in water). The retrieval solution was boiled and 500 µL were 

transferred to each well, followed by incubation at 60 °C for 30 min. After that, cells were washed twice in Tris 

buffered saline (TBS) for 5 min. Endogenous peroxidase was blocked using 5 drops per well of Peroxidase 

Block Solution for 5 min at room temperature and washed twice in TBS for 5 min. Next, protein block was 

performed using 5 drops per well of Protein Block solution for 1 h at room temperature. Slips were then washed 

twice in TBS for 5 min. Afterwards, the coverslips were incubated with agitation overnight, at 4 °C with 200 µL 

of each primary antibody. Next, cells were washed twice in TBS, for 5 min and 4 drops of the Post Primary 

solution was added to each well, following an incubation time of 30 min at room temperature. Once again, the 

slips were washed twice in TBS, for 5 min. After this time, they were incubated with 5 drops of Novolink Polymer 

per well for 30 min and then washed twice in TBS for 5 min. Next, the peroxidase activity was developed by 

adding 200 μL of a solution of diaminobenzidine (DAB) to each well. Finally, each coverslip was removed from 

the 24-well plate using a small pair of broad-tipped forceps and rinsed in water, counterstained in hematoxylin 

for 30 sec, washed again for 5 to 10 min, dehydrated, diaphanized in xylene, and the slides were mounted. RT: 

room temperature 

 

4.2 Evaluation of PPT1, Ki67, cleaved-PARP, MRP2, P-gp, and NF-kB p65 expression  

4.2.1 Cell culture and Drug Treatment 

Experiments were carried out using two cancer cell lines: MCF-7 breast and HT-29 

colon (ATCC, Manassas, VA, USA). MCF-7 and HT-29 cancer cells were maintained in 

DMEM and McCoy’s (Merck KGaA, Darmstadt, Germany) cell culture medium, respectively, 

both supplemented with 10% FBS and 1% of a pen-strep solution (1000 U/mL; 10 mg/mL, 

Merck KGaA, Darmstadt, Germany). Cells were grown in T75 cm2 flasks and kept at 37 °C 

in a humidified atmosphere with 95% air and 5% CO2. Cell media was changed twice a 

week. When cell confluence reached 70–80% and for cell seeding prior experiences, cells 

were washed with PBS (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 

trypsinized using a solution of 0.25% trypsin-EDTA. 

Before drug treatment, MCF-7 and HT-29 cells were plated in 6-well plates using a 

density of 7.5 × 105 cells/well and incubated at 37 °C and 5% CO2 to adhere. After 24 h, cell 

media were replaced with drug-containing media for 48 h. For each condition, three wells 

were used. Based on the previous results, MCF-7 cells were treated with vehicle (0.1% 

DMSO), PTX, DOX, artesunate, chloroquine, fluoxetine, fluphenazine, and benztropine 
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alone and with the combinations of DOX + artesunate, DOX + chloroquine, PTX + 

fluoxetine, PTX + fluphenazine and PTX + benztropine, at the concentration of 0.25 times 

their IC50 (Table 29). This concentration was selected so that we could have, 

simultaneously, some cytotoxic effect and an acceptable number of viable cells, to allow for 

marker quantification. HT-29 cells were treated with vehicle (0.1% DMSO), 5-FU, 

thioridazine, and sertraline alone and with the combinations of 5-FU + thioridazine and 5-

FU + sertraline, at the concentration of 0.25 times their IC50. Cells were incubated with drugs 

alone or combined for 48 h. All drugs were dissolved in DMSO and kept at −20 °C until the 

experiments. No significant differences were seen between control cells with or without 

vehicle.  

4.2.2 Collection, Fixation, and HistogelTM Processing of Cultured Cells 

After 48 h, cells were scraped from culture dishes, washed three times with ice-cold 

PBS and fixed with 10% (v/v) neutral-buffered formaldehyde (AppliChem GmbH, 

Darmstadt, Germany), and fixed for 1 h at room temperature with gentle agitation. Then, 

the cells’ pellet was re-suspended in liquefied HistoGel™ (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA), according to the manufacturer’s instructions, followed by standard 

histological processing and paraffin embedding. To confirm that all conditions tested were 

appropriate for the CMA construction, each block was sectioned with a microtome, and 

hematoxylin and eosin (H&E) staining was performed. 

4.2.3 CMA Construction and Immunocytochemistry Expression Analysis 

All conditions were arrayed in a CMA block, in the same way as previously described 

by Nunes et al [540]. After designing the cell block, it was constructed and finally sectioned 

using a microtome. For the immunocytochemistry protocol, the slides were deparaffinized 

and hydrated. Next, the antigen retrieval (unmasking) was performed by heat-induction (98 

°C), using a citrate buffer solution (1:100 at pH 6.0; Thermo Fisher Scientific, Inc, Waltham, 

MA, USA) or EDTA (1:100; Thermo Fisher Scientific, Inc, Waltham, MA, USA) for 40 min. 

Then, the activity of endogenous peroxidase was blocked using a hydrogen peroxide 

solution 3% (v/v) (Thermo Fisher Scientific, Inc, Waltham, MA, USA) for 10 min. Finally, 

each slide was incubated with the specific primary antibodies (conditions described in Table 

30). Then, was detected using a secondary antibody with horseradish peroxidase (HRP)-

labeled polymer (Dako REAL™ EnVision™ Detection System Peroxidase/DAB+, 

Rabbit/Mouse) for 30 min. DAB was used to develop the activity of peroxidase according to 

the manufacturer’s instructions. Hematoxylin staining was also performed to stain the 

nucleus of the cells. In the last step, slides were dehydrated, clarified, and cover slipped 

using a mounting medium for microscopic visualization and analysis. The staining pattern 
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(nuclear, cytoplasm, or membrane) and the percentage of cells stained (0%, 1–10%, 11–

25%, 26–50%, 51–75%, and 76–100%) were evaluated and validated by three independent 

observers. 

 

Table 30. List of antibodies used for immunohistochemistry studies. mAb—monoclonal antibody; pAb—

polyclonal antibody; RT—room temperature. 

Antigen Clone Origin 
Animal 

origin 

Antigen 

retrieval 

buffer 

Dilution 
Incubation 

conditions 
Localization 

MRP2 4C9.2 
Sigma-

Aldrich 
Mouse mAb EDTA 1:50 

60´ RT 

Membrane 

NF-kB 

p65 
C-20 

Santa 

Cruz 

Biotechno

logy 

Rabbit pAb 
Citrate at 

pH 6 
1:600 Cytoplasm 

Cleaved-

PARP 

Asp214 

D64E10 

Cell 

Signaling 

Technolo

gy 

Rabbit mAb 
Citrate at 

pH 6 
1:50 Nuclear 

PPT1 - 

Thermo 

Fisher 

Scientific 

Rabbit pAb 
Citrate at 

pH 6 
1:500 Cytoplasm 

Ki67 SP6 

Thermo 

Fisher 

Scientific 

Rabbit mAb 
Citrate at 

pH 6 
1:100 Nuclear 

P-gp C219 

Thermo 

Fisher 

Scientific 

Mouse mAb EDTA 1:25 Membrane 
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5. RESULTS AND DISCUSSION OF CHAPTER V 

5.1 Evaluation of EMT biomarkers expression  

5.1.1 MCF-7 results 

After finding the most promising drug pairs for MCF-7 and HT-29 cancer cell lines, it 

was evaluated if these drug combinations would affect the expression of some EMT 

biomarkers and if it was related to some degree of EMT reversion. Previously, in MCF-7 

breast cancer cells, it was found that both artesunate and chloroquine resulted in significant 

cell viability reduction, especially when combined with DOX [490]. To evaluate EMT 

biomarkers expression, IHC studies were performed using the antibodies anti-E-cadherin, 

anti-P-cadherin, anti-β-catenin, and anti-vimentin. As these treatments resulted in a large 

decrease in the number of viable cells, it was necessary to adapt the traditional IHC protocol 

to minimize cell loss during the experiments. The traditional protocol of IHC using cells 

involves growing them in T-flasks, followed by trypsinization and centrifugation steps to 

obtain a pellet to embed in paraffin, creating cell blocks. Instead, we seeded the cells in 

glass coverslips placed in 24-well plates, fixed and permeabilized them, and then performed 

the antigen retrieval, blocking, antibody incubations, and DAB reveal steps directly in each 

well. This allowed to avoid morphological changes and cell losses due to the trypsinization 

and centrifugation steps needed for the cell blocks. After these steps, each coverslip was 

taken from each well with the help of forceps and was counterstained with hematoxylin, 

dehydrated, and permanently mounted in glass slides. This adapted protocol is also 

advantageous because it decreases the density of cells needed to obtain cell blocks and 

uses less volume of reagents.  

Results regarding E-cadherin expression (Figure 129) demonstrated that negative 

control did show any labelling, confirming the success of the methodology. Single-drug 

treatments showed similar expression of E-cadherin to the control cells (represented in the 

insert), except for chloroquine, whose treatment resulted in an increased expression of this 

protein. Results regarding the combination treatments DOX demonstrated higher 

expression of E-cadherin compared to control cells. There was also a smaller number of 

viable cells, with a pronounced change in morphology in the combined treatments. 

Chloroquine treatments also resulted in morphological changes at the nucleus. 
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Figure 129. Expression of E-cadherin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 

 

The negative control of cells incubated with anti-P-cadherin did not show P-cadherin 

labelling, as expected. Similar labelling to the control cells (insert) was seen for all 

treatments both alone and in combination. In the combination of DOX + artesunate, there 

were some cells with a loss of expression of this protein (Figure 130). 

 

 

Figure 130. Expression of P-cadherin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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Figure 131 represents the β-catenin labelling of MCF-7 cells treated with artesunate and 

chloroquine combined with DOX, to complement the previous results. For cells treated with 

each drug alone and combined, it was found less protein labelling compared to control cells 

(insert), except for chloroquine.  

 

Figure 131. Expression of β-catenin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 

 

Finally, it was also evaluated the labelling of vimentin, a biomarker of mesenchymal 

cells that is related to increased malignancy of cancer cells. It was found no labelling of this 

protein in all treatments, except for cells treated with DOX alone, where slight labelling 

occurred (Figure 132). This may be due to the fact that some cells acquire resistance to this 

antineoplastic agent, becoming more aggressive. 
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Figure 132. Expression of vimentin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 

 

Next, the same EMT biomarkers were evaluated in MCF-7 treated with another class of 

repurposed drugs (CNS agents), combined with PTX. Regarding E-cadherin, it was found 

similar labelling of this protein compared to control cells (insert) in all single treatments. In 

combination with PTX, there was a more intense expression of E-cadherin, mainly in the 

combination of PTX with fluoxetine. There was also a smaller number of viable cells, with 

changes in morphology (Figure 133). 

 

Figure 133. Expression of E-cadherin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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Next, it was evaluated P-cadherin labelling in these cells and it was found a similarity 

between the control cells and the various treatments both alone and in combination (Figure 

134). Treatment with fluoxetine and benztropine demonstrated some cells with loss of P-

cadherin expression.  

 

Figure 134. Expression of P-cadherin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control.  

 

Results regarding β-catenin labelling demonstrated less labelling than control cells in 

the various treatments with each drug alone. In combination with PTX, there was a lower 

expression of protein labelling for all treatments compared to control cells, except in the 

combination of PTX and fluoxetine, whose labelling was similar to the control (Figure 135). 

 

Figure 135. Expression of β-catenin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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There was no labelling of vimentin protein in any treatment, both alone and combined, 

except for MCF-7 cells treated with benztropine, where slight labelling was found. 

Interestingly, this marking was reversed when the cells were treated with benztropine in 

combination with PTX (Figure 136). 

 

Figure 136. Expression of vimentin in MCF-7 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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5.1.2 HT-29 results 

Next, these EMT biomarkers were also evaluated in HT-29 colon cancer cells treated 

with the most promising drug combinations using CNS agents. Similar E-cadherin labelling 

to the control cells was seen in the various treatments with each drug alone. There was 

more intense labelling in the combination treatments with 5-FU and all repurposed drugs. 

There was also a smaller number of viable cells with less aggregation ability, with a more 

pronounced change in morphology, especially in the combined treatments (Figure 137). 

 

Figure 137. Expression of E-cadherin in HT-29 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 

 

Regarding P-cadherin labelling, similar results were found between the control cells and 

5-FU and sertraline treatments alone. There was an intense expression of P-cadherin in 

thioridazine treatments alone and combined with 5-FU, with lower intensity in the 

combination. There was also a smaller number of viable cells, especially in combination 

treatments, with smaller aggregates. In the combination of 5-FU with sertraline, it was found 

only a few viable cells (Figure 138). 
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Figure 138. Expression of P-cadherin in HT-29 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 

 

There was a similar expression of β-catenin in the control cells and the treatment with 

5-FU alone. Intense β-catenin labelling was seen in cells treated with thioridazine and 

sertraline alone; on the other hand, there was a reduction of the expression of this protein 

in the cells treated with these drugs combined with 5-FU. In all combination treatments, 

there was a notable change in cell morphology (Figure 139). 

 

Figure 139. Expression of β-catenin in HT-29 cells, by IHC. Treatments are described in the upper left corner 

of each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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There was some labelling of vimentin protein in control cells and 5-FU alone, 

demonstrating a slight change in the characteristics of these cells, with some degree of 

transformation to a mesenchymal phenotype. This protein expression was reduced in all 

treatments with drugs both alone and combined (Figure 140). 

 

 

Figure 140. Expression of vimentin in HT-29 cells, by IHC. Treatments are described in the upper left corner of 

each image. All images were obtained at a magnification of 400x. Insert represents control cells (treated with 

0.1% DMSO). CTR -: negative control. 
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5.2 Evaluation of PPT1, Ki67, cleaved-PARP, MRP2, P-gp, and NF-kB p65 expression  

After proving that the proposed drug combinations have an acceptable toxicological 

profile against non-tumoral cancer cells while retaining significant anticancer effects against 

different tumoral cancer cells and that some degree of EMT reversal was involved in the 

mechanism of action of these drug combinations, it was next aimed to evaluate the 

expression of different proteins related to carcinogenesis after treatment with these drug 

pairs. To do so, MCF-7 breast cancer cells were cultured and treated with the corresponding 

drug combinations: DOX + artesunate, DOX + chloroquine, PTX + fluoxetine, PTX + 

fluphenazine, and PTX + benztropine for 48 h. HT-29 cells were treated with the 

combinations of 5-FU plus thioridazine and sertraline. Cells were treated with a 

concentration of 0.25 × IC50 of each drug, to ensure enough viable cells for the IHC 

evaluation. A CMA composed of positive controls and each condition was constructed and 

used to perform IHC evaluation using the following antibodies: MRP2, P-gp, Ki67, NF-kB 

p65, cleaved-PARP, and PPT1. Figure 14 represents the IHC results of a liver used as a 

positive control for PPT1, MRP2, and P-gp. As expected, it was found an abundant 

expression of PPT1 in the cytoplasm of liver cells (Figure 141A), as this enzyme is involved 

in lysosomal degradation. On the other side, regarding P-gp (Figure 141B) and MRP-2 

(Figure 141C), since these proteins are involved in the efflux of drugs to the outside of cells, 

it was found an abundant expression in the cell membrane. These results support the 

selectivity of these antibodies and demonstrate that the IHC protocol has been correctly 

performed.  

 

 

Figure 141. Representative IHC images for (A) PPT1; (B) P-gp and (C) MRP2 in a positive control (liver). All 

the images are taken at magnification of 200x. Scale bar 100 µm. 
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5.2.1 MCF-7 results 

First, it was evaluated the expression of Ki67, cleaved-PARP, and NF-kB p65 in 

MCF-7 cells treated with a combination of DOX plus the antimalarial drugs artesunate and 

chloroquine (Figure 142). 

Ki67 is a nuclear protein that marks active cell proliferation, both in normal and 

tumoral cells [541]. Specifically, this protein is used as a marker for the classification, 

prognosis, and prediction of therapeutic response in breast cancer [541]. This protein is 

expressed in all active phases of the cell cycle and decreases its expression after mitosis, 

in G0 phase [542]. Here, it was hypothesized if these drug combinations could effectively 

reduce cell proliferation and consequently the expression of Ki67. As expected, in the 

control condition it was found abundant nuclear expression (51–75%) of this protein in MCF-

7 cells (Figure 142). On the other side, MCF-7 treated with DOX alone demonstrated a 

decreased expression of Ki67 (26–50%) when compared to control (Figure 142). 

Nevertheless, treatment with antimalarial drugs alone did not cause a decrease in MCF-7 

cell proliferation; treatment with artesunate alone demonstrated a similar expression of Ki67 

to control cells, and treatment with chloroquine alone caused an elevated expression of 

Ki67 (76–100%) compared to control cells (51–75%) (Figure 142). The combination 

treatment of DOX + artesunate resulted in similar results to control cells regarding Ki67 

expression (51–75%) (Figure 142). Interestingly, when DOX was combined with 

chloroquine it was found a decrease in Ki67 expression (26–50%), both compared to control 

cells and to the treatment with chloroquine alone, which demonstrates this combination can 

reduce MCF-7 cell proliferation (Figure 142).  

PARP is a protein involved in DNA repair and chromatin modulation, being 

overexpressed in cancer [543]. Therefore, PARP is an important target for cancer therapy. 

Here, we hypothesize if these drug combinations can act as PARP inhibitors. It was not 

found significant changes in cleaved-PARP expression among treatments with single and 

combined drugs, with all cleaved-PARP expression results being negative or <1% (Figure 

142). NF-kB is a well-known signaling pathway in oncogenesis and aberrant activation of 

this pathway is already described for different types of cancer [544]. The results found with 

respect to NF-kB p65 expression were similar to those regarding PARP expression, which 

indicates these combinations do not target the NF-kB pathway (Figure 142).  
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Figure 142. Representative IHC images for Ki67, cleaved-PARP, and NF-kB p65 expression in MCF-7 cells 

treated with antimalarial drugs (artesunate and chloroquine), alone and in combination with DOX. All images 

are taken at magnification of 400x. Scale bar 50 µm. ART: artesunate; CQ: chloroquine 
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Next, it was evaluated the expression of PPT1, P-gp, and MRP-2 in MCF-7 cells 

treated with a combination of DOX plus the antimalarial drugs artesunate and chloroquine 

(Figure 143).  

PPT1 is an enzyme involved in lysosomal degradation and is overexpression in 

different types of cancer. CQ is known to inhibit this enzyme [530, 545]. The activity of PPT1 

in cancer cells involves the depalmitoylation of the V0a1 subunit of v-ATPase, which 

facilitates the v-ATPase assembly on the lysosomal membrane [546]. Then, the V1 subunit 

of v-ATPase interacts with Ragulator, enabling the formation of the mTORC1 complex on 

the lysosome and activating mTORC1. This activation induces protein synthesis and inhibits 

the autophagic process [546]. PPT1 can also remove palmitate from palmitoylated proteins 

prior to their degradation in the lysosome. PPT1 inhibition impairs the depalmitoylation of 

the V0a1 subunit of v-ATPase, disrupting the assembly of v-ATPase and causing lysosomal 

deacidification [546]. Furthermore, the interaction between the V0a1 subunit of v-ATPase 

and Ragulator is lost, causing the inhibition of mTORC1, which inhibits protein synthesis 

and stops cell proliferation and tumor growth, and impairs autophagy [546]. In this work, it 

was hypothesized if the proposed drug combinations could inhibit PPT1 enzyme. In MCF-

7 control cells, it was found low expression (11–25%) of PPT1 (Figure 143). Treatment with 

DOX and artesunate alone led to an increase in PPT1 expression to 26–50%, while 

treatment with chloroquine resulted in 75–100% of MCF-7 expressing this protein, contrary 

to what was expected (Figure 143). Results of MCF-7 cells treated with DOX + artesunate 

demonstrated a similar expression of PPT1 to DOX and artesunate alone (Figure 143). 

Nevertheless, results regarding the combination of DOX + chloroquine resulted in a 

significant decrease in PPT1 expression (11–25%), demonstrating the ability of the 

combination to inhibit PPT1 expression (Figure 143).  

P-gp, also known as MDR1, is an ATP binding cassette transporter (ABCB1) that is 

expressed in the cell membrane and is involved in the efflux of drugs to the outside of cells, 

contributing to the development of drug resistance [547]. Many types of cancer overexpress 

Pgp which prevents cancer drugs from reaching their cellular targets [548]. Antineoplastic 

drugs that interfere with the DNA replication process, such as doxorubicin, are especially 

vulnerable to P-gp overactivity [549]. On the other hand, novel drugs that inhibit P-gp can 

be promising agents for cancer cell growth inhibition and overcoming multidrug resistance 

[549]. Ras, c-Raf, p53, and other oncogenes are reported to affect the regulation of P-gp 

expression [550]. Moreover, it is described that epigenetic modifications play a role in the 

activation of P-gp-mediated drug resistance [551]. CCAAT/enhancer-binding protein β 

(C/EBPβ) has also been shown to induce P-gp expression in MCF-7 breast cancer cells. 
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Furthermore, it has been demonstrated that hypertonic and hypoxic stress increases P-gp 

expression [552, 553]. Here, it was hypothesized these drug combinations could effectively 

inhibit P-gp activity, contributing to retaining drugs inside cells. Control cells did not 

demonstrate any expression of this protein. Treatment with DOX resulted in an increased 

expression of P-gp (11–25%) (Figure 143). Interestingly, it was found marking of this protein 

in the cytoplasm in all conditions, although this protein is usually located in the cell 

membrane. We could not find any explanation for this event, as there are no studies that 

describe the migration of this protein to the cytoplasm. Treatment with artesunate did not 

change PPT1 expression compared to control but the combination of DOX + artesunate 

resulted in higher expression of this protein (11–25%) (Figure 143). On the other side, MCF-

7 cells treated with chloroquine alone and combined with DOX revealed a higher expression 

of PPT1 (26–50%) (Figure 143).  

The MRP2 protein is a member of the ABC transporters and has a similar function 

as P-gp. MRP2 is expressed in various tissues such as hepatocytes, kidney proximal 

tubules, intestine, nerves, bladder, placenta, and CD4+ lymphocytes [554]. In vivo studies 

using MRP2−/− mice demonstrated that MRP2 knockdown decreases hepatobiliary 

excretion of drugs and toxins as well as their metabolites, suggesting that MRP2 may play 

a role in eliminating endogenous and xenobiotic metabolites [555]. Moreover, additional 

studies have demonstrated that single nucleotide polymorphisms (SNPs) greatly influence 

the function of MRP2, such as substrate effluxing and microRNA (miRNA) recognition [556]. 

Several studies implicate MRP2 in the chemoresistance of some types of cancer [557]. 

Indeed, in tumor cells, it was found that MRP2 messenger RNA (mRNA) levels are related 

to resistance to chemotherapeutic drugs such as vincristine, cisplatin, and doxorubicin 

[558]. It was then hypothesized if the combination pairs could target MRP2 and inhibit this 

protein. Results regarding MRP-2 expression demonstrated this protein is not expressed in 

these cells in any treatment (Figure 143).  
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Figure 143. Representative IHC images for palmitoyl-protein thioesterase 1 (PPT1), P-glycoprotein (P-gp), and 

multidrug resistance-associated protein 2 (MRP2) expression in MCF-7 cells treated with antimalarial drugs 

(artesunate and chloroquine), alone and in combination with DOX. All images are taken at magnification of 400×. 

Scale bar 50 µm. ART: artesunate; CQ: chloroquine 
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Then, we evaluated the expression of Ki67, cleaved-PARP, and NF-kB p65 in MCF-

7 cells treated with a combination of PTX plus the CNS drugs fluoxetine, fluphenazine, and 

benztropine (Figure 144). It was found an abundant expression (51–75%) of Ki67 in the 

nucleus of MCF-7 control cells. On the other side, all treatments with PTX and CNS drugs, 

both alone and combined, presented higher Ki67 expression (76–100%) (Figure 17). It was 

not found significant changes in cleaved-PARP and NF-kB p65 expression among 

treatments with single and combined drugs, with a negative or <1% expression (Figure 144).  
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Figure 144. Representative IHC images for Ki67, cleaved-PARP, and NF-kB p65 expression in MCF-7 cells 

treated with CNS drugs (fluoxetine, fluphenazine, and benztropine), alone and in combination with PTX. All 

images are taken at magnification of 400×. Scale bar 50 µm. FLUOX: fluoxetine; FLUPH: fluphenazine; BENZ: 

benztropine 
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Finally, it was evaluated the expression of PPT1, P-gp, and MRP-2 in MCF-7 cells 

treated with a combination of PTX plus CNS drugs fluoxetine, fluphenazine, and sertraline 

(Figure 145). It was found low expression (11–25%) of PPT1 in MCF-7 cells treated with 

PTX and fluphenazine alone (Figure 145). Treatment with fluoxetine alone led to an 

increase in PPT1 expression to 76–100%, while treatment with benztropine resulted in only 

1–10% of MCF-7 expressing this protein (Figure 145). Results of MCF-7 cells treated with 

PTX + fluoxetine and PTX + benztropine demonstrated 11–25% of positive cells for this 

marker (Figure 145). Interestingly, the combination of PTX + fluphenazine demonstrated 

the capacity to inhibit PPT1, with negative expression of this protein (Figure 145). Treatment 

with PTX, fluphenazine, and benztropine alone resulted in 11–25% positive cells for PPT1 

expression. Treatment with fluoxetine revealed a higher expression (51–75%) of the protein 

(Figure 145). MCF-7 cells treated with PTX + benztropine revealed a similar expression of 

PPT1 protein to each drug alone (11–25%). The combination of PTX + fluoxetine also 

demonstrated a reduction in the percentage of positive cells (26–50%) (Figure 145). On the 

other side, MCF-7 cells treated with PTX + fluphenazine revealed an increased expression 

of PPT1 (26–50%), compared to both drugs alone (Figure 145). 

It was found low expression of P-gp in MCF-7 cells treated with PTX, fluphenazine, 

and benztropine alone (11–25%) (Figure 145). Treatment with fluoxetine alone led to an 

increase in P-gp expression to 51–75%. Results of MCF-7 cells treated with PTX + 

benztropine demonstrated 11–25% of positive cells for this marker, similar to the treatment 

with each drug alone (Figure 145). On the other side, the combination of PTX + fluoxetine 

demonstrated the ability to reduce P-gp expression (26–50%) (Figure 145). In the treatment 

of PTX + fluphenazine, it was found an increase in P-gp expression compared to single 

drugs, with 26–50% positive cells (Figure 145). Results regarding MRP-2 expression 

demonstrated this protein is not expressed in these cells in any treatment (Figure 145).  
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Figure 145. Representative images of PPT1, P-gp, and MRP2 IHC results of MCF-7 cells treated with CNS 

drugs (fluoxetine, fluphenazine, and benztropine), alone and in combination with PTX. All images are taken at 

magnification of 400×. Scale bar 50 µm. FLUOX: fluoxetine; FLUPH: fluphenazine; BENZ: benztropine 
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The results regarding Ki67, cleaved-PARP, and NF-kB p65 expression in MCF-7 

cells are summarized in Figure 146. Results about PPT1, P-gp, and MRP-2 expression in 

MCF-7 cells treated with antineoplastic and repurposed drugs are summarized in Figure 

147.  

 

Figure 146. Heat map showing the percentage of positive cells for Ki67, cleaved-PARP and NF-kB p65 for all 

the conditions tested. MCF-7 cells were treated with antineoplastic (DOX and PTX) and repurposed drugs 

(artesunate, chloroquine, fluoxetine, fluphenazine, and benztropine), both alone and in combination. The color 

key represents the percentage of positive cells for each marker. ART: artesunate; CQ: chloroquine; FLUOX: 

fluoxetine; FLUPH: fluphenazine; BENZ: benztropine 

 

 

Figure 147. Heat map showing the percentage of positive cells for PPT1, P-gp, and MRP-2 for all the conditions 

tested. MCF-7 cells were treated with antineoplastic (DOX and PTX) and repurposed drugs (artesunate, 

chloroquine, fluoxetine, fluphenazine, and benztropine), both alone and in combination. The color key 

represents the percentage of positive cells for each marker. ART: artesunate; CQ: chloroquine; FLUOX: 

fluoxetine; FLUPH: fluphenazine; BENZ: benztropine 
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5.2.2 HT-29 results 

Next, it was evaluated the expression of Ki67, cleaved-PARP, and NF-kB p65 

markers in HT-29 cells treated with a combination of 5-FU plus the CNS drugs thioridazine 

and sertraline (Figure 148). In HT-29 control cells, it was found an abundant nuclear 

expression (76–100%) of Ki67. Except for the treatment of HT-29 cells with 5-FU, all 

conditions demonstrated a similar percentage of Ki67 positive cells to the control (Figure 

148). Treatment with the antineoplastic drug 5-FU induced a reduction in cell viability, as 

demonstrated by a decrease (26–50%) in Ki67 expression (Figure 148). 

It was not found significant changes in cleaved-PARP and NF-kB p65 expression 

among treatments with single and combined drugs, with the expression of both markers 

being negative or <1% (Figure 148).  
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Figure 148. Representative IHC images for Ki67, cleaved-PARP, and NF-kB p65 expression in HT-29 cells 

treated with antimalarial drugs (sertraline and thioridazine), alone and in combination with 5-FU. All images are 

taken at magnification of 400x. Scale bar 50 µm. SERT: sertraline; THIO: thioridazine 

Regarding the expression of PPT1, P-gp, and MRP-2 in HT-29 cells treated with a 

combination of 5-FU plus CNS drugs thioridazine and sertraline (Figure 149), it was found 

high (51–75%) expression of PPT1 in HT-29 control cells (Figure 149). Interestingly, 

treatments with single drugs and in combination seemed to inhibit this enzyme, with almost 

no HT-29 cells expressing this protein. Results regarding MRP-2 and P-gp expression 

demonstrated these proteins were not expressed in these cells in any treatment (Figure 

149). 
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Figure 149. Representative IHC images for PPT1, P-gp, and MRP2 expression in HT-29 cells treated with 

antimalarial drugs (SERT and THIO), alone and in combination with 5-FU. All images are taken at a 

magnification of 400×. Scale bar 50 µm. SERT: sertraline; THIO: thioridazine 

The results regarding Ki67, cleaved-PARP, and NF-kB p65 expression in HT-29 

cells are summarized in Figure 150. Results about PPT1, P-gp, and MRP-2 expression in 

HT-29 cells treated with antineoplastic and repurposed drugs are summarized in Figure 

151.  
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Figure 150. Heat map showing the percentage of positive cells for Ki67, cleaved-PARP and NF-kB p65 for all 

the conditions tested. HT-29 cells were treated with antineoplastic (5-FU) and repurposed drugs (sertraline and 

thioridazine), both alone and in combination. The color key represents the percentage of positive cells for each 

marker. SERT: sertraline; THIO: thioridazine 

 

Figure 151. Heat map showing the percentage of positive cells for PPT1, P-gp, and MRP-2 for all the conditions 

tested. HT-29 cells were treated with antineoplastic (5-FU) and repurposed drugs (sertraline and thioridazine), 

both alone and in combination. The color key represents the percentage of positive cells for each marker. SERT: 

sertraline; THIO: thioridazine 

We have suggested in a prospective study that other antimalarial agents besides 

chloroquine, may interact with PPT1 and therefore inhibit the mTOR signaling and the 

autophagic flux [545]. In that study, our group hypothesized that PPT1 inhibition by 

antimalarial drugs could result in changes in the lysosomal metabolism that contribute to 

less accumulation of antineoplastic drugs in lysosomes, increasing the bioavailability of the 

antineoplastic agents. Indeed, several studies indicate that doxorubicin co-localizes with 

lysosomes and autophagosomes in breast cells resistant to doxorubicin [559]. Furthermore, 

it was found that inhibitors of lysosomal function such as chloroquine potentiate the 

anticancer effect of doxorubicin in hepatic cancer cells [560]. Moreover, it was also 

demonstrated that paclitaxel inhibits endosomal-lysosomal membrane trafficking, by 
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inducing early accumulation of protein and endocytic markers in endosomes and later 

accumulation in a subdomain of lysosomes [561]. Other studies demonstrated that 

enhanced lysosomal function is responsible for paclitaxel resistance in cancer cells and that 

this drug resistance can be reverted using artesunate or other inhibitors of lysosomal 

function [562]. Similar findings were reported in relation to 5-FU, where the inhibition of the 

autophagy process, either by chloroquine or lysosomal photodamage, contributed to 

increased sensitivity of pancreatic cancer cells to 5-FU [563].  

Here, we demonstrated that not only antimalarial drugs but also CNS drugs can 

target PPT1 and inhibit this protein. To explain the synergistic effect among antineoplastic 

and repurposed drugs in breast and colon cancer cells, we propose that (1) antineoplastic 

drugs such as 5-FU, PTX, and DOX inhibit autophagy, resulting in cell death; nevertheless, 

some cells resist autophagy and survive, leading to cancer progression (2) the repurposed 

drugs affect lysosomal metabolism, mainly through the inhibition of the PPT1 enzyme and 

consequently mTOR, helping decrease the accumulation of the antineoplastic drug in the 

lysosomes and consequently reducing the chance of drug resistance, enhancing their 

bioavailability, and increasing the antitumor effect of these drugs.  
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6. CONCLUSION OF CHAPTER V 

Our research group has been exploring the strategies of drug repurposing and drug 

combination as they represent a novel way to identify new potential candidates for cancer 

therapy. We make use of repurposed drugs, i.e., drugs already available on the market for 

other diseases than the original indication, and combine them with drugs already used in 

cancer therapy (antineoplastic agents) [67]. These strategies are advantageous as 

repurposed drugs have pharmacokinetics, pharmacodynamics, and toxicological profiles 

that are well established, making it easy for their approval for novel indications [487]. At the 

same time, if the combination with antineoplastic agents enhances their anticancer activity, 

it allows decreasing the therapeutical dose needed for the treatment and consequently the 

side effects [488]. We have been studying the repurposing of antimalarial and CNS drugs 

for breast and colon cancer and have already found promising drug pairs for colon and 

breast cancer. Previously, we have combined different antimalarial drugs with 5-FU for the 

colon and with DOX and PTX for breast cancer therapy [489, 490]. Regarding the CNS 

drugs class, we have already tested the combination of these agents with 5-FU in HT-29 

colon and with PTX in MCF-7 breast cancer cells. These studies aimed to evaluate if these 

drugs showed anticancer activity and mainly if their combination with antineoplastic drugs 

would enhance their cytotoxic effect on these cells. Collectively, we have found DOX + 

artesunate, DOX + chloroquine, PTX + fluoxetine, PTX + fluphenazine, and PTX + 

benztropine to be the most promising combinations for breast cancer therapy [489, 490]. 

For colon cancer cells, we found 5-FU+thioridazine and 5-FU+sertraline to be the most 

effective drug pairs to reduce cell viability [489].  

Next, we compiled all results from our previous combination models with antimalarial 

and CNS drugs in HT-29 and MCF-7 cells and selected the most promising drug pairs to 

evaluate if these treatments resulted in changes in the expression of some EMT biomarkers 

such as E-cadherin, P-cadherin, vimentin, and β-catenin. The EMT is a process usually 

associated with cancer progression, where cells lose their epithelial features and acquire 

mesenchymal characteristics [564]. This phenomenon allows the cells to gain mobility and 

migrate from the primary tumor site, resulting in metastases. Different studies already 

suggested that EMT is linked to cancer progression [495–500]. TGF-β is involved in the 

regulation of cell proliferation and regulates the EMT by suppressing epithelial cells, leading 

to the loss of E-cadherin, an epithelial protein, while increasing the expression of 

mesenchymal biomarkers such as vimentin [565]. P-cadherin is another EMT biomarker 

that is usually co-expressed with E-cadherin and associated with poor prognosis, being 

associated with tumors with high metastatic potential [566]. On the other hand, β-catenin is 

usually overexpressed in more advanced staged cancers [567]. Vimentin is another protein 
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that is overexpressed in mesenchymal cells and its increased expression is associated with 

malignancy and metastasis [568]. 

Generally, the findings presented in this chapter demonstrate that the most promising 

combination treatments resulted in increased expression of E-cadherin and reduced 

expression of vimentin, β-catenin, and P-cadherin when compared to control cells, in both 

cell lines, which is indicative of a reversal in EMT, with cells expressing a typical profile of 

epithelial cells (Figure 152). Collectively, these results support that combination therapies 

can help reduce cell malignancy.  

 

 

Figure 152. Main findings regarding the evaluation of the effect of the most promising drug combinations on 

EMT proteins. These findings demonstrate that combination treatments increase E-cadherin expression while 

reducing P-cadherin, vimentin, and β-catenin, suggesting that these treatments could induce EMT reversal. 

 

Moreover, these results also demonstrate that PPT1 might be involved in the 

mechanism of action of the aforementioned drug combinations and demonstrate that both 

antimalarial and CNS drugs in combination with chemotherapeutic agents can decrease the 

PPT1 expression in MCF-7 breast and HT-29 colon cell lines. These results suggest that 

PPT1 may be a target not only of antimalarial drugs, as already described in previous 

studies, but also of CNS drugs, both alone and in combination. We propose a model for the 

action of these combination therapies in breast and colon cancer in which the antineoplastic 
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drugs inhibit autophagy, resulting in cell death, with the simultaneous targeting of PPT1 by 

the repurposed drugs, leading to mTOR inactivation and consequently decreasing the 

cellular protein synthesis and cancer cell growth (Figure 153).  

 

Figure 153. Proposed model for the action of combination therapies using repurposed and antineoplastic drugs 

in PPT1, a lysosomal enzyme. Antineoplastic drugs such as 5-FU, PTX, and DOX can inhibit autophagy, 

resulting in cell death. Nevertheless, some cells can be resistant to autophagy and survive, leading to cancer 

progression. Combination with repurposed drugs can generate a deeper response by inhibiting PPT1. This 

inhibition leads to mTOR inactivation, decreasing cellular protein synthesis and cell growth. 
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The results obtained in this study provide compelling evidence for the 

pharmacological potential of drug combinations involving repurposed drug and 

antineoplastic agents in the field of oncology, specifically for the treatment of breast and 

colon cancer. Over the last four years, extensive research has been conducted, yielding 

promising outcomes that pave the way for further investigation in more advanced animal 

models and even in future clinical trials. However, deeper mechanistic studies are strongly 

recommended in the future to evaluate the anticancer mechanisms behind these drug 

combinations. These experiments should also be performed in other types of cancer, such 

as pancreatic, prostate, lung, etc., and further confirmed on animal models and clinal trials.  

These findings also suggest that the continuation of this research in sophisticated 

animal models holds great promise for eventual application and testing in clinical settings. 

To ensure the most optimized implementation of these findings, researchers may employ 

in silico tools, which allow for the fine-tuning of therapeutic doses and the prediction of 

expected tumor regression in these specific study models. Moreover, these studies have 

the potential to shed light on the pharmacokinetic parameters associated with these drug 

combinations, both in animal models and in patients with the disease. Understanding the 

pharmacological behavior of these combinations in different contexts can aid in the 

development of more effective treatment strategies and improve patient outcomes. 

By leveraging the insights gained from this research, clinicians and scientists can 

potentially identify novel therapeutic approaches that harness the benefits of repurposed 

drugs and antineoplastics. Ultimately, this may lead to the development of innovative and 

personalized oncology therapies, bringing new hope to individuals affected by breast and 

colon cancer. 

 

Figure 154. Representation of the potential avenues of exploration within the scope of this doctoral thesis.  
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CHAPTER I 

 

 

Figure S1. Effects of some antimalarial quinolinic derivates on MCF-7 cells. (A) Effect of 6-methoxy-

nitroquinoline in cell viability and (B) protein content. (C) Effect of sitamaquine in cell viability and (D) protein 

content. Cells were cultured in the presence of increasing concentrations of each drug. After 48 h MTT and SRB 

assays were performed to measure cellular viability as well as protein content. Values are expressed in 

percentage and represent mean ± SEM. Each experiment was done three times independently (n = 3). 
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Figure S2. Effects of some antimalarial non-quinolinic derivates on MCF-7 cells. (A) Effect of lumefantrine in 

cell viability and (B) protein content. (C) Effect of atovaquone in cell viability and (D) protein content. Cells were 

cultured in the presence of increasing concentrations of each drug. After 48 h MTT and SRB assays were 

performed to measure cellular viability as well as protein content. Values are expressed in percentage and 

represent mean ± SEM. Each experiment was done three times independently (n = 3). * statistically significant 

vs. control at p < 0.05. ** statistically significant vs. control at p < 0.01. 
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Figure S3. Effects of the CNS drugs (A) ethosuximide, (B) primidone, (C) rufinamide, (D) perampanel and (E) 

latrepirdine on MCF-7 cells. Cells were cultured in the presence of increasing concentrations of the drug and 

after 48 h, the MTT assay was performed to measure cellular viability. Values are expressed in percentage of 

control and represent mean ± SEM. Each experiment was done three times independently (n = 3); * statistically 

significant vs. control at p < 0.05. ** statistically significant vs. control at p < 0.01. **** statistically significant vs. 

control at p < 0.0001. 
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Figure S4. Cytotoxic effects of the CNS drugs (A) edaravone and (B) quetiapine on MCF-7 cells. Cells were 

cultured in the presence of increasing concentrations of the drug and after 48 h, the MTT assay was performed 

to measure cellular viability. Values are expressed in percentage of control and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); * statistically significant vs. control at p < 0.05. **** 

statistically significant vs. control at p < 0.0001. 
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Figure S5. Cytotoxic effects of the antibiotic/antifungal drugs (A) dapsone, (B) natamycin, (C) sulfamethoxazole, 

(D) tobramycin and (E) tunicamycin on MCF-7 cells. Cells were cultured in the presence of increasing 

concentrations of the drug and after 48 h, the MTT assay was performed to measure cellular viability. Values 

are expressed in percentage of control and represent mean ± SEM. Each experiment was done three times 

independently (n = 3); ** statistically significant vs. control at p < 0.01. **** statistically significant vs. control 

at p < 0.0001. 
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Figure S6. Cytotoxic effects of (A) piperazine and (B) quinidine on MCF-7 cells. Cells were cultured in the 

presence of increasing concentrations of the drug and after 48 h, the MTT assay was performed to measure 

cellular viability. Values are expressed in percentage of control and represent mean ± SEM. Each experiment 

was done three times independently (n = 3). 

 

 

 

Figure S7. Effects of chloroquine on HT-29 cells. (A) Effect of chloroquine in cell viability and (B) dose-response 

curve. Cells were cultured in the presence of increasing concentrations of the drug and after 48 h, the MTT 

assay was performed to measure cellular viability. Values are expressed in percentage of control and represent 

mean ± SEM. Each experiment was done three times independently (n = 3); ** statistically significant vs. control 

at p < 0.01. **** statistically significant vs. control at p < 0.0001. 
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Figure S8. Cytotoxic effects of the CNS drugs (A) bromocriptine, (B) carbamazepine, (C) carbidopa, (D) 

entacapone, (E) tolcapone, (F) lamotrigine, (G) m-CPB and (H) nepicastat on HT-29 cells. Cells were cultured 

in the presence of increasing concentrations of the drug and after 48 h, the MTT assay was performed to 

measure cellular viability. Values are expressed in percentage of control and represent mean ± SEM. Each 

experiment was done three times independently (n = 3); ** statistically significant vs. control at p < 0.01. *** 

statistically significant vs. control at p < 0.001. **** statistically significant vs. control at p < 0.0001. 
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Figure S9. Cytotoxic effects of the CNS drugs (A) perampanel, (B) rivastigmine, (C) safinamide, (D) 

scopolamine, (E) selegiline and (F) edaravone on HT-29 cells. Cells were cultured in the presence of increasing 

concentrations of the drug and after 48 h, the MTT assay was performed to measure cellular viability. Values 

are expressed in percentage of control and represent mean ± SEM. Each experiment was done three times 

independently (n = 3); ** statistically significant vs. control at p < 0.01. *** statistically significant vs. control at p < 

0.001. **** statistically significant vs. control at p < 0.0001. 
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Figure S10. Cytotoxic effects of the antibiotic drugs (A) amikacin, (B) vancomycin and (C) gentamicin on HT-

29 cells. Cells were cultured in the presence of increasing concentrations of the drug and after 48 h, the MTT 

assay was performed to measure cellular viability. Values are expressed in percentage of control and represent 

mean ± SEM. Each experiment was done three times independently (n = 3). 
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Figure S11. Cytotoxic effects of (A) acamprosate, (B) atenolol, (C) atorvastatin, (D) furosemide, (E) 

glibenclamide, (F) metoprolol and (G) telmisartan on HT-29 cells. Cells were cultured in the presence of 

increasing concentrations of the drug and after 48 h, the MTT assay was performed to measure cellular viability. 

Values are expressed in percentage of control and represent mean ± SEM. Each experiment was done three 

times independently (n = 3); * statistically significant vs. control at p < 0.05. ** statistically significant vs. control 

at p < 0.01. 
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