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resumo 

 
Atualmente, as doenças neurodegenerativas são as mais prevalentes e 
preocupantes na população idosa, sendo um importante foco de estudo da 
comunidade científica. Este conjunto de doenças é vasto e inclui, por exemplo, 
a doença de Alzheimer, a doença de Parkinson e a esclerose lateral 
amiotrófica. Dado que a esperança média de vida está a aumentar, surgem 
mais preocupações com as doenças relacionadas com a idade. Estas são 
genericamente caracterizadas por uma degeneração neuronal progressiva e 
irreversível, que culmina com a destruição e morte de certas populações de 
neurónios, surgindo complicações funcionais, como perda de memória e de 
outras funções cognitivas, disfunções motoras, dificuldades de linguagem e 
problemas respiratórios, que levam à morte. 
Existem várias teorias para explicar a origem dessas doenças. Uma das mais 
importantes sugere que a neurodegeneração é causada pela existência de um 
ambiente oxidante, resultante de stress oxidativo, que é prejudicial a todos os 
tecidos do nosso organismo. Este define-se como um desequilíbrio entre a 
quantidade de espécies oxidantes e antioxidantes no organismo. Essas 
espécies oxidantes são prejudiciais por interagirem com proteínas e lípidos, 
resultando em danos nos tecidos, nomeadamente do sistema nervoso, um 
tecido particularmente sensível à neurodegeneração, e com os ácidos 
nucleicos podendo resultar em danos no ADN. Para reverter o stress oxidativo, 
o organismo produz antioxidantes, e para reverter o dano no ADN, vias de 
reparo do dano no ADN são ativadas. As vias de reparo mais importantes, em 
particular para o reparo de danos do tipo SSB, o dano mais comum induzido 
por ROS, são as vias BER e PARP. Quando o erro não é reparado, pode 
culminar em morte e degeneração celular. 
Alvos de crescente atenção em investigação científica, os pirazóis são 
compostos sintéticos que possuem diversas atividades biológicas, 
nomeadamente anti-inflamatória, antioxidante e neuroprotetora. Este trabalho 
pretende, em primeiro lugar, apresentar uma análise dos mecanismos pelos 
quais o stress oxidativo interage com os tecidos vivos, nomeadamente no 
processo de neurodegeneração e no surgimento de dano do ADN bem como 
os mecanismos pelos quais o próprio dano do ADN é também capaz de 
conduzir à neurodegeneração. De seguida, apresentam-se os mecanismos 
moleculares de reversão desses danos e estudos que mostram a ação de 
compostos semelhantes aos estudados neste trabalho na reversão do stress 
oxidativo, atuando como antioxidantes e do dano de ADN atuando como 
potencializadores das vias de reparo. Em resumo, será estudada neste 
trabalho a possibilidade teórica de pirazóis serem eficazes na reversão da 
neurodegeneração e dos danos de ADN causados pelo stress oxidativo em 
organismos vivos. Assim, inicialmente foram sintetizados compostos do tipo 
estirilpirazóis e caracterizados por espetroscopia de ressonância magnética 
nuclear e espetrometria de massa de modo a confirmar a sua estrutura e 
pureza. Posteriormente, procedeu-se a estudos in vitro para avaliar a 
citotoxicidade dos compostos sintetizados, em células humanas, usando o 
método da resazurina e estes estudos foram ainda complementados por 
estudos de Western-Blot para avaliar o dano no ADN. Os resultados obtidos 
permitiram estabelecer alguns estudos de estrutura-atividade preliminares que 
são importantes para o desenho de novos compostos deste tipo e indicaram 
que, em geral, os compostos estudados não são citotóxicos ou apenas 
apresentam citotoxicidade significativa em concentrações mais elevadas, 
sendo assim promissores para o seguimento dos estudos iniciados neste 
trabalho. 
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abstract 

 
Currently, neurodegenerative diseases are the most prevalent and worrying in 
the elderly population, being an important focus of study in the scientific 
community. This set of diseases is vast and includes, for example, Alzheimer's 
disease, Parkinson's disease and amyotrophic lateral sclerosis. Given that the 
average life expectancy is increasing, more concerns about age-related 
diseases arise. The latter are generally characterized by a progressive and 
irreversible neuronal degeneration, which culminates in the destruction and 
death of certain populations of neurons resulting in functional complications 
such as loss of memory and other cognitive functions, motor dysfunction, 
language difficulties and respiratory problems, which lead to death. 
There are several theories to explain the origin of these diseases. One of the 
most important ones suggests that neurodegeneration is caused by the 
existence of an oxidizing environment, caused by oxidative stress, which is 
harmful to living tissues. The oxidative stress is defined as an imbalance 
between the amount of oxidant and antioxidant species in the body. These 
oxidizing species are harmful because they interact with proteins and lipids, 
resulting in tissue damage, namely in the nervous system, a particularly 
vulnerable tissue, and with nucleic acids leading to DNA damage. To 
counteract oxidative stress, body produces antioxidants and to counteract DNA 
damage, DNA damage repair pathways are activated. The most important 
repair pathways, in particular for single-strand chain damage repairing (SSB), 
the most common damage induced by reactive oxygen species (ROS), is the 
BER and the PARP pathways. When the error is not repaired, it might 
culminate in cell death and degeneration. 
Targets of increasing attention in scientific research, pyrazoles are synthetic 
compounds that have several biological activities, including anti-inflammatory, 
antioxidant and neuroprotective. This work intends, firstly, to present an 
analysis of the mechanisms by which oxidative stress interacts with living 
tissues, namely in the neurodegeneration process and the occurrence of DNA 
damage, as well as the mechanisms by which DNA damage itself is also 
capable to cause neurodegeneration. Next, the molecular mechanisms for 
reversing these damages are presented and studies showing the action of 
compounds similar to those studied in this work in reversing oxidative stress, 
acting as antioxidants, and DNA damage by acting as activators of repair 
pathways. In summary, the theoretical possibility of pyrazoles being effective in 
reversing neurodegeneration and DNA damage caused by oxidative stress in 
living organisms will be studied in this work. Thus, initially styrylpyrazole-type 
compounds were synthesized and characterized by nuclear magnetic 
resonance spectroscopy and mass spectrometry in order to confirm their 
structure and purity. Subsequently, in vitro studies were carried out to assess 
the cytotoxicity of the synthesized compounds, in human cells, using the 
resazurin method and these studies were further complemented by Western-
Blot studies to assess DNA damage. The results obtained allowed establishing 
some preliminary structure-activity studies that are important for the design of 
new compounds of this type and indicated that, in general, the studied 
compounds are not cytotoxic or only present significant cytotoxicity at higher 
concentrations, thus being promising for the follow-up of the studies initiated in 
this work.  
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CHAPTER 1: INTRODUCTION 

 

1.1. Neurodegenerative Diseases 

 

 Nowadays, cases of neurodegenerative diseases (ND) are increasing significantly, 

and they represent a major threat to human’s health. Since the onset of these diseases is 

closely related to aging, this predominance may be due to the increase of the elderly 

population in recent year1,2. Besides that, the current prevalence is alarming, being 

estimated that around 50 million people worldwide suffer from conditions like this and it 

is predicted that the number of affected people with more than 60 years old will double 

each 5 years3. Therefore, although life expectancy is better, the observation that almost 

all older brains exhibit characteristic changes, probably linked to neurodegenerative 

diseases, makes these as the most feared kind of diseases for the elderly2,4. The increase 

of elderly population and the fact that neurodegenerative diseases are very disabling 

makes the study of these diseases a major issue between the scientific community5.  

 ND are a very heterogeneous group of disorders, where the main events are 

progressive, irreversible and selective, affecting particular brain areas of anatomically or 

physiologically related neuronal systems6, meaning that there is a neuronal vulnerability 

for degenerative mechanisms in brain specific regions, causing neuronal populations 

damage and/or dead7. Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s 

disease (HD), amyotrophic lateral sclerosis (ALS) and frontotemporal dementia are well 

known examples of ND2,8–13. For example, in AD, hippocampal and cortical neurons 

progressively die, in PD the dopaminergic midbrain neurons of the substantia nigra pars 

compacta are the most affected, while in HD and ALS specifically the striatum neurons 

and motor neurons are injured, respectively14. 

 Despite all these ND present different pathophysiological mechanisms, they all 

share common characteristics, namely protein misfolding and aggregation, and their 

specific and distinct brain hallmarks are characterized by formation, aggregation and 

deposition of abnormal insoluble filamentous brain proteins2,7,9,10,12,13,15. These abnormal 

protein accumulations are responsible for neuronal cell toxicity, leading to cell function 

impairment  and death, being the major cause of ND4. In AD, there is an increase in beta-

amyloid (Aβ) generation and accumulation as extracellular deposits-amyloid plaques. 
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Further, there is also an hyperphosphorylation of Tau protein forming the intracellular 

neurofibrillary tangles. Both amyloid plaque and neurofibrillary tangles are the two main 

AD hallmarks. The presence of alpha- synuclein in Lewy bodies composition is one of 

the hallmarks of PD. The transactive response DNA binding protein 43 (TDP43) is the 

hallmark of both frontotemporal dementia and ALS16–18. As a result, many functional 

complications occur leading to different symptoms, including cognitive and memory 

impairments, motor disorders, decline in language, breathing problems, among 

others2,9,10,12. 

 Nevertheless, there are many and distinct clinical phenotypes and genetic 

etiologies for ND7. Beyond the age, the onset of this diseases is mainly due to the 

environment (lifestyle, diet, exposure to substances, etc.) and stochastic events, and 

controlled by genetics. Many genetic and epigenetic studies have been made to 

understand the molecular pathways of neurodegeneration, and genetics seems to make a 

major contribution. In that sense, neurodegeneration may be considered a consequence of 

an accelerated aging, being a dramatic and intensified manifestation of characteristics that 

are proper to aging, especially epigenetic modifications, like DNA methylation, among 

others2,19,20. 

 In fact, it is known that aging is characterized by many individual processes, like 

loss of protein homeostasis, DNA damage, lysosomal dysfunction, epigenetic changes, 

and immune dysregulation, most of them being due to oxidative stress21. The genetic 

predisposition of the individual together with the exposure to the environment seems to 

determine each specific ND that will be developed. Despite the accurate 

pathophysiological mechanisms are not to date well established, researchers aim to 

understand how environmental factors and genetics contribute to a particular disease (AD, 

PD, HD, ALS, frontotemporal dementia) with different aging hallmarks21. Nonetheless, 

it is important to study the molecular mechanisms of these diseases, but also to study the 

mechanisms of physiological aging19. 

 Despite of genetics importance, the etiology of different neuropathologies is not 

exactly known, but efforts to understand it have led to some hypotheses that may explain 

its origin and progress. Studies have been carried out to identify the risk factors that 

mediate several of these diseases, as a strategy to find ways to get around them. These 

studies showed that the main mediators of ND in general are excitotoxicity (glutamate 
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mediated), presence of reactive oxygen species and protein aggregates and even the 

presence of inflammatory processes and some defects in energy metabolism22–25. 

 Among ND, AD is the most prevalent disease, being responsible for 60-80% of 

all cases of dementia26. AD is the third major cause of disability and death among the 

elderly population, after cardio and cerebrovascular diseases and cancer which occupy 

the first places (OMS data, 2019). Besides that, it is expected that the global prevalence 

of dementia doubles every 20 years, reaching 74.7 million cases in 2030, 81 million in 

2040 and 131.5 million in 205026,27. Being the most prevalent, we will focus our attention 

on AD throughout this work. To explain the origin and progress of AD, several 

hypotheses have been suggested28 like the cholinergic hypothesis29, the amyloid 

hypothesis30, tau propagation hypothesis31, mitochondrial cascade hypothesis32, oxidative 

stress hypothesis33,34 and metal ion hypothesis35. In addition, several factors have been 

associated to an increased risk of developing AD, like sleep disorders36, some already 

identified Single Nucleotide Polymorphisms (SNPs)37 and midlife hypertension38. 

 

 

1.2. Oxidative Stress  

 

 1.2.1. Introduction to Oxidative Stress 

 

 Oxygen is essential for living tissues once it is used by eukaryotic cells for 

performing their normal functions. It has a high redox capacity, so it can easily accept 

electrons from oxidized substrates, contributing for vital functions, including aerobic 

respiration. Of note, an hyperoxia state is a very dangerous situation for the tissues, 

because oxygen can be quite toxic39,40 depending on its structure. The reduced oxygen 

forms, generated from the molecular oxygen (O2), are more energetic than oxygen and, 

this way, they are very unstable and tend to interact with many molecules by accepting 

or giving electrons towards its stabilization. These active forms of oxygen, generated by 

oxidation/reduction reactions, are the most toxic, and are designated as reactive oxygen 

species (ROS). Examples of ROS are the superoxide anion radical (O2
•–), the hydroxyl 

radical (HO•), the hydrogen peroxide (H2O2) and the singlet oxygen (1O2)
41. 

 Besides oxygen, there is another molecule in the body responsible for several vital 

functions, including signaling processes. Nitric oxide (NO•) is formed endogenously by 
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the enzymatic oxidation of L-arginine by NO synthase (NOS) and, after that, it can 

directly induce signaling processes or can be converted by redox reactions into other 

nitrogen oxide species42. When it reacts with O2 or with its radicals, it can lead to 

formation of other dangerous molecules, known as Reactive Nitrogen Species (RNS), of 

which NO2 (nitrogen dioxide) and N2O3 (dinitrogen trioxide) are two examples. 

Therefore, ROS and RNS act together causing damage to the cell in a process named of 

oxidative and nitrosative stress43. 

 Due to their high reactivity, ROS and RNS interact chemically with body 

biomolecules, inducing cell modifications and cell death and ultimately tissue damage. 

To overcame ROS and RNS toxicity, aerobic organisms have antioxidant defense systems 

that can block reactive species and prevent its toxic action in the body. Essentially, the 

antioxidant defense systems consist of stable molecules (antioxidants) having the ability 

to donate (oxidation) an electron to chemically unstable species (free radicals) and remain 

stable while this electron is given over to radical species (reduction) to stabilize them, so 

they lose the ability to interact with other molecules, for example body tissues causing 

damage44. 

 Oxidative stress is a concept that was firstly described in 1985, by Helmut Sies, 

in the first introductory book chapter called “Oxidative Stress”45. In 1986 was published 

a review presenting oxidants, antioxidants, and showing their endogenous and exogenous 

sources46. Since then, this redox-biology research area has growing massively in areas 

like chemistry, biology and biochemistry, and also medicine47. Recently, in January 2020, 

there were 21 5120 results matching the expression "Oxidative Stress" in and in 

December 2021 there were 26 867 correspondent results. 

 Oxidative stress is defined as an imbalance between oxidant and antioxidant 

species in the human body. Oxidant species are products from aerobic metabolism, and 

in healthy conditions, antioxidant systems are capable to counteract them and keep the 

balance between oxidant and antioxidant species. Moreover, antioxidants are capable to 

adapt according to the needs. However, in pathophysiological conditions, for some 

reasons, antioxidants cannot counteract oxidants and an imbalance between them occurs. 

When the ROS production overcomes the antioxidant capacity, there is an excessive 

accumulation of ROS and oxidative stress arises45,46,48,49. The latter may cause tissue 

injury, since oxidative stress can cause lipid peroxidation, protein oxidation and nucleic 

acids damage. Hence, oxidative stress can damage cell membranes, inflict protein 
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structure and function changes and causes structural damages on DNA50. For that reason, 

oxidative stress is implicated on the onset and progression of diseases like cancer51, 

neurodegenerative diseases52,53, atherosclerosis, diabetes54 and aging55. 

  

 1.2.2. Oxidants and Antioxidants 

 

 Our body produces many types of ROS working as oxidants. In one hand, they 

can be considered oxidants that are produced in a deliberated way, meaning that there is 

a purpose for its production. One example is the production of O2
•– and H2O2 by 

neutrophils, monocytes, macrophages, and eosinophils in a very important defense 

mechanism for killing bacteria and fungi and also for inactivating viruses. But in the other 

hand, they can be considered oxidants that are produced accidentally, when they are 

generated from some molecules through their direct reaction with oxygen. One example 

is the formation of O2
•– and H2O2 in the presence of epinephrine hormone. Other and very 

significant example is the production of O2
•– and H2O2 in mitochondria during cell 

respiration. There is a electrons transport chain from where a percentage of them directly 

escape forming O2
•–56,57. Besides that, there is also a biological production of NOS, 

especially in vessels, as a relaxing factor, and also in the brain by phagocytes for 

defense58. 

 Interestingly, our body has their own antioxidant defense mechanisms to protect 

itself, always trying to achieve a perfect balance between oxidant and antioxidant species. 

The body antioxidant species can be divided in two groups: enzymes and non-enzymatic 

compounds.  In the first group comprises substances able to participate in enzymatic 

responses that block oxidants activity, like superoxide dismutase (SOD) enzyme, 

glutathione peroxidase (GPx) and catalase (CAT)59. The second group includes non-

enzymatic compounds as glutathione (GSH) and some antioxidants found in food or 

nutraceuticals as vitamin C (ascorbic acid), vitamin E (alfa-tocoferol) and vitamin A 

(beta-carotene)56,57,59. 

 

 1.2.3. Oxidative Stress Contribution for Neurodegeneration 

 

 Although oxygen is essential for living tissues, being the major player in aerobic 

metabolism, each tissue has different oxygen requirements. The brain is one of the largest 
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oxygen consumers of whole body. In fact, brain represents only about 2% of the human 

body weight and is responsible for about 20% of total oxygen consumption. The main 

cells responsible for this consumption are neurons and astrocytes, the two major brain 

cell type60. For this reason, brain is particularly exposed to oxygen-derived dangers. In 

addition, neurons have a long life over which stress and damage will accumulate, and, 

when neurons are damaged, they have a low ability to regenerate61. 

 Several studies associating oxidative stress with neurodegenerative diseases in 

general, and with AD, in particular, have been performed and are reviewed40,52,62. Many 

of them aim to explain the mechanisms behind each change that leads to cell death and 

neurodegeneration. Nowadays, it is very well-established that oxidative stress plays an 

important role in cell and tissue degeneration. ROS can interact with proteins, lipids and 

nucleic acids and, despite of it is a trigger for these processes, it is also a consequence for 

them. This means that ROS interact with molecules to cause damage or destruction of 

these biomolecules, and at the same time this destruction process generates more ROS, 

increasingly enhancing a cycle of high levels of ROS and high level of tissue destruction, 

that may culminate in neurodegeneration51,63,64. 

  

 1.2.4. Antioxidant Therapies in Neurodegenerative Diseases 

 

 Since brain is highly exposed and sensitive to ROS damage, the antioxidant 

protection is extremely needed. When oxidative stress causes damage, such as 

neurodegeneration, it is possible to formulate the idea that this is not being counteracted 

sufficiently, that is, the antioxidant defenses are not enough, or they are not acting 

properly. Considering that oxidative stress is an important cause of neurodegeneration, 

thinking about fighting these diseases using therapies based in antioxidants has been an 

option all over the years.  

 The most studied antioxidants for clinical applications were vitamin E, that acts 

as a scavenger of radicals inhibiting brain lipid peroxidation; vitamin C, that works as an 

intracellular reducer molecule; and coenzyme Q10, that has an important role in the 

electrons transport along the electron transport chain in respiration65,66. Also some 

nutraceutical antioxidant experiments were conducted using ginseng, curcumin and 

garlic67–70. Later, compounds like polyphenols were also tested71. Besides that, some in 

vitro and in vivo animal studies have shown some neuroprotective activity and ability to 
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inhibit protein aggregation, characteristic in AD, for example, but results were not very 

effective when studies were performed in humans66,72.  

 

 1.2.5. Oxidative Stress Induction and Measurement Methodologies 

  

 Given the important contribution of oxidative stress for developing ND, the 

identification of methodologies to induct and measure oxidative stress were mandatory. 

In terms of inducing oxidative stress in the laboratory, this can be done in different ways, 

namely by exposure to chemical substances. The most widely used method resorts 

hydrogen peroxide, which works as an oxidizer, reducing oxygen. This is fat-soluble and 

can therefore pass-through biological membranes73.  

 In terms of measurement, essentially there are two different strategies to measure 

oxidative stress levels in laboratory: direct methods, where free radicals are directly 

quantified, and indirect methods, where the researcher looks for the levels of well-

established oxidative stress markers. In the first group, electron paramagnetic resonance 

method (EPR) is considered the least ambiguous methodology and it allows to measure 

directly by spectroscopy the formation of radicals74. In the second group, it is possible to 

monitor the levels of several biomarkers, namely oxidation derivatives of lipids, proteins, 

and nucleic acids. Additionally, several biomarkers of antioxidant capacity, like TAS 

(Total oxidant status), FRAP (Ferric Reducing Antioxidant Power Assay) and ORAC 

(Oxygen radical absorbance capacity) could also be monitored59. A summary of the 

biomarkers used to evaluate the oxidative stress are resumed in Table 1. 
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Table 1: Biomarkers to evaluate oxidative stress. Adapted from Barbosa et al.75 

Type of Biomarker Biomarker Description 

Derivatives of lipids 

oxidation 

MDA 

Malondialdehyde. One of the most abundant 

lipid oxidation products. Mainly results from 

the oxidation of EPA and DHA. 

TBARS 

Thiobarbituric acid reactive substances. By-

product of lipid oxidation. It allows to quantify 

the formation of MDA. 

Derivatives of proteins 

oxidation 

Carbonyls 
Results from the action of reactive species on 

amino acid side chains. 

3-Nitrosamine 
Results from the action of reactive species on 

proteins. 

Derivatives of nucleic 

acids oxidation 

8-OHdG Results from the guanine base oxidation. 

5-HMdU Results from the thymine base oxidation. 

Antioxidant Capacity 

TAS 
Allows the quantification of the total 

antioxidants present in the sample. 

FRAP 
Allows the quantification of antioxidants that 

do not have S-H bonds present in the sample. 

ORAC 
Allows the quantification of a specific 

antioxidant using fluorescence. 

 

 Since the current work of cytotoxicity studies is part of a larger project that aims 

to study the ability of these compounds to reverse neurodegeneration caused by oxidative 

stress, it is later planned to use the hydrogen peroxide method to induce oxidative stress 

in neuronal cells and apply the commercial kit named ROS-ID® Total ROS detection kit 

ENZ-51011 (Enzo Life Sciences) to measure its levels. This kit allows the direct 
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measurement of ROS and RNS production in living cells using fluorescence microscopy 

or flow cytometry. It directly detects radicals such as peroxynitrite (ONOO−) and 

hydroxyl radicals (·OH), or molecules as hydrogen peroxide (H2O2). When radicals are 

present in cells, the kit reagents react with the radicals originating a green fluorescent 

product that can be observed using a wide-field fluorescence microscope equipped with 

standard green filter (490/525 nm), or a flow cytometer equipped with a blue laser (488 

nm)76. 

 

 

1.3. DNA Damage 

 

1.3.1. Introduction to DNA Damage Response 

 

 DNA consists in two polynucleotide chains coiled around each other by hydrogen 

bonds between the base portions of the nucleotide. Each cell contains around two meters 

of DNA interacting with histones in the nucleus77. This organelle is delimited by the 

nuclear envelope and regulates gene expression, replication, and cell proliferation and 

division and protects the DNA from reactive species present in the cell cytoplasm. 

Although the nucleus is an organelle separated from the rest of the cytoplasm by a double 

membrane, this membrane is permeable to small molecules, that cross and interact with 

DNA78,79. Given the crucial role of genome for the cell healthy maintenance and 

consequently perpetuation of healthy life, problems associated with genomic instability 

resulting from extensive damage represent a major issue to the scientific and medical 

community. 

 Every day our cells and DNA are exposed to several aggressions via endogenous 

and exogenous agents, or otherwise the DNA damage can be caused by internal or 

external factors. The first ones are associated with metabolism, like ROS (that are 

physiological in a certain level) or some spontaneous chemical reactions. The second ones 

are related with environmental factors, such as radiation, chemical agents, pollution or 

even some viruses80. Independently of the origin of the aggressive factors, they can lead 

to many alterations. In one hand, it can cause nucleotide sequence alterations, involving 

deletions, insertions, substitutions, or rearrangements of base pairs, what can lead to 

dysfunctional proteins. This type of genetic material alterations is called mutations81. It 
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can be caused by an agent or being simply spontaneous lesions occurred during normal 

DNA replication, what happens due to a deficient incorporation of deoxyribonucleotide 

triphosphate (dNTPs), interconversion between DNA bases caused by deamination, loss 

of DNA bases following DNA depurination and modification of DNA bases by 

alkylation82. In contrast, when we are talking about DNA damage, we refer to physical or 

chemical alterations in the tridimensional structure of the double helix. Sometimes, DNA 

damage ends in mutations when there is no capacity to repair the damage81. 

 In overall, DNA damage results from endogenous processes (normal cellular 

replication83,84 and metabolism85,86 or from exogenous exposures (ultraviolet (UV)87,88 

and ionizing radiation (IR)89,90, or to various genotoxic compounds91,92). Depending on 

the type of stress, different types of DNA damage are generated (Figure 1). For example, 

the normal replication process induces mismatch of nucleotide leading to mutations93–96. 

In turn, the oxidative stress will generate ROS from either the normal metabolism or from 

exposition to a genotoxic compound originating DNA breaks (single strand breaks (SSB) 

or double strand breaks (DSB))97–99. These alterations lead the activation of DNA damage 

repair mechanisms (Figure 1). 

 

 

Figure 1: Summary of DNA damaging agents, types of DNA damage caused by the mentioned 

agents, and mechanisms of DNA repair activate. Taken from Imran et al.100 

  



13 

 

 Another type of DNA damage called abasic sites (APs) occurs when a base 

(pyridine or pyrimidine) is lost from the DNA by cleavage of a N-glycosyl bond, leaving 

the sugar-phosphate chain intact101, though a process is called depurination or 

depyrimidination, respectively. Further the deaminations, characterized by the loss of 

amino groups from DNA bases, producing bases that naturally do not exist102. There are 

also cyclobutane pyrimidine dimers (CPDs), in which covalent linkages between adjacent 

pyrimidines occur in the same DNA strand, and they are the most frequent type of DNA 

lesion derived by UV light exposure103. 

 

 1.3.2. DNA Damage caused by Oxidative Stress on Neurodegenerative Diseases 

 

 The DNA damage repair (DDR) and damage-bypass mechanisms are detrimental 

to protect DNA and to ensure cell survival. There is a perfect balance between DNA repair 

and tolerance mechanisms and when they are altered, they will destabilize cellular 

metabolic homeostasis, leading to devasting diseases like cancer an ND, where disruption 

or deregulation of DDR results in genomic instability. The DDR will be responsible for 

detection of any type of DNA damage that occurs and will activate a repair signaling 

cascade at the damage site. Consequently, the cells will continue proliferating if the repair 

successfully occurs or will activate cell apoptosis if the damage was too extensive and the 

repairing mechanisms are not able the repair the damage104.  

 There are several mechanisms of DNA repair reviewed in Imran et al.100 (Figure 

2), including mismatch repair (MMR)105, base excision repair (BER)106, nucleotide 

excision repair (NER)107, homologous recombination (HR)108 and non-homologous end 

joining (NHEJ)109. Interestingly, several DNA damage types can be repaired though 

activation of an important repair factor named ATM kinase, being the major factor 

associated to dsDNA break repair via NHEJ109. In overall, DNA damage will activate a 

series of damage sensors, them the transduction of damaged signal to the DDR mediators 

and downstream effectors and finally the DDR effectors coordinate and regulate the 

appropriate response according to the severity of DNA damage. DDR is a 

phosphorylation-driven signaling event that leads to the activation of both ATM and 

ATR, as two crucial DDR transducers that in turn interacts with several proteins namely 

p53, checkpoint kinase 1 and 2 and decrease the activity of cyclin-dependent kinase110. 
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Figure 2: DNA damage response network. Taken from Mirza et al.111 

 

 1.3.3. DNA Damage Repair Pathways 

 

 Brain neurons are the most susceptible cells to DNA damage caused by oxidative 

stress once brain have a high O2 consumption, what generates a huge amount of ROS112; 

brain has a weak level of antioxidant enzymes113; the free radical NO· is an important 

biological messenger highly diffusible and playing a prominent in CNS114; there is a high 

transcriptional demand in post-mitotic neurons, what causes a huge dependency of these 

cells on SSBs;  and they have limited regenerative capacity. This way, they are 

particularly susceptible of DNA error, and consequently to function loss and death115. 

 This way, nucleotides are constantly subjected to oxidation. The most possible 

oxidized studied base is guanine. As it has a low oxidation potential, it is particularly 

susceptible to singlet oxygen, forming 8-oxo-7,8-dihydroguanine (8-oxoG). This base 

alteration can guide to APs formation or lead itself to many alterations. It can lead to 

disruption of many cellular functions, like affect how proteins bind to the DNA, what can 

disrupt DNA binding and promote transcription; and its APs can alter DNA secondary 
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structure, forming stacked groups of guanines that affect genome stability, replication, 

and gene regulation through enforcing single stranded DNA and providing protein 

binding sites116,117. 

 To solve the APs and SSBs, Damage Repair Pathways (DDRs) are implicated, 

particularly BER and PARP-1. There are evidence that this pathways are deregulated in 

ND, particularly BER-genes are less expressed and PARP-1 more activated in AD116. 

 

 1.3.4. DNA Induction and Measurement Methodologies 

 

 To induct DNA damage in laboratory, techniques such as exposure to chemicals 

(such as methylphenidate118, Tributyltin119, bleomycin120, among others) or ionizing 

radiation (such as UV)87 are widely used.   

 To identify and measure DNA damage in laboratory, nowadays there are many 

techniques and it is even possible to search for each specific type of damage caused by 

oxidative stress. In our case, we are most interested in search for APs and SDBs damages.  

 To identify and measure AP sites, we can follow for example 8-oxo-G, or other 

oxidative base modification. This can be done by Gas chromatography (GC) and liquid 

chromatography (LC), simultaneous with electrochemical detection (ECD) or mass 

spectrometry (MS). Between these techniques, LC with Tandem MS (MS/MS) have been 

the most used and considered as the standard method to measure oxidative DNA base 

lesions in biological samples. As an advantage for this one, the information obtained 

includes lesion structural information, but it has disadvantages like it is needed a high 

DNA amount (around 30 mg) and it is needed a previous DNA preparation by enzymatic 

digestion what can cause artefactual oxidative lesions121,122. On the other hand, there is 

also search for 8-oxo-guanin (8-oxo-G) or others by immunoassays, using antibodies 

against lesions. The big disadvantage is its lack of specificity between oxidized lesion 

and undamaged bases123. 

 To identify and measure strand break type lesions, the standard technique is the 

Single Cell Gel Electrophoresis assay (SCGE, also known as comet), what briefly consists 

in run nucleoids containing supercoiled loops of DNA linked to the nuclear matrix 

(obtained by lysing cells with detergent and high salt levels) by electrophoresis. Then, it 

results in structures resembling comets with both a ‘head’ (supercoiled intact DNA) and 

a ‘tail’ (nicked and fragmented DNA), fragments that can migrate. In the end, the intensity 
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of the comet tail relative to the head reflects the number of DNA breaks. However, this 

method allows just a few samples each time124. One another hand, there is another very 

used and very well- established technique to measure SSB, immunofluorescence. The 

protocol consists briefly in fix cell, incubate them with antibodies against proteins that 

participate in DNA Damage, like H2A.X. This protein becomes phosphorylated H2A.X 

during strand breaks lesion and it can be detected by fluorescence microscopy if it is 

conjugated to a fluorophore, and it is considered the most sensitivity and specificity 

compared to other assays125,126. The following Table 2 resumes some of the most used 

methods. 

 

Table 2: Techniques used to measure DNA Damage. Taken from Gonzalez-Hunt et al.127 

 

 Since the current work of cytotoxicity studies is part of a larger project that aims 

to study the ability of these compounds to reverse DNA Damage caused by oxidative 

stress, it is later planned to induce DNA Damage in neuronal cells using the bleomycin 

model, which mainly induces type SB damage, and then measure DNA Damage levels 

caused by oxidative stress levels using the ϒH2A.X immunofluorescence detection 

method. 
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1.4. Pyrazoles 

 

 1.4.1. Introduction to Pyrazoles 

 

 Pyrazole belongs to a class of heterocyclic compounds consisting of an 

heteroaromatic five-membered ring containing two nitrogen atoms in adjacent positions 

(1 and 2 positions) and three carbons, which are also identified by the name "1,2-

diazole"128,129. Due to rapid interconversion in solution, N-unsubstituted pyrazoles may 

present three identical and non-separable tautomers, the 1H-pyrazole (I), 3H-pyrazole 

(II) and 4H-pyrazole (III). Moreover, three partially reduced forms may also exist, called 

pyrazolines or dihydropyrazoles, namely 2,3-dihydro-1H-pyrazole (IV), 4,5-dihydro-1H-

pyrazole (V) and 4,5-dihydro-3H-pyrazole (VI), and the pyrazolidine (VII), which are 

fully saturated pyrazoles129 (Figure 3). 

 

Figure 3: Structures of pyrazole tautomers (I, II, III), pyrazolines (IV, V, VI) and pyrazolidine 

(VII) 

 Pyrazoles are seldom found in nature, which may be due to the difficulty of the 

formation of N-N bond by living organisms130. However, a high interest has existed over 

the years regarding the synthesis of pyrazole derivatives, since these compounds have a 

wide range of applications, especially in drug discovery and medicine131. This type of 

compounds were synthesized firstly by Knorr in 1883, when he synthesized a pyrazole 

derived compound, pyrazolone132. Pyrazolone is the keto derivative of pyrazole133. 

Starting from pyrazolone, antipyrine was quickly discovered and approved for use. In 

1884, antipyrine was already used to treat pain, inflammation and fever134 and, from this 

moment on, attention was focused on pyrazoles and their derivatives due to their great 

pharmacologic potential. 

 Several biological activities are recognized for pyrazole-type compounds, namely 

analgesic, anti-inflammatory (COX-2 inhibitors), anticancer, anxiolytic, antidepressant,   

anti-pyretic, antimicrobial, antifungal, antiviral, antioxidant, and neuroprotective 

activities135. In fact, pyrazoles are the active ingredients of already marketed drugs such 

as celecoxib, antipyrine, phenylbutazone, novalgine, ramifenazone, apixaban, fipronil, 
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rimonabant, pyrazofurin among others135–139. In sum, pyrazoles are considered key 

structures in medicinal chemistry due to their varied biological activities, and they appear 

to be safe as they are active ingredients of several already marketed drugs.  

 Within the scope of this work, the antioxidant and neuroprotective activities of 

pyrazoles are particularly relevant and will be addressed in the following sections. 

 

 1.4.2. Pyrazoles to Counteract Oxidative Stress 

 

 Pyrazole is an important pharmacophore in the development of antioxidants to 

counteract oxidative stress. As recently reviewed by Silva et al.140, several examples of 

pyrazoles alone or combined with other pharmacophores have shown high antioxidant 

activity. Among these examples, pyrazoles that present in their structure one or more 

styryl groups stand out, as they are more identical, in structural terms, to the compounds 

that will be studied in this work. This is the case of 3,5-bis(styryl)pyrazoles (VIII), 

curcumin analogues, that are well-known for their antioxidant activity (Figure 4). Some 

derivatives possess superior activity to that of curcumin in DPPH, ferric reducing 

antioxidant power (FRAP), and β-carotene bleaching assays141. Compared with 3,5-bis(4-

hydroxy-3-methoxystyryl)pyrazole (VIIIa) (EC50 = 14 ± 0.18 μmol), curcumin presented 

lower inhibition of DPPH• radical (102 mmol), (half maximal effective concentration 

(EC50) = 40 ± 0.06 μmol)). The presence of hydroxy and methoxy groups on the terminal 

phenyl rings is benefic for the antioxidant capacity. Moreover, the 3,5-bis(styryl)pyrazole 

CNB-001 has shown interesting results in studies related to neuroprotection and 

Alzheimer’s disease. It was able to restore membrane homeostasis disrupted after brain 

trauma, being a promising compound for therapeutic use in the treatment of Parkinson’s 

disease142. In combination with tissue plasminogen activator, CNB-001 is efficient in the 

treatment of stroke143. Compound (VIIIa) acted as inhibitor of β-amyloid secretion and 

protein kinases involved in neuronal excitotoxicity144. Some analogues of pyrazole VIIIa 

also displayed good inhibition of γ-secretase activity, tau aggregation, and/or affinity to 

fibrillar Aβ42145. 
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Figure 4: Structures of curcumin, 3,5-bis(styryl)pyrazoles (VIII) and CNB-001 that possess 

antioxidant and neuroprotective activities (styryl groups detached in blue)  

 

 1.4.3. Pyrazoles to Counteract DNA Damage 

 

 The repair of DNA damage is a complex process that is based on pathways to 

remedy specific types of damage to DNA, which include the damage induced by oxidative 

stress. Different DNA damage response inhibitors have been developed through the years. 

However, in what concerns to pyrazoles, there are only a few studies reported in the 

literature. One of these studies, demonstrated the DNA repair ability of Niraparib (Figure 

5), a pyrazole that behaves as a PARP1/2 inhibitor. The involvement of PARP1 in the 

recognition and repair of DNA damage is well-established146. Niraparib detects single-

strand DNA breaks and synthesizes a poly(ADP-ribose) chain (PAR) to recruit repair 

proteins147.  

 The nucleotide excision repair (NER) is an incredibly versatile pathway and 

remedies DNA bulky adduct damage and requires the activity of more than 30 individual 

proteins and complexes. It relies on four essential steps: recognition, incision/excision, 

resynthesis and ligation. The pyrazole X-80 (Figure 5) is a XPA protein inhibitor that 

displayed reasonable potency in fluorescence polarization DNA binding assays, and in 

cancer therapy, for example, this compound may enhance the action of platinum-derived 

chemotherapeutic drugs148. 

 Studies with in cultured human blood lymphocytes demonstrated that Celecoxib 

(Figure 5) protects from ionizing radiation effects that cause oxidative stress, DNA 

damage and chromosome abbreviations on normal cells149. 
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Figure 5: Drugs that have the ability to repair DNA damage and possess a pyrazole nucleus in 

its structure (detached in red) 

 

 

1.5. Aim of the work 

 

 Despite the already known biological activities of styrylpyrazoles150,151, their 

interesting physicochemical properties, such as tautomerism, isomerism152,153 

conjugation extension, due to the presence of the styryl (2-arylvinyl) group, as well as the 

rich chemistry related to their synthesis and transformation, this type of pyrazole has 

rarely been studied. Previous studies revealed that two families of pyrazoles the (E)-3(5)-

(2-hydroxyphenyl)-4-styryl-1H-pyrazoles and (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-

1H-pyrazoles (Figure 6) possess good ABTS+• and NO• radicals scavenging activity (data 

not yet published), especially the compounds of the first family. These results may be 

indicative of the potential of these compounds as good antioxidant agents. 

 

Figure 6: Pyrazoles that have shown promising antioxidant activity in previous studies. Styryl 

groups detached in blue and pyrazole nucleus detached in red. Adapted from Correia et al.154 

  



21 

 

 Based on these previous results, this work aims to evaluate the potential of a series 

of pyrazoles of the above-mentioned families (Figure 7) to counteract oxidative stress 

and consequent DNA damage, conditions thar are underlying neurodegeneration. Among 

the selected pyrazoles for this study, two of them possess a long alkyl chain of ten carbons 

linked to the N1-nitrogen or 2’-oxygen atoms. The introduction of this chain allows to 

modulate the physicochemical properties of these compounds in order to increase the 

lipophilicity. This seems to be a crucial feature to make the compounds more able to cross 

the blood brain barrier envisaging their application in the treatment of neurodegenerative 

diseases. 

 

Figure 7: (E)-4-Styrylpyrazoles (1a-1d (Group 1), 2a and 3a (Group 2)) and (E)-5(3)-

styrylpyrazoles (4a,4b (Group 3)) studied in this work. 

  

 Knowing the properties that are already recognized for this type of compounds 

and taking into account the global concern about the advancement of this type of diseases 

that is already foreseen in a near future, this work intended to be the first step of a 

pioneering investigation that aims to evaluate the potential of these pyrazole-derived 

compounds as drugs to tackle neurodegenerative diseases. In this sense, it is extremely 
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important to know more about these compounds’ safety, so this work intends to evaluate 

their toxicity to human cells. Therefore, the specific goals of this work are: 

 Synthesize some of the selected pyrazoles (1c, 2a, 3a, 4a and 4b) and structurally 

characterize them by nuclear magnetic resonance spectroscopy and mass 

spectrometry in order to confirm their structure and purity. Pyrazoles 1a, 1b and 

1d were already available in the laboratory in sufficient amount for this study. 

 Evaluate the pyrazoles’ cytotoxicity using HeLa cells and different concentrations 

of the eight different pyrazoles for cell viability tests based on resazurin assay. 

We chose to use human cells, to work closely to our ultimate goal reality, which 

is to be drugs for human use, but we chose at the same time to use simple handling 

cells, to be easier to perform this preliminary kind of tests with many compounds 

that intend to function as a preliminary selection of the most promising ones. 

 Evaluate the pyrazole’s cytotoxicity using the same cells for intracellular levels 

of ϒH2A.X protein quantification in order to enrich and better clarify the results 

obtained from cell viability tests, ensuring that the compounds that we will 

consider to be no cytotoxic in resazurin assays won't really be causing any kind 

of hidden damage, namely in the genetic material. For that, we will apply the SDS-

Page technique to separate proteins from the cells previously analyzed, and we 

will detect and quantify the DNA damage marker protein by Western-blotting. 

 Establish structure-activity relationship studies based on the results obtained in 

the biological assays and identify the safer and more active compounds and 

chemical groups. This knowledge will motivate, in the chemistry field, inspiration 

for design new molecules containing these kinds of seemingly promising 

structures and, in the biological field, the continuation of more advanced studies 

with the most promising compounds. 
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CHAPTER 2: SYNTHESIS AND STRUCTURAL 

CHARACTERIZATION OF STYRYLPYRAZOLES 

 

2.1. Preamble 

 

 In this work, two families of styrylpyrazoles have been studied: (E)-3(5)-(2-

hydroxyphenyl)-4-styryl-1H-pyrazoles and (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H- 

pyrazoles (see Figure 7, section 1.5). In this chapter we will describe the nomenclature 

of these compounds and the synthetic strategies followed for their preparation, their 

structural characterization, as well as the fully detailed experimental protocols. 

 

2.2. Nomenclature 

 

 The nomenclature adopted for the styrylpyrazoles 1a-d, 2a, 3a and 4a,b 

represented in Figure 7 does not follow the IUPAC rules. The numbering of the structure 

starts at the pyrazole ring, with the number 1 being assigned to the NH or to the substituted 

nitrogen and the number 2 being assigned to the other nitrogen atom, and so on. The 2'-

hydroxyl group is a substituent group which is attached to the 3 or 5 position of the 

pyrazole. Note that in the case of N1 non-substituted asymmetric styrylpyrazoles there 

may be two tautomers so that the position where the 2'-hydroxyphenyl group is attached 

can be the 3 or 5 position (Figure 2). The carbons of this substituent group are numbered 

from 1' to 6' with the 2'-position being that to which the hydroxy (for compounds 1a-d, 

2a and 4a,b) or decyloxy (for compound 3a) group is attached. Also due to the fact that 

two tautomers are possible, in pyrazoles 4a,b the styryl group, which is also considered 

a substituent, may be attached at the 3 or 5 position (Figure 8). The carbons of the 

aromatic ring of the styryl group are numbered from 1" to 6" and the carbons of the 

exocyclic double bond are numbered as α and β. Both compounds have the designation 

(E)- that precedes the name of the compound and indicates the trans configuration of the 

Cα=Cβ double bond. Thus, compounds 1a-d, and 2a are derivatives of (E)-3(5)-(2-

hydroxyphenyl)-4-styryl-1H-pyrazoles, compound 3a is named as (E)-3(5)-(2-
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decyloxyphenyl)-4-styryl-1H-pyrazole, and compounds 4a,b are derivatives of (E)-3(5)-

(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles. 

 

Figure 8: Structure, numbering system and tautomers of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-

1H-pyrazoles (1a and 1a’) and (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles (4a and 

4a’) 

 

 

2.3. Synthesis Strategies 

 

 Among the compounds studied in this work, only compounds 1c, 2a, 3a, 4a and 

4b were synthesized. The remaining compounds 1a, 1b and 1d were already available in 

the laboratory in sufficient amount and high purity degree for the studies to be carried 

out. 

 In this section, will be described the synthetic methods used for the preparation of 

the above-mentioned compounds. 

 

2.3.1. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles 1c, 2a and 3a 

 

 Compounds 1c, 2a and 3a belong to the family of (E)-3(5)-(2-hydroxyphenyl)-4-

styryl-1H-pyrazoles. Compound 1c was synthesized in two steps (Scheme 1). Following 

a method previously reported by Silva et al.155, in the first step, 4-oxo-4H-chromene-3-
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carbaldehyde (5) (or 3-formylchromone) undergoes a Knoevenagel condensation with 4-

methoxyphenylacetic acid 6a in dry pyridine, at 120 ºC, using potassium tert-butoxide as 

base, to give the (E)-3-(4-methoxystyryl)-4H-chromen-4-one (7a). In the second step, the 

3-strylchromone 7a reacts with hydrazine hydrate in methanol, at room temperature, to 

give the (E)-3(5)-(2-hydroxyphenyl)-4-(4-methoxystyryl)-1H-pyrazole (1c)156,157.  

 

Scheme 1: Steps for 1c synthesis 

  

 Compounds 2a and 3a were obtained in three steps (Scheme 2). First, the 

Knoevenagel condensation of 4-oxo-4H-chromene-3-carbaldehyde (5) with phenylacetic 

acid 6b gave the (E)-3-styryl-4H-chromen-4-one (7b). The reaction of compound 7b with 

hydrazine hydrate in methanol, at room temperature, gave the (E)-3(5)-(2-

hydroxyphenyl)-4-styryl-1H-pyrazole (1a), in very good yield. Then, pyrazole 1a 

underwent an alkylation reaction with 1-bromodecane to give the (E)-1-decyl-3(5)-(2-

hydroxyphenyl)-4-styryl-1H-pyrazole (2a), in 60% yield, which results from the 

alkylation at the NH of the pyrazole ring. It is noteworthy that another product was 

obtained, in low yield, which corresponds to the (E)-3(5)-[(2-decyloxy)phenyl]-4-styryl-

1H-pyrazole (3a). 



28 

 

 

Scheme 2: Steps for 2a, 3a synthesis. 

 

2.3.2. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 

 

 The synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 4a and 4b 

was performed following a method previously described by Silva et al.158 The method 

involves three steps (Scheme 3). In the first step, a Steglich esterification of 2’-

hydroxyacetophenone 8 with the appropriate cinnamic acid 9a,b in a chlorinated solvent, 

dichloromethane, at room temperature, in the presence of dicyclohexylcarbodiimide 

(DCC) and 4-pyrrolidinopyridine (4-PPy) for 6 days, gives the corresponding 2-

acetylphenyl cinnamates 10a,b.158In this work, only the 2-acetylphenyl cinnamate 10a 

was prepared. In the next step, the 2-acetylphenyl cinnamate was converted into the 

corresponding (E)-1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione (11a) by a Baker-

Venkataraman rearrangement in strong basic conditions. Finally, the reaction of (E)-1-(2-

hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione (12a) and (E)-1-(2-hydroxyphenyl)-5-(4-

methoxyphenyl)pent-4-ene-1,3-dione (12b) (prepared from corresponding 2-

acetylphenyl cinnamate 11b)  with hydrazine hydrate in methanol afforded the 

corresponding (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 4a and 4b in low 

yields. 
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Scheme 3: Steps for 4a, 4b synthesis 

 

 

2.4. Structural Characterization  

 

 In this section, it will be briefly discussed the main characteristics observed in the 

NMR spectra of the synthesized styrylpyrazoles. We will start with the analysis of the 

spectra of (E)-3(5)-(2-hydroxyphenyl)-4-(4-methoxystyryl-1H-pyrazole) 1c as a 

representative compound of the (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles’ 

family, and then we will present the main features of the NMR spectra of compounds 2a 

and 3a. Finally, we will discuss the main features of the NMR spectra of (E)-3(5)-(2-

hydroxyphenyl)-5(3)-styryl-1H-pyrazole 4a, as an example of the (E)-3(5)-(2-

hydroxyphenyl)-5(3)-styryl-1H-pyrazoles’ family. 

  

2.4.1. Structural characterization of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles 

1a and 1c 

 

 The (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole 1a  is already reported in 

the literature159 and herein it was characterized by 1H NMR. In Figure 9 and Figure 10, 

it was represented the 1H NMR spectra of (E)-3(5)-(2-hydroxyphenyl)-4-(4-
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methoxystyryl)-1H-pyrazole 1c, where it possible to observe the singlet due to the 

resonance of the protons of the methoxy group at H = 3.84 ppm. Other important features 

in the 1H NMR spectra of the pyrazoles 1a and 1c are: i) the signal due to the resonance 

of H-5 that appears as a singlet at H = 7.82–7.84 ppm; ii) the vinylic protons H-α at H = 

7.02–7.16 ppm and H-β at H = 6.84–6.90 ppm. The values of the olefinic coupling 

constants (3JHα –Hβ = 16.2–16.4 Hz) confirm the trans configuration of the exocyclic 

double bond. The resonance of the 2’-OH proton is also a typical signal of these 

compounds. However, due to its nature, a labile proton, in some cases it may be not 

observed in the 1H NMR spectrum. This fact explains why this signal was not observed 

for compounds 1a and 1c. In the 1H NMR spectra of compound 1c it was also possible to 

observe two doublets in the aromatic region, at H = 7.41 (J = 8.8 Hz) and H = 6.91 (J = 

8.8 Hz) respectively, corresponding to the resonances of H-2”,6” and H-3”,5” of the para-

substituted ring (4”-OCH3). The protons H-3”,5” appear at lower frequencies than H-

2”,6” due to the protecting effect of the methoxy groups in the ortho-positions. Two 

double doublets were observed corresponding to the resonances of H-6’ and H-3’ at H = 

7.64 ppm and H = 7.07 ppm, the second occurring at lower frequency due to the 

protecting effect of the hydroxy group at the ortho position. The signal corresponding to 

the resonance of H-4’ was observed at H = 7.27 ppm, as double doublet of doublets due 

to the coupling of this proton with the vicinal protons H-3’ and H-5’ and the coupling at 

longer distance with H-6’ (4JH4’-H6’ = 1.6 Hz). 
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Figure 9: 1H NMR spectrum of (E)-3(5)-(2-hydroxyphenyl)-4-(4-methoxystyryl)-1H-pyrazole 

1c (300.13 MHz, CDCl3) 

 

Figure 10: Expansion of the 1H NMR spectrum of (E)-3(5)-(2-hydroxyphenyl)-4-(4-

methoxystyryl)-1H-pyrazole 1c (300.13 MHz, CDCl3) 
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2.4.2. Structural characterization of (E)-1-decyl-3-(2-hydroxyphenyl)-4-styryl-1H-

pyrazole 2a and (E)-3(5)-[(2-decyloxy)phenyl]-4-styryl-1H-pyrazole 3a  

 

The main characteristics of the NMR spectra of styrylpyrazoles 2a and 3a (Figure 

11), which allow to distinguish them from the precursor pyrazole 1a, are the resonances 

due to the protons and carbons of the long chain linked to the nitrogen (for compound 2a) 

or oxygen (for compound 3a) atoms, which appear in the aliphatic region of the spectra, 

as shown in Figures 12 and Figure 13. The structural characterization of these 

compounds is already described in the literature151. The comparison of our 

characterization data with those reported in the literature (Table 3 and Table 4) confirmed 

the correct assignment of the signals and consequently the structure of the synthesized 

compounds. 

 

Figure 11: Structures and numbering of styrylpyrazoles 2a and 3a (isomers) 
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Figure 12: 1H NMR spectrum of (E)-1-decyl-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole 2a 

(300.13 MHz, CDCl3) 
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Table 3: Comparison of 1H NMR chemical shifts ( in ppm), multiplicity and coupling 

constants (J in Hz) of compounds 2a and 3a with the values reported in the literature 

Compounds 

              Signal 

2a 2a (Lit.)151 3a 3a (Lit.)151 

NH --- --- --- --- 

H-5 7.64, s 7.56, s 7.90, s 7.57, s 

2’-OH 10.45, s 10.50, s  --- --- 

H-3’ 7.06, dd, 

 J 8.2, 1.3 Hz 

7.07, dd,  

J 8.2, 1.2 Hz 

6.99-7.11, m 7.07, dd, 

 J 8.2, 1.1 Hz  

H-4’ 7.29 – 7.20, m 7.19-7.25, m 7.18-7.25, m 7.21-7.25, m 

H-5’ 6.93, dt,  

J 7.7, 1.3 Hz 

6.92, ddd,  

J 7.6, 7.5, 1.2 Hz 

6.99-7.11, m 6.92, ddd 

 J 7.6, 7.5, 1.1 Hz 

H-6’ 7.60, dd,  

J 7.7, 1.7 Hz 

7.60, dd,  

J 7.6, 1.5 Hz 

7.52, dd,  

J 7.6, 1.7 Hz 

7.60, dd  

J 7.6, 1.6 Hz 

H-α 7.16, d,  

J 16.2 Hz 

7.14, d,  

J 16.2 Hz 

6.94, d,  

J 16.3 Hz 

7.14, d, 

 J 16.2 Hz 

H-β 6.84, d 

J 16.2 Hz 

6.81, d,  

J 16.2 Hz 

6.99-7.11, m 6.81, d,  

J 16.2 Hz 

H-2”,6” 7.46, d 

J 7.1 Hz 

7.44, d 

 J 7.1 Hz 

7.41-7.47, m 7.44, d, 

 J 7.4 Hz 

H-3”,5” 7.35, dd,  

J 7.8, 7.3 Hz 

7.33, dt,  

J 7.1, 7.0 Hz 

7.27-7.41, m 7.33, dt,  

J 7.8, 7.4 Hz 

H-4” 7.20 – 7.29, m 7.19-7.25, m 7.27-7.41, m --- 

X-CH2(CH2)8CH3 4.14, t,  

J 7.1 Hz 

4.06, t, 

 J 6.9 Hz 

4.06, t,  

J 6.6 Hz, 

4.07, t, 

 J 7.0 Hz 

X-CH2CH2(CH2)7CH3 1.92, quint,  

J 7.4 Hz 

1.87, quint,  

J 6.9 Hz 

1.81, quint, 

 J 6.7 Hz 

1.87, quint 

J 7.0 Hz 

X-CH2CH2(CH2)7CH3 1.03 -1.68, m 1.25-1.29, m 1.24-1.45, m  1.24-1.30, m 

X-(CH2)9CH3 0.87, t, 

J 6.7 Hz 

0.87, t, 

 J 6.7 Hz 

 0.87, t,  

J 6.6 Hz 

0.87, t,  

J 7.0 Hz 

 



35 

 

 

Figure 13: 13C NMR spectrum of (E)-1-decyl-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole 2a 

(75.47 MHz, CDCl3) 
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Table 4: Comparison of 13C NMR chemical shifts ( in ppm) of compounds 2a and 3a with the 

values reported in the literature 

Compounds 

                        Signal 

2a 2a (Lit.)151 3a 3a (Lit.)151 

C-3 147.3 147.3 137.8 137.8 

C-4 118.3 118.2 118.2 118.2 

C-5 128.15 128.06 137.1 137.2 

C-1’ 117.7 117.6 118.0 118.1 

C-2’ 155.8  155.7 156.1 156.0 

C-3’ 116.9 116.8 112.6 112.5 

C-4’ 129.1 129.0 129.8 129.8 

C-5’ 119.4 119.2 121.1 121.1 

C-6’ 128.23  128.09 130.7 130.6 

C-α 119.3 119.1 120.1 120.1 

C-β 129.2 129.1 128.0 127.9 

C-1” 137.5 137.3 136.3 136.3 

C-2”,6” 126.2 126.1 126.1 126.0 

C-3”,5” 128.8 128.6 128.6 128.6 

C-4” 127.5 127.3 127.1 127.1 

X-CH2(CH2)8CH3 52.5 52.3 68.9 68.9 

X-(CH2)7CH2CH2CH3 31.9 31.8 31.9 31.9 

X-CH2CH2(CH2)7CH3 30.1 30.0 29.2 29.52 

X-(CH2)3(CH2)4(CH2)2CH3 29.1, 29.3, 

29.53, 29.45  

29.0, 29.2, 

29.36, 29.43 

29.3, 29.5, 

29.5, 29.7 

29.2, 29.3,  

29.48, 29.52 

X-(CH2)2CH2(CH2)6CH3 26.6 26.5 26.1 26.1 

X-(CH2)8CH2CH3 22.7 22.6 22.6 22.7 

X-(CH2)9CH3 14.1 14.1 14.1 14.1 

X- = N (for compound 2a) or O (for compound 3a) 
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2.4.3. Structural characterization of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-

pyrazoles 4a and 4b 

 

 Although the (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazoles 4a and 4b 

(Figure 14) were synthesized in this work, its structural characterization is already 

reported in the literature and therefore it will not be discussed in detail. However, it is 

important to refer that the signals observed in the 1H NMR spectra of compound 4a and 

4b (Figure 15 and Figure 16) present the 1H NMR spectrum of compound 4a, as an 

example, correspond to those reported in the literature thus confirming the structures of 

these compounds (Table 5). It is noteworthy that pyrazoles 1a and 1c can be distinguished 

from pyrazoles 4a and 4b based on the singlets due to the resonances of H-5 (for 1a,1c) 

and of H-4 (for 4a, 4b) which appear at different frequencies, being the former assigned 

at higher frequency values because it is linked to a carbon that is directly linked to a 

nitrogen atom. Moreover, in the 1H NMR spectrum of compound 4a it was possible to 

observe two broad singlets at 10.79 ppm and 10.13 ppm due to the resonances of the 2’-

OH and NH protons. 

 

Figure 14: Structures and numbering of styrylpyrazoles 4a and 4b 
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Figure 15: 1H NMR spectrum of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazole 4a 

(300.13 MHz, CDCl3) 

 

Figure 16: Expansion of the 1H NMR spectrum of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-

pyrazole 4a (300.13 MHz, CDCl3) 
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Table 5: Comparison of 1H NMR chemical shifts ( in ppm), multiplicity and coupling 

constants (J in Hz) of compounds 4a and 4b with the values reported in the literature 

Signal 4a 4a (Lit.)156 4b 4b (Lit.)156 

NH 10.13, br s 10.10, br s ---a 10.04, br s 

H-4 6.81, s 6.78, s 6.93, s 6.76, s 

2’-OH 10.79, br s 10.78, br s ---a 10.83, br s 

H-3’ 7.04, dd,  

J 8.2, 1.2 Hz 

7.04, dd,  

J 8.0, 1.2 Hz 

7.03-7.08, m 7.04, dd,  

J 8.4, 1.2 Hz 

H-4’ 7.27 – 7.21, m 7.24, ddd, 

 J 7.6, 8.0, 1.6 Hz 

7.21-7.27, m 7.24, dt, 

 J 8.4,1.6 Hz 

H-5’ 6.94, dt, 

J  7.5, 1.2 Hz 

6.94, dt,  

J 7.6, 1.2 Hz 

6.76-6.80, m 6.93, ddd,  

J 7.3, 8.1, 1.2 Hz 

H-6’ 7.60, dd 

J  7.8, 1.7 Hz 

7.61, dd,  

J 7.7, 1.6 Hz 

7.60, dd,  

J 7.7, 1.6 Hz 

7.60, dd,  

J 7.3, 1.6 Hz 

H-α 6.97, d,  

J 16.5 Hz 

6.98, d,  

J 16.5 Hz 

6.83, d,  

J 16.3 Hz 

6.83, d,  

J 16.6 Hz 

H-β 7.11, d,  

J 16.5 Hz 

7.12, d,  

J 16.5 Hz 

7.06, d,  

J 16.3 Hz 

7.05 d,  

J 16.6 Hz 

H-2”,6” 7.46-7.54, m, 7.51, dd,  

J 8.4, 1.3 Hz 

7.43, d,  

J 8.8 Hz 

7.44, d,  

J 8.8 Hz 

H-3”,5” 7.29 – 7.44, m 7.40, t, 

 J 8.4, 7.1 Hz 

6.91, d,  

J 8.8 Hz 

6.92, d, 

 J 8.8 Hz 

H-4” 7.29 – 7.44, m 7.32, tt,  

J 7.1, 1.3 Hz 

--- --- 

4”-OCH3 --- --- 3.84, s 3.84, s 
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CHAPTER 3: BIOLOGICAL STUDIES 

 

3.1. Preamble 

 

 After putting forward our hypothesis that these pyrazole compounds could reverse 

ND and DNA damage caused by oxidative stress and, therefore, be used in the future to 

formulate drugs, the first and most important step is to study their security. To this end, 

cytotoxicity studies were carried out for each of the eight compounds at different 

concentrations in Human cells. For this, cell viability tests were initially carried out in 

simple cell models, HeLa cells, using the Resazurin Assay method, which evaluated the 

metabolic viability of cells exposed to different concentrations of compound for 24 hours. 

After these tests, cell lysates were collected for protein analyses by SDS-Page followed 

by Western Blotting (WB) to confirm and enrich the cell viability results obtained in the 

metabolic test. This step was considered important to ensure that the cells are not only 

metabolically functional, but also do not show apparently hidden damages at the level of 

their genetic material. To this end, we proceeded to detect and quantify the ϒH2A.X 

protein, a biomarker of DNA damage. 

 

 

3.2. Cell Assays 

 

3.2.1. Cell Culture Maintenance 

 

 For this work, Human cell line HeLa (American Type Culture Collection (ATCC) 

CCL-2, Manassas, Virginia, USA) was used. Cells were cultured in 100 mm cell culture 

plates, in complete culture medium (DMEM Supplemented with 10% inactivated FBS 

and 1% antibiotic and antimycotic) and maintained in a controlled and humified 

atmosphere at 37 ºC and 5% CO2. Cells were monitored daily using an inverted light 

microscope. Subculture procedures were made when a confluency of 80–90% was 

reached. 
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 For subculture procedures, the medium was discarded, a quick wash was done 

with 3ml of PBS 1X, which was also discarded after, and 1ml of trypsin (0.05% Trypsin-

EDTA (1X); Gibco) was added and left to float for 3 min at 37 °C. After, 3 ml of culture 

medium were added to the plate, the cells were resuspended and transferred to a centrifuge 

tube to be centrifuged for 3 min at 1000 rpm. The supernatant was discarded, cells were 

resuspended in a suitable amount of fresh culture medium and seeded on a new plate at 

an adjusted concentration for an adjusted amount of time, knowing that the number of 

cells approximately doubles every 24 hours.  

 

 3.2.2. Cell Counting For Experiences 

 

 For each replica of each compound, two 12-well plates (BioLite 12 Well 

Multidish; Thermo Fisher Scientific) were used. The applied subculture procedures were 

similar to the described above, except that for the experiments a specific amount of 

125 000 cells was guaranteed to seed in each well. For this, it was necessary to proceed 

with the cell count using a glass hemocytometer and a coverslip. 

 This way, after centrifuge, cells were very good resuspended in a known volume 

and a 1:10 of that volume was transferred to a microtube to better ensure a good 

homogenization. Of this amount, again very well resuspended, a part was removed to a 

new microtube, to which were added a 1:10 ratio of Trypan Blue 0.4% (Gibco).  

 The hemocytometer and the coverslip were prepared. First, they were cleaned 

with paper towel and 70% ethanol, then the coverslip was moistened with water and slided 

over the chambers using slight pressure to affix it to the hemocytometer. 

 The cell suspension was again very well resuspended, and the two chambers of 

the hemocytometer were filled with it. The counting was performed in a microscope 

focused in the grid lines, counting all viable cells that go within the square or over its 

upper or left limits, and not counting the ones out or over its right or lower limits as shown 

in Figure 17. After do that for the four big squares composed of 16 smaller squares each, 

the same was one in the second chamber. Viable cells are distinguished from non-viable 

ones because they are not stained, whereas non-viable ones are intense blue stained, due 

to the fact that its structure is affected and allows the passage of the Trypan Blue solution 

into the cell. The number of viable cells existing in the known volume of one chamber 
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(0.1 µL) will be the average of the two chambers count. Based on this, calculations about 

the volume to be pipetted to seed 125 000 cells in each well were performed. 

 

Figure 17: Representation of the hemocytometer image observed under the microscope. It is 

intended to show that: i) the count must be the mean of the four middle squares countings; ii) 

the count must be done line by line from left to right; iii) cells stained blue are not viable and 

should not be counted; iv) the cells in the lower and right limits of the middle frames must not 

be counted (and neither in the small squares, for organization, as they will be counted in the 

next line, ensuring that each cell is only counted once.) 

 In each well of the 12-well plate was placed the corresponding cell suspension 

volume and 450 µL of fresh medium. Cells were incubated under usual conditions for 16 

h to ensure proper plate adhesion and stabilization. 

 

 3.2.3. Cell Exposure to Pyrazoles 

 

 After 16h of plating, the medium was discarded and replaced for fresh one for the 

respective condition. The plates were handled in the same way and as simultaneously as 

possible. 

 On the first plate, the 5 concentrations (1, 10, 20, 50 and 100 µM – these 

concentrations were achieved base in Carreira et al.160 and in protocol optimizations made 

initially) were tested in duplicate by adding 450 µL of pyrazole’s stock containing a 

pyrazole stock 10 mM in DMSO diluted to the respective concentration in fresh medium. 

On the second plate, DMSO controls were tested in duplicate for each concentration 
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tested in the first plate, by adding 450 µL of the respective DMSO control to each well 

(Figure 18).  

 DMSO was the solvent used to dissolve pyrazoles (which were in powder form) 

since they are organic compounds and, therefore, poorly soluble in water and very soluble 

in organic solvents, such as DMSO, widely used in cell culture. 

 This controls contained only fresh medium and DMSO in the amounts that were 

used to prepare the dilutions analyzed on the first plate and were intended to ensure that 

the values that would be obtained for viability would be due to the compound effect and 

not to DMSO effect, which, although increasing as the compound concentration increases 

(so that viable dilutions could be made), it is always up to 1%, which according to the 

analyzed literature should allow a normal cellular viability161,162. 

 In both plates, negative controls (0 µM) were guaranteed also in duplicate by 

adding 450 µL of just fresh medium (Figure 18). These controls pretended to guarantee 

that the cell pool used for the experiment was in good condition, as well as to be the 

reference for the normal value of cell viability, with which the values obtained at the 

remaining concentrations would be compared later. 

 

Figure 18: Organization of experimental conditions for each replica of each pyrazole: two 12-

well plates with 125 000 cells/well were used. The first plate contained five concentrations of 

tested pyrazole (10, 20, 50 and 100 µM) and the negative control (0 µM), in duplicate, and the 

second plate contained the respective DMSO controls, which stands of DMSO quantities used 

to prepare each of the conditions of the first plate, also in duplicate. At least 3 replicas were 

made for each of the eight pyrazoles 

 After, both plates were incubated under the described conditions for 24 h. For 

each compound, a minimum number of 3 independent replicates was guaranteed.  
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 3.2.4. Cell Viability Assays 

 

 Four hours before the exposure time ends, 10% of each well volume in resazurin 

1% (50 µL for a final volume of 500 µL) was added to every well and the plates were 

maintained in the same conditions until the exposure time is reached, protected from the 

light. After that, medium samples, three from each condition, were collected and 

transferred to a 96-well plate kept in the dark.  The plate was analysed by 

spectrophotometry in an absorbance plate reader (Infinite M200, Tecan) at 570 and 600 

nm. 

 This resazurin assay163 is based on the metabolic mediated reduction by living and 

viable cells of the oxidized blue colored resazurin (or just resazurin) that absorbs at 600 

nm to a pink colored reduced resazurin product (also called resorufin) that absorbs at 570 

nm. This happens because living cells maintain a reducing environment within their 

cytoplasm and mitochondria, when dehydrogenase enzymes catalyze reduction reactions 

like this (Figure 19)164,165. This way, cell viability values can be determined by measuring 

these two values of absorbance, being that the more viable cells there are in the 

experiment the more conversion of resazurin to resorufin occurred, so the number of 

metabolically viable cells will be directly proportional to the absorbance of resorufin 

value and inversely proportional to the absorbance of resazurin value.

 

Figure 19: Conversion of resazurin (blue) to resofurin (pink), in a viable cell, that underlies the 

function of this cell viability assay widely used in human cells. When cells are metabolically 

viable, a reaction of reduction of resazurin to resofurin catalyzed by different oxidoreductase 

enzyme systems that use NAD(P)H as the primary electron donor takes place in mitochondria 

 After measuring the absorbance, viability was calculated by making a quotient 

between the absorbance of reduced resazurin (or resazurin) (at 600 nm) and the 

absorbance of resofurin (at 570 nm) for each condition, including negative controls and 

DMSO controls. The cell viability obtained values were expressed in arbitrary units. The 
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value corresponding to the quotient made for the negative control received the value of 

100% and the others were calculated regarding this. 

 

 

3.3. SDS-Page  

 

3.3.1. Cell Lysates Collection 

  

 After viability tests were performed, the remaining cells in the 12-well were 

washed with PBS, collected to microtubes identified for each condition and subjected to 

centrifugation at 1000 rpm for 3 min. Then, the medium was discarded, the pellet was 

washed in PBS, which was discarded after another centrifugation, and HeLa cells were 

lysed by resuspension in hot SDS 1% solution and maintained in ice. Then samples were 

then boiled at 90 ◦C for 10 min, sonicated in IKA LABORTECHNIK U200S Control 

equipment for 10 s (0.5 cycles, 60% amplitude) and maintained in ice.  

 

3.3.2. Protein Quantification 

 

 Total protein concentration was quantified using the Pierce Bicinchoninic Acid 

(BCA) protein assay kit (PierceTM BCA Protein Assay Kit; Thermo Scientific) according 

to the manufacturer’s instructions. 

 

3.3.3. Samples Setting 

 

 After determining the protein concentration present in each lysate sample, the 

final preparation of the samples to be analyzed by SDS-page was performed. For this 

purpose, new microtubes were identified and for each sample, the volume needed to 

contain 30 µg of protein, the amount of protein that we define as the ideal one to our gel 

running, was added to the respective microtube, prefacing with 1% SDS to a volume of 

75 µL. SDS allows to denature proteins, separate isolated polypeptide chains, and 

conferee a negative charge to the sample. 
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 Blanks and markers, with no protein, were also prepared. Blanks contained only 

SDS 1% (75 µL) and markers contained SDS 1% and protein marker in 75 µL final 

volume also (72 µL of SDS 1% added in this step and 3 µL of protein marker added later).  

 After, it was added LB 4X to all the samples in a 1:4 proportion, that is 25 mL to 

a 100 mL final volume, our defined loading volume. LB contain β-mercaptoethanol, a 

reagent with antioxidation properties that here has the function of reducing the disulfide 

bonds of the proteins in the sample, and glycerol, that here has the function of force 

sample enter onto the running gel. It also contains bromophenol blue, that allows to 

visually follow the samples running. 

 Then, samples were homogenized, boiled for 5 min, and left to cool. 3 mL of 

protein marker (Precision Plus ProteinTM Standards, Dual Color, Bio-Rad) were added at 

this point to the respective microtube and homogenized. The samples were all subjected 

to spin-down to be applied onto the gel with capillary tips. 

 

 3.2.4. Gels Preparation 

 

 Separating Gel 

 Protein separation was done by vertical acrylamide gel electrophoresis using a 

gradient gel between 5% and 20% of acrylamide, which allows the separation of proteins 

with a wide range of molecular weights. The function of acrylamide is, after 

polymerization, to allow the formation of a mesh with variable pore that will sort of filter 

the proteins according to their size to separate them. This will occur by the action of an 

electric field since acrylamide has also conductive capabilities. 

 For each gel, a 5% acrylamide and a 20% acrylamide solution were prepared, 

which were then mixed using a mixer in a stir plate with a magnet and introduced into the 

1.5 mm thick glass system to polymerize. It is necessary to previously assemble all the 

electrophoresis system and wash the system and the mixer with distilled water. 

 The first solution was prepared mixing 9.29 mL of distilled H2O, 3.75 mL of LGB 

and 1.875 mL of acrylamide, and the second one mixing 3.67 mL of distilled H2O, 3.75 

mL of LGB and 7.5 mL of acrylamide. LBG, containing Tris, has the function of 

supplying electrons to allow the formation of electrical current in the vat. 
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 The last step was adding 75 µL of APS 10X and 7.5 µL of TEMED to each of the 

solutions and immediately place them in their respective mixer column, open the system 

and allowing that the space between the glasses to be filled with this gradient mixture. 

The gel should be left to polymerize for about 1h protected from oxygen. 

 These two reagents (APS and TEMED) are the last to be added because they are 

responsible for starting to catalyze the reaction that will result in the gel polymerization, 

and this starts to happen immediately after the addition. APS works as a source of free 

radicals and TEMED as a stabilizer. 

 

 Stacking Gel 

 After the upper gel (where the separation of proteins will take place) was 

polymerized, the top gel was prepared, which has the function of concentrating proteins 

in a thin line so that they can enter the separation gel at the same time. 

 To prepare each stacking gel, a 3.5% solution of acrylamide was prepared mixing 

6.92 mL of H2O, 0.88 mL of acrylamide, 2 mL of UGB and 100 µL of SDS 10%. UBG, 

containing Tris, has the function of supplying electrons to allow the formation of 

electrical current in the vat. 

 Lastly, it was added 100 µL of APS 10% and 10 µL of TEMED and the solution 

was placed on top of the already polymerized gel inside the system. Then, a 15-well 1.5 

mm-thick comb was placed, and the gel was left to polymerize for about 30 min covered 

from the oxygen. 

 

3.2.5. Eletrophoresis 

 

 After loading the samples into the gel wells, the gels system was placed in a 

vertical electrophoresis vat containing running buffer, and the positive and negative 

electrodes were connected to the respective terminals and to the power supply, at 

45mA/gel duration for about 2h30min.  

 During this time, the protein samples were subjected to an electric field and 

migrated from the negative pole to the positive pole according to their charge and their 

molecular weight in an inversely proportional way. In this case, as the proteins were 

treated with SDS and heat, they were therefore denatured and given a negative charge. 
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Therefore, they will only migrate according to their molecular weight. Thus, larger 

proteins will migrate less, while lower molecular weight proteins will migrate more. 

 

3.2.6. Transfer 

 

 When the run front nearly reached the lower limit of the gel, the run was 

terminated and the protein content of the gel transferred to a nitrocellulose membrane 

(AmershamTM ProtanTM 0.2 µM NC, Nitrocellulose Blotting Membrane, GE Healthcare 

Life Sciences). 

 For the transfer protocol, the nitrocellulose membrane was cut to the size of our 

gel. In a cuvette, transfer buffer was placed and the sponges, filter papers and the cut 

membrane were placed to hydrate. The transfer cassette was assembled (paying attention 

to the formation of air bubbles between the gel and the membrane that affect the normal 

transfer of protein between them) in the order cassette part one, sponge, filter paper, gel, 

membrane, filter paper, sponge, cassette part two, the cassette was closed and pasted into 

the transfer vat. The gel face was turned to the negative pole and the membrane face to 

the positive pole, so that the migration of negatively charged proteins from the gel 

occurred towards the membrane by action of this horizontal electric field of 200 mA for 

about 18 h. 

 

 

3.3. Western-Blotting 

 

3.3.1. Membranes Staining 

 

 After hydrating the nitrocellulose membrane in TBS for 10 min, it was incubated 

at room temperature, with shaking, for 5 min, with the Ponceau S solution, after which 

several washes were done with distilled water to remove non-specific bonds until the red 

background disappeared from membrane empty zones. The membrane was read on a 

Densitometer (GS-800 Calibrated Densitometer; Bio-Rad Laboratories, Inc.). Images 

were collected with The Discovery SeriesTM, Quantity OneAfter, 1-D Analysis Software, 
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Bio-Rad Laboratories, Inc. In the end, several membrane washes were done with TBS-T 

1X until the protein tags had completely disappeared. 

 

3.3.2. Protein ϒH2AX Immunodetection 

 

 In this work, we detected the ϒH2A.X protein by the fact that, when cells are 

exposed to ionizing radiation or DNA-damaging chemotherapeutic agents (our case with 

pyrazoles), double-stranded breaks (DSBs) are generated that rapidly result in the 

phosphorylation of histone H2A variant H2AX. Because phosphorylation of H2AX at Ser 

139 (γ-H2AX) is abundant, fast, and correlates well with each DSB, it is the most 

sensitive marker that we can use to evaluate DNA damage. 

 Starting from the hydrated membrane, this was incubated with the blocking 

solution for 3 hours at room temperature with shaking. Afterwards, the membrane was 

washed for 5 min with 1X TBS-T with shaking at room temperature. Thereafter, the 

membrane was incubated at room temperature and with shaking for 2 h with the mouse 

primary antibody to the H2AX protein. After 2 h of incubation at room temperature, the 

membrane remained in incubation at 4 ºC overnight with shaking. The next day, the 

membrane was removed to room temperature, where it was incubated for another hour 

with shaking. Three washes of 10 min each were performed with TBS-T 1X with shaking 

at room temperature, after which it was incubated with the secondary anti-mouse antibody 

for 1 h with shaking at room temperature. Finally, 6 washes of 10 min each were done 

with TBS-T 1X at room temperature and with shaking to remove unspecific bonds that 

might have been formed. 

 Finally, the membrane was drained and placed in a plastic cover to be incubated 

for 5 min at room temperature and protected from light with the chemiluminescent 

detection reagent (ECL Select™ Western Blotting Detection Reagent; Amersham™, GE 

Healthcare Life Sciences). Then, excess reagent was removed, and the membrane was 

revealed by chemiluminescence with UV light in a ChemiDocTM Touch Imaging System 

and the images were collected to be analysed. 
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3.3.3. Protein ϒH2AX Quantification 

 

 After acquiring the ponceau staining images in the densitometer and the revealing 

protein images in the chemidoc, they were analyzed in the software Image Lab (Bio-Rad 

Laboratories, Inc., Hercules, California, USA) to achive the quantification of ϒH2A.X 

protein levels. For that, we used Ponceau S staining as protein loading control for data 

normalization and relative protein levels were calculated by comparing each pyrazole 

concentration levels with the control levels. 

 For each concentration, the intensity of each well in the ponceau image was firstly 

calculated (backgroup intensity was subtracted). Then, the intensity of each respective 

band in the revealed image was calculated (the background intensity was subtracted). 

Then, to normalize the results to the amount of protein loaded, a ratio was made between 

the blot intensity and the ponceau intensity. And finally, arbitrary units are assigned, 

giving the negative control a value of 1 and calculating the rest relative to it. 

 

 

3.4. Statistical Analysis 

  

 Statistical analysis was performed using the GraphPad Prism 7.0 software 

(GraphPad Software, San Diego, California, USA) with a statistical confidence 

coefficient of 95% for comparisons between the cell viability for each pyrazole (1a, 1b, 

1c, 1d, 2a, 3a, 4a, 4b) in the various concentrations (1, 10, 20, 50 and 100 µM) and the 

cell viability for each pyrazole in the control (0 µM). Data were expressed as mean ± 

standard deviation (SD) of, at least, three independent experiments. Values of p-value < 

0.05 were considered statistically significant. 

 We started by evaluating whether the samples had normal distribution with the 

Shapiro-wilk normality test. When the samples were normally distributed, one-way 

Anova tests were performed to check whether there were statistically significant 

differences between the various concentrations and the negative control, for each of the 

replicates, and the Brown–Forsyth test was performed to ensure homogeneity of sample 

variances. Whenever differences were found to exist, Dunn's multiple comparisons test 

was then applied to assess between which groups and the control such differences existed.  
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 When the samples were not normally distributed, a Kruskal-Wallis test was 

performed to check whether there were statistically significant differences between the 

various concentrations and the negative control. Then, whenever differences were found 

to exist, Dunn's multiple comparisons test was then applied to assess between which 

groups and the control such differences existed.  

 

 

3.5. Results 

 

3.5.1. Viability Assays Results 

 

 To evaluate the cytotoxicity of the chosen pyrazole compounds on the cells, a cell 

viability assay was carried out based on the metabolic capacity of viable cells to reduce 

resazurin to resofurin as explained in section 3.2.4. For this purpose, HeLa cells were 

exposed for 24h to different concentrations of pyrazoles and, four hours before the end of 

the exposure time, a resazurin solution was added to the wells. At the end of the time, 

samples of medium from the various conditions were analyzed by spectrophotometry at 

570 and 600 nm. To calculate cell viability, a quotient between the values obtained for 

the absorbance at 570 nm, corresponding to resofurin, and the values obtained for the 

absorbance at 600 nm, corresponding to resazurin, was performed for each condition. The 

negative control containing only cells and culture medium was assigned the arbitrary 

value of 100% of viability, and the cell viability of the other conditions was calculated 

relatively to this. At least three experiments were performed for each compound.  

 Simultaneously, similar experiments were carried out without containing pyrazole 

to ensure that in our experiments with pyrazole we were not introducing a bias factor in 

the results as we were using an external substance in cytotoxic amounts to prepare the 

compound dilutions (DMSO). The results are presented below, organized by groups of 

compounds (Group 1 – pyrazoles 1a, 1b, 1c,1d – Figure 20; Group 2 – pyrazoles 2a, 3a 

– Figure 21; Group 3 – pyrazoles 4a, 4b – Figure 22). 

 In the first Group (Figure 20), we can observe in a general way that concentrations 

1 µM, 10 µM, 20 µM and 50 µM do not seem to present an offense to the cells, with a 

small exception for compound 1d where at 50 µM there seems to be already some 
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reduction in cell viability (13.85%). In this compound, and unlike the three previous ones, 

the decrease in cell viability seems to happen in a more progressive way as the 

concentration of the compound increases and it is visible soon from concentration 1 µM. 

At concentrations 1 µM and 10 µM, the reduction in cell viability is around 6%, 

increasing to 13.85% in 20 µM and to 36.19% in 100 µM, with cell viability values at the 

concentration 100 µM being about 64% for 1d.  

 In the remaining three compounds from Group 1, cell viability is approximately 

100% for concentrations 1 µM, 10 µM, 20 µM and 50 µM, differing only in the 100 µM 

concentration. Looking at this concentration, the most toxic compound for cells seems to 

be 1b, where only 22.27% of the cells were viable after pyrazole exposure. This one is 

followed by compound 1a, with 70.51% of viable cells at 100 µM, and finally, for the 

compound 1c, that seems to be the least toxic, with 85.46% of viable cells in the maximum 

concentration. 

 For all the experiments, the respective summaries of DMSO controls carried out 

simultaneously with each experiment are presented. In all of them it is possible to observe 

that there are no differences in cell viability of any of the concentrations (1 µM, 10 µM, 

20 µM, 50 µM and 100 µM) compared to the control (0 µM), so the DMSO quantities 

used in the pyrazole stocks’ preparation are not affecting the cell viability of the 

experiments. 
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Figure 20: Results of cell viability assays with pyrazoles from Group 1, 1a, 1b, 1c and 1d, and 

respective DMSO controls assessed with the resazurin method. The graphs show mean values and 
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respective standard deviations for cell viability values. Samples size: 1a n= 3; 1b n=4; 1c n=3; 1d 

n=3). The graphs show mean values and respective standard deviations. Statistical analysis was 

performed by comparing cell viability mean values of each condition (pyrazole or DMSO) with 

the viability mean values of the respective negative control. All the results were normally 

distributed, so one-way Anova tests were performed to verify the existence of differences, and 

the Brown–Forsyth test was performed to ensure homogeneity of sample variances. When 

differences were found to exist, Dunn's multiple comparisons were then applied to assess between 

which groups and the control such differences existed. It is considered that * corresponds to a p-

value < 0,05, ** to a p-value <0,01, *** to a p-value <0,001 and **** to a p-value < 0,0001. 

 

 Relatively to the second Group of pyrazoles including 2a and 3a (Figure 21), they 

present cell viability values of approximately 100% for all the concentrations, so they 

seem to be no cytotoxic. This way 2a and 3a seems to be the safest ones for human cells 

even in at 100 µM. The respective DMSO controls do not show either difference between 

groups, so the DMSO quantities used in the pyrazole stocks’ preparation are not affecting 

the cell viability of the experiments.  
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Figure 21: Results of cell viability assays with Group 2 pyrazoles, 2a and 3a, and respective 

DMSO controls assessed with the resazurin method. Samples size: 2a n=3; 3a n=4. The graphs 

show mean values and respective standard deviations. Statistical analysis was performed by 

comparing the cell viability mean values of each condition (pyrazole or DMSO) with the 

viability mean values of the respective negative control. All the results were normally 

distributed, so one-way Anova tests were performed to verify the existence of differences, and 

the Brown–Forsyth test was performed to ensure homogeneity of sample variances. When 

differences were found to exist, Dunn's multiple comparisons were then applied to assess 

between which groups and the control such differences existed. It is considered that * 

corresponds to a p-value < 0,05, ** to a p-value <0,01, *** to a p-value <0,001 and **** to a p-

value < 0,0001. 

 

 For the third group, with pyrazoles 4a and 4b (Figure 22), it is possible to observe 

two different behaviors. In 4a, it is possible to observe a progressive reduction in cell 

viability, similarly to what we saw previously in 1d. We saw statistically very significant 

differences (p-value < 0.001 and p-value < 0.0001) earlier from 10 µM onwards. At the 

concentration 1µM, viability levels are 98.56%, at 10 µM 94.29%, at 20 µM 87.89%, at 
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50 µM 76.14% and finally at 100 µM 32.65% what represents a viability reduction of 

67.35%. 

 On the other hand, in 4b it is possible to observe a reducing cell viability profile 

like 1a, 1b and 1c, where in concentrations 1 µM, 10 µM, 20 µM and 50 µM there is a 

viability value around 100% and the reduction only happens in concentration 100 µM. In 

this case, this reduction is the biggest one, being 53.41% with a viability value of 46.59%. 

 The DMSO controls do not show either difference between groups, so the DMSO 

quantities used in the pyrazole stocks’ preparation are not affecting the cell viability of 

the experiments. 

 

 

 

Figure 22: Results of cell viability assays with Group 3 pyrazoles, 4a and 4b and respective 

DMSO controls assessed with the resazurin method. Samples size: 4a n=4; 4b n=4. The graphs 

show mean values and respective standard deviations. Statistical analysis was performed by 

comparing the cell viability mean values of each condition (pyrazole or DMSO) with the 

viability mean values of the respective negative control. For the pyrazole experiences of 4a and 

4b and for DMSO controls of 4a, results were normally distributed, so one-way Anova tests 

were performed to verify the existence of differences, and the Brown–Forsyth test was 
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performed to ensure homogeneity of sample variances. When differences were found to exist, 

Dunn's multiple comparisons were then applied to assess between which groups and the control 

such differences existed. For the DMSO control values of 4a, the were not normal so, it was 

performed a Kruskal-Wallis to check for differences and when differences were found to exist, 

Dunn's multiple comparisons test was then applied to assess between which groups and the 

control such differences existed. It is considered that * corresponds to a p-value < 0,05, ** to a 

p-value <0,01, *** to a p-value <0,001 and **** to a p-value < 0,0001. 

 

3.5.2. Protein H2A.X quantification results 

 

 To evaluate the DNA Damage, it was evaluated intracellular protein H2A.X 

levels, a biomarker of DNA Damage, in particular DSBs. For this purpose, SDS-page 

followed by Western-Blot was performed for compounds 1a, 1c, 2a, 3a and 4b that 

seemed to be the most promising, taking into account the previous results. 

 After the proteins had been separated by electrophoresis on an acrylamide gel, 

they were transferred to a nitrocellulose membrane, to which all the protein detection and 

quantification procedures were applied. We started by carrying out a staining with 

Ponceau S and acquiring the images in a transilluminator. Then, the membrane was 

blocked and incubated with the appropriate antibodies and reagents until it was revealed 

in a chemiluminescence device where the images were acquired. After analysis of the 

images with the BioRad software, calculations were performed to determine the 

concentration of H2A.X present in the samples. The negative control containing only cells 

and culture medium was assigned the arbitrary value of 1, and the concentration of H2A.X 

of the other conditions was calculated relatively to this. At least three samples were 

quantified for each compound.  

 In the first group (Figure 23), the bigger revelation is for compound 1a which, in 

cell viability tests with resazurin seemed to be safe up to a concentration of 50 µM and 

only showed a drop in viability at 100 µM, while results here reveal that at 50 µM there 

is already DNA Damage with values roughly similar to damage values at 100 µM, about 

2.3 times higher than the control. However, these differences are not statistically 

significant, and more replicas would be necessary to confirm these results. 

 Relatively to 1c, the results seem to agree with those observed in the resazurin 

assays, where there was no damage to cells up to 20 µM of the compound, in 50 µM there 
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was already a small effect, and in 100 µM was a slightly larger effect but quite statistically 

significant. Here, something similar is observed, with the intracellular values of H2AX 

protein remaining around 1 to 1 µM, 10 µM and 20 µM, increasing slightly to 1.64 in 50 

µM and then to 3 time higher with statistical significance in 100 µM. 

 

 

 

Figure 23: Results of relative ϒH2A.X protein levels assessed by Western Blotting for Group 1 

pyrazoles. Samples size: 1a n=3; 1c n=3). The graphs show mean values and respective 

standard deviations. Statistical analysis was performed by comparing protein levels quantified 

for each concentration with the protein levels quantified for the respective negative control. For 

all, results were normally distributed, so one-way Anova tests were performed to verify the 
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existence of differences, and the Brown–Forsyth  test was performed to ensure homogeneity of 

sample variances. When differences were found to exist, Dunn's multiple comparisons were 

then applied to assess between which groups and the control such differences existed. It is 

considered that * corresponds to a p-value < 0,05, ** to a p-value <0,01, *** to a p-value 

<0,001 and **** to a p-value < 0,0001 

 

 In the second group (Figure 24), with 2a and 3a, DNA damage values seem to be 

generally in agreement with resazurin test once that this histone values seems to be quite 

close to each other and it does not seem to exist differences between control values and 

conditions values. However, it is possible to observe a slight concentration-dependent 

increase of H2A.X levels, but always under 2 time higher than the control. In 2a, values 

are 1.32, 1.40, 1.30, 1.76 and 1.78 and in 3a 0.93, 1.07, 1.09, 1.41 and 1.68 for 1 µM, 10 

µM, 20 µM, 50 µM and 100 µM, respectively. However, it is possible to note that, 

although in the resazurin assays the viability was 100% in all concentrations, here we 

already observe around 1.7 times more DNA damage at the concentrations 100 µM 

compared to the control. 
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Figure 24: Results of relative ϒH2A.X protein levels assessed by Western Blotting for the 

second pyrazoles group. Samples size: 2a n=3; 3a n=3. The graphs show mean values and 

respective standard deviations. Statistical analysis was performed by comparing protein levels 

quantified for each concentration with the protein levels quantified for the respective negative 

control. For 2a, results were normally distributed, so one-way Anova tests were performed to 

verify the existence of differences, and the Brown–Forsyth test was performed to ensure 

homogeneity of sample variances. When differences were found to exist, Dunn's multiple 

comparisons were then applied to assess between which groups and the control such differences 

existed. For 3a, the results were not normal so, it was performed a Kruskal-Wallis to check for 

differences and when differences were found to exist, Dunn's multiple comparisons test was 

applied to assess between which groups and the control such differences existed. It is considered 
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that * corresponds to a p-value < 0,05, ** to a p-value <0,01, *** to a p-value <0,001 and **** 

to a p-value < 0,0001 

 

 In the third group (Figure 25), only compound 4b was analyzed, which in the 

resazurin assay had been shown to be toxic only at 100 µM with a reduction in cell 

viability at this concentration around 50%. Here, looking at the results of histone 

quantification, we can confirm that there are only statistically significant differences in 

the highest concentration, but yet it is possible to observe a slight increase in the 

remaining ones as well. Values for H2A.X quantification are 1.20, 1.63, 2.03, 4.31 and 

7.48 time for 1 µM, 10 µM, 20 µM, 50 µM and 100 µM, respectively. 

 

 

Figure 25: Results of relative ϒH2A.X protein levels assessed by Western Blotting for the third 

pyrazoles group, 4b. Samples size: 4b n=3. The graphs show mean values and respective 

standard deviations. Statistical analysis was performed by comparing protein levels quantified 

for each concentration with the protein levels quantified for the respective negative control. 

Results were normally distributed, so one-way Anova tests were performed to verify the 

existence of differences, and the Brown–Forsyth test was performed to ensure homogeneity of 

sample variances. When differences were found to exist, Dunn's multiple comparisons were 

then applied to assess between which groups and the control such differences existed. It is 

considered that * corresponds to a p-value < 0,05, ** to a p-value <0,01, *** to a p-value 

<0,001 and **** to a p-value < 0,0001. 
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3.6. Discussion 

 

 From cell viability tests it was possible to observe that 4-styrylpyrazoles from 

group 1 in general are non-cytotoxic, namely 1a,1b,1c, with exception of pyrazole 1d 

containing the trifluoromethyl group at the ortho-position that was cytotoxic at 50 µM 

concentration. The other derivatives 1a,1b,1c showed cytotoxicity only at the 100 µM 

concentration, being pyrazole 1c, that contains a methoxy group at the para-position, the 

less toxic (Figure 26).  

 The alkylated 4-styrylpyrazoles belonging to group 2 (2a, 3a) were non-cytotoxic 

even at the higher concentration of 100 µM, so they seem to be the safest one for cells at 

all the tested concentrations.  

 Regarding the 5-styrylpyrazoles from group 3, 4a has shown to be more cytotoxic 

than 4b, which contains a methoxy group at the para-position. A similar behavior was 

observed for 4-styrylpyrazoles since compound 1c (R =4-OCH3) was less cytotoxic than 

1a (R = H) (Figure 26).  

 

Figure 26: Structure-activity relationship studies (SARS) of the tested pyrazoles 

 The H2A.X protein quantification was performed only for compounds 1a, 1c, 

2a, 3a and 4b and, in general, the quantification results agree with the results obtained in 

the resazurin assay, except for compound 1a that exhibited significant DNA damage at 
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the 50 µM concentration while it seemed to the safe at this concentration in the resazurin 

method. This means that, even if the cells are metabolically viable, they may already show 

some damage, so it is important to carry out studies as complete as possible to prove the 

safety of the compounds. 

 For compounds 2a and 3a was not observed a significant DNA damage even at 

the higher concentration, confirming that these compounds seem to be safe for use in vivo. 

For compound 4b, the results are in agreement with those observed in the resazurin 

method since the compound caused DNA damage only at the highest concentration of 

100 µM. 

 Therefore, it was possible to observe that, although compounds 1b and 1d include 

halogenated substituents that are widely included in drugs on the market and, therefore, 

of proven safety, they present some toxicity at higher concentrations, especially 1d, that 

exhibits trifluoromethyl in the ortho-position and proved to be more cytotoxic than the 

compounds of the same family containing other substituents in the para-position, or than 

the unsubstituted compound (1a). 

 It was also possible to observe that interesting results were obtained for 

compounds that contain the methoxy group in the para-position, 1c and 4b. This methoxy 

group, a strongly electron-donating group, had already been recognized as having 

antioxidant properties, so this feature may help to explain the promising results observed 

herein. 

 Finally, for groups containing alkyl chains that may contribute to increase 

lipophilicity and the ability to cross the blood-brain barrier (a feature that may be 

interesting as future drugs with action on the CNS), the results were similar for the two 

compounds 2a and 3a, despite the fact that they have substituents in different positions 

of the molecule, so the fact that an OH group or an NH group, both electron donors, are 

free to interact, does not seem to interfere with cell viability. 
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CHAPTER 4: CONCLUSION 

 

4.1. Final Conclusions 

 

 The results obtained in this study allowed to conclude that styrylpyrazoles may be 

promising compounds for use to counteract oxidative stress and neurodegeneration. At 

the end of this study, it was possible to confirm that the studied compounds present very 

low cytotoxicity for HeLa cells and it was also possible to identify the better substituent 

groups, among the studied ones, for decorating the pyrazole scaffold in order to get non-

cytotoxic compounds. 

 The main conclusions to be drawn are: i) the toxicity of pyrazole compounds 

appears to be dose-dependent, occurring mainly at higher doses of the compounds; ii) 4-

styrylpyrazoles appeared to be in general less cytotoxic than 5-styrylpyrazoles; iii) 

trifluoromethyl in the ortho-position (1d) seems to be more cytotoxic than compounds of 

the same family containing other substituents in the para-position or than the 

unsubstituted compound (1a); iv) compounds with methoxy group in the para-position 

(1c, 4b) seem to be less cytotoxic than the compound with other substituent in the ortho-

position or than the unsubstituted compound (1a); v) the safest compounds, since they do 

not shown cytotoxicity at any of the tested concentrations, are the 4-styrylpyrazoles 

containing carbon chains, pyrazoles 2a and 3a. 

 Finally, it is important to note that these studied doses were defined based on the 

literature but, as this study is preliminary, it is not possible to know whether the 

therapeutic doses would be above or below these toxic doses appears to be, which requires 

further studies to assess whether this toxicity will be important in a therapeutic context. 

 

 

4.2. Future Perspectives  

 

 In the future. we consider that the follow-up of this experimental work should start 

by performing protein H2A.X levels quantification of the compounds that have not been 

performed in this work by Western blotting from the samples that have already been 

collected. At the same time, we also consider that should be done more Western Blot 
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replicas of the compounds that have already been performed, to make the results more 

consistent and reduce the standard deviations. Then, to strengthen the results obtained in 

viability tests, other proteins, namely cell integrity associated proteins, such as actin or 

tubulin, should also be analyzed.  

 Based on all these cytotoxic related results, the selection of the compounds that 

seem to be safer for the cells and the respective safe concentrations should be done to 

continue the work with it. At that moment, we also suggest changing the experimental 

model and starting to use a model of bigger biological relevance, such as neuronal cells. 

 After completing all these cytotoxicity studies, tests of the compounds’ capacity 

to reverse oxidative stress and DNA damage that were also planned for this project should 

be carried out, namely induce oxidative stress in neuronal cells using hydrogen peroxide 

and analyze the capacity of the selected compounds to reverse that stress using the 

indicated commercial kit, and induce DNA damage using the bleomycin model and 

evaluate the recovery by ϒH2A.X levels quantification. 
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CHAPTER 5: EXPERIMENTAL SECTION 

 

5.1. General 

  

 Reagents and solvents were purchased as reagent-grade and used without further 

purification unless otherwise stated. Melting points were determined with a Büchi melting 

point B-540 apparatus and are uncorrected. NMR spectra were recorded with 300 or 500 

MHz [300.13 MHz (1H), 75.47 MHz (13C), or 500.16 MHz (1H), 125.77 MHz (13C)] 

Bruker Avance III NMR spectrometers with tetramethylsilane (TMS) as the internal 

reference and with CDCl3 as the solvent, unless otherwise stated. Chemical shifts () are 

quoted relative to TMS. Unequivocal 13C assignments were made on the basis of 2D 

gHSQC (1H/13C) and gHMBC (delays for one-bond and long-range JC/H couplings were 

optimised for 145 and 7 Hz, respectively) experiments. Positive-ion electrospray (ESI+) 

mass spectra were performed using a linear ion trap mass spectrometer LXQ 

(ThermoFinnigan, San Jose, CA). Data acquisition and analysis were performed using the 

Xcalibur Data System (version 2.0, ThermoFinnigan, San Jose, CA). High-mass-

resolving ESI-MS were conducted in a Q-Exactive® hybrid quadrupole Orbitrap® mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). The instrument was 

operated in positive mode, with a spray voltage at 3.0 kV and interfaced with a HESI II 

ion source.  The analysis was performed through direct infusion of the prepared solutions 

at a flow rate of 10 μL min-1 into the ESI source and the operating conditions were as 

follows: sheath gas (nitrogen) flow rate 5 (arbitrary units); auxiliary gas (nitrogen) 1 

(arbitrary units); capillary temperature 320°C, and S-lens rf level 50. Spectra were 

analyzed using the acquisition software Xcalibur ver. 4.0 (Thermo Scientific, San Jose, 

CA, USA). 
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5.2. Synthesis procedures 

 

5.2.1. Synthesis of (E)-3-styryl-4H-chromen-4-ones 

 

 5.2.1.1. Synthesis of (E)-3-(4-methoxystyryl)-4H-chromen-4-one (7a)  

 

A mixture of 4-oxo-4H-chromene-3-carbaldehyde 5 (3.45 mmol), 4-

methoxyphenylacetic acid 6a (2.87 g, 17.3 mmol) and potassium tert-butoxide (t-BuOK) 

(0.58 g, 5.18 mmol) in dry pyridine (30 mL) was heated at 120 ºC for 24 h. After that 

period, the reaction mixture was cooled to room temperature and poured into H2O and ice 

(25 mL) and the pH adjusted to 2 with a solution of HCl (10%). The pale-yellow 

precipitate was separated by filtration, dissolved in CHCl3, washed with H2O, dried with 

anhydrous Na2SO4, and purified by column chromatography with CH2Cl2 as eluent. The 

(E)-3-(4-methoxystyryl)-4H-chromen-4-one (7a) was obtained in 45% yield. 

 

(E)-3-(4-Methoxystyryl)-4H-chromen-4-one (7a) 

(45%, 436.2mg). yellow solid. 1H NMR (300.13 

MHz, CDCl3) δ = 8.30 (dd, J = 8.0, 1.7 Hz, 1H, H-

5), 8.10 (d, J = 0.8 Hz, 1H, H-2), 7.67 (ddd, J = 8.6, 

7.1, 1.7 Hz, 1H, H-7), 7.55 (d, J = 16.0 Hz, 1H, H-β), 7.47 (d, J = 8.8 Hz, 2H, H-2’,6’), 

7.49-7.40 (m, 2H, H-6,8), 6.90 (d, J = 8.8Hz, 2H, H-2’,6’), 6.87 (dd, J = 16.0, 0.8 Hz, 

1H, H-α), 3.83 (s, 3H, 4’-OCH3) ppm. 13C NMR (75.47 MHz, CDCl3) δ = 176.8 (C-4), 

159.5 (C-4’), 155.9 (C-8a), 152.5 (C-2), 133.5 (C-7), 131.2 (C-β), 130.2 (C-1’), 127.9 (C-

2”,6”), 126.3 (C-5), 125.2 (C-6), 124.1 (C-4a), 122.2 (C-3), 118.1 (C-8), 116.8 (C-α), 

114.1 (C-3’,5’), 55.3 (4’-OCH3) ppm. 

 

 5.2.1.2. Synthesis of (E)-3-styryl-4H-chromen-4-one (7b) 

 

A mixture of 4-oxo-4H-chromene-3-carbaldehyde 5 (600 mg, 3.45 mmol), phenylacetic 

acid 6b (2.35 g, 17.3 mmol) and potassium tert-butoxide (t-BuOK) (0.58 g, 5.18 mmol) 

in dry pyridine (30 mL) was heated at 120 ºC for 24 h. After that period, the reaction 

mixture was cooled to room temperature and poured into H2O and ice (25 mL) and the 

pH adjusted to 2 with a solution of HCl (10%). The pale-yellow precipitate was separated 
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by filtration, dissolved in CHCl3, washed with H2O, dried with anhydrous Na2SO4 and 

purified by column chromatography with CH2Cl2 as eluent. The (E)-3-styryl-4H-

chromen-4-one was obtained in a moderate yield (49%). 

 

 

(E)-3-Styryl-4H-chromen-4-one (7b) (49%, 417.7 mg). 

mp. 163-165 ºC. (168-169 ºC, Lit.)166. 

 

 

 

5.2.2. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazoles 

 

 5.2.2.1. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole (1a) 

 

Hydrazine hydrate (0.30 mL, 3.36 mmol) was added to a solution of the (E)-3-styryl-4H-

chromen-4-one (417.7 mg, 1.68 mmol) in MeOH (100 mL). The reaction mixture was 

stirred at room temperature, under nitrogen atmosphere until complete consumption of 

the starting material was observed by TLC. The mixture was then poured into CHCl3 (100 

mL) and washed with acidified H2O (pH 5). The organic layer was dried over anhydrous 

Na2SO4, the solvent was evaporated to dryness, and the solid residue was purified by 

column chromatography using CHCl3 as eluent. The residue obtained after solvent 

evaporation was recrystallized from a mixture of CH2Cl2/cyclohexane.  

Styrylpyrazoles 2a and 3a were prepared starting from pyrazole 1a obtained in this 

experiment. Therefore, its full structural characterization was not performed. For 

biological assays was used the sample of the styrylpyrazole 1a available in the laboratory. 

Melting point was determined and the sample was also analyzed by mass spectrometry. 

 

(E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole (1a) (95%, 

440.7 mg),  light beige solid, mp. (144.5-145.0 ºC). 1H NMR 

(300.13 MHz, CDCl3) δ = 7.84 (s, 1H, H-5), 7.62 (dd, J = 7.8, 

1.7 Hz, 1H, H-6’), 7.52 – 7.43 (m, 2H, H-2”,6”), 7.41 – 7.32 

(m, 2H, H-3”,5”), 7.31 – 7.23 (m, 3H, H-4’,4”), 7.16 (d, J = 

16.2 Hz, 1H, H-α), 7.08 (dd, J = 8.2, 1.3 Hz, 1H, H-3’), 6.96 
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(dt, J = 7.5, 1.3 Hz, 1H, H-5’), 6.90 (d, J = 16.2 Hz, 1H, H- β) ppm.  MS (ESI+) m/z (%): 

263.2 [(M+H)+, 100]. HRMS (ESI+) m/z calcd for C17H15N2O, 263.1179 [M+H]+; found: 

263.1175. 

 

 5.2.2.2. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-4-(4-methoxystyryl)-1H-

pyrazole (1c) 

 

Hydrazine hydrate (0.28 mL, 3.10 mmol) was added to a solution of the (E)-3-(4-

methoxystyryl)-4H-chromen-4-one (7a) (431.7 mg, 1.55 mmol) in MeOH (90 mL). The 

reaction mixture was stirred at room temperature, under nitrogen atmosphere for 

3h50min. The mixture was then poured into CHCl3 (100 mL) and washed with acidified 

H2O (pH 5). The organic layer was dried over anhydrous Na2SO4, the solvent was 

evaporated to dryness, and the solid residue was purified by column chromatography 

using CHCl3 as eluent. The residue obtained after solvent evaporation was recrystallized 

from a mixture of CH2Cl2/cyclohexane. 

 

(E)-3(5)-(2-hydroxyphenyl)-4-(4-methoxystyryl)-1H-

pyrazole (1c) (95%, 430.5 mg), white solid, mp. (157.3-157.8 

ºC). 1H NMR (300.13 MHz, CDCl3) δ = 7.82 (s, 1H, H-5), 

7.64 (dd, 1H, J = 7.8, 1.6 Hz, 1H, H-6’), 7.41 (d, 2H, J = 8.8 

Hz, H-2”,6”), 7.27 (ddd, J = 8.0, 7.7, 1.6 Hz, 1H, H-4’), 7.07 

(dd, J = 8.2, 1.3 Hz, 1H, H-3’), 7.02 (d, J = 16.2 Hz, 1H, H-α), 

7.05-6.98 (m, 1H, H-5’), 6.91 (d, J = 8.8 Hz, 2H, H-3”,5”), 

6.84 (d, 1H, J = 16.2 Hz, H-β), 3.84 (s, 3H, 4”-OCH3) ppm. MS (ESI+) m/z (%): 293.3 

[(M+H)+, 100]. HRMS (ESI+) m/z calcd for C18H17N2O2, 293.1285 [M+H]+; found: 

293.1288. 

 

 

5.2.3. Synthesis of (E)-3(5)-[(2-decyloxy)phenyl]-4-styryl-1H-pyrazole (3a) 

 

Potassium carbonate (0.68 g, 4.92 mmol) and decyl bromide (0.51 mL, 2.40 mmol) were 

added to a solution of (E)-3(5)-(2-hydroxyphenyl)-4-styryl-1H-pyrazole (0.42 g, 1.60 

mmol) in acetone (80 mL). The mixture was refluxed with stirring for 24 h. After, the 
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mixture was cooled to room temperature, the potassium carbonate was filtered off and 

washed with acetone (2 x 10 mL). The solvent was evaporated to dryness and the residue 

was taken in CHCl3 and purified by thin layer chromatography using a 9:1 mixture 

hexane:AcOEt as eluent. Two main compounds have been isolated; the (E)-1-decyl-3-(2-

hydroxyphenyl)-4-styryl-1H-pyrazole 2a and (E)-3(5)-[(2-decyloxy)phenyl]-4-styryl-

1H-pyrazole 3a which were obtained as oils in 60% and 15% yields, respectively. 

 

(E)-1-decyl-3-(2-hydroxyphenyl)-4-styryl-1H-pyrazole (2a), 

light beige solid, mp 56.2-57.2 (Lit 50-51ºC)151. 1H NMR 

(300.13 MHz, CDCl3) δ = 10.45 (s, 1H, 2’-OH), 7.64 (s, 1H, H-

5), 7.60 (dd, J = 7.7, 1.7 Hz, 1H, H-6’), 7.46 (d, J = 7.1 Hz, 2H, 

H-2”,6”), 7.35 (dd, J = 7.8, 7.3 Hz, 2H, H-3”,5”), 7.29 – 7.20 

(m, 2H, H-4’,4”), 7.16 (d, J = 16.2 Hz, 1H, H-α), 7.06 (dd, J = 

8.2, 1.3 Hz, 1H, H-3’), 6.93 (dt, J = 7.7, 1.3 Hz, 1H, H-5’), 6.84 (d, J = 16.2 Hz, 1H, H-

β), 4.14 [t, J = 7.1 Hz, 2H, NCH2(CH2)8CH3], 1.92 [quint, J = 7.4 Hz, 2H, 

NCH2CH2(CH2)7CH3], 1.68 – 1.03 [m, 14H, NCH2CH2(CH2)7CH3], 0.87 [t, J = 6.7 Hz, 

3H, N(CH2)9CH3] ppm. 13C NMR (75.47 MHz, CDCl3) δ = 155.8 (C-2’), 147.3 (C-3), 

137.5 (C-1”), 129.2 (C-β), 129.1 (C-4’), 128.8 (C-3”,5”), 128.23 (C-6’), 128.15 (C-5), 

127.5 (C-4”), 126.2 (C-2”,6”), 119.4 (C-5’), 119.3 (C-α), 118.3 (C-4), 117.7 (C-1’), 116.9 

(C-3’), 52.5 [NCH2(CH2)8CH3], 31.9 [N(CH2)7CH2CH2CH3], 30.1 

[NCH2CH2(CH2)7CH3], 29.53, 29.45, 29.3, 29.1 [N(CH2)3(CH2)4(CH2)2CH3], 26.6 

[N(CH2)2CH2(CH2)6CH3], 22.7 [N(CH2)8CH2CH3], 14.1 [N(CH2)9CH3] ppm. MS (ESI+) 

m/z (%): 403.4 [(M+H)+, 100]. HRMS (ESI+) m/z: calculated for C27H35N2O, 403.2744 

[M+H]+; found: 403.2737. 

 

(E)-3(5)-[(2-decyloxy)phenyl]-4-styryl-1H-pyrazole 

(3a) (15%, 96.6 mg), light yellow oil151. 1H NMR 

(300.13 MHz, CDCl3) δ = 7.90 (s, 1H, H-5), 7.52 (dd, J 

= 7.6, 1.7 Hz, 1H, H-6’), 7.47 – 7.41 (m, 2H, H-2”,6”), 

7.41 – 7.27 (m, 3H, H-3”,4”,5”), 7.25 – 7.18 (m, 1H, H-

4’), 7.11 – 6.99 (m, 3H, H-3’,5’,β), 6.94 (d, J = 16.3 Hz, 

1H, H-α), 4.06 [t, J = 6.6 Hz, 2H, OCH2(CH2)8CH3], 1.81 [quint, J = 6.7 Hz, 2H, 

OCH2CH2(CH2)7CH3], 1.45-1.24 [m, 14H, OCH2CH2(CH2)7CH3], 0.87 [t, J = 6.6 Hz, 
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3H, O(CH2)9CH3] ppm. 13C NMR (75.47 MHz, CDCl3) δ = 156.1 (C-2’), 137.8 (C-3), 

137.1 (C-5),  136.3 (C-1”), 130.7 (C-6’), 129.8 (C-4’), 128.6 (C-3”,5”), 128.0 (C-β), 

127.1 (C-4”), 126.1 (C-2”,6”), 121.1 (C-5’), 120.1 (C-α), 118.2 (C-4), 118.0 (C-1’), 112.6 

(C-3’), 68.9 [OCH2(CH2)8CH3], 31.9 [O(CH2)7CH2CH2CH3], 29.7, 29.5, 29.5, 29.3 and 

29.2 [OCH2CH2CH2(CH2)4(CH2)2CH3], 26.1 [O(CH2)2CH2(CH2)6CH3], 22.6 

[O(CH2)8CH2CH3], 14.1 [OCH2(CH2)8CH3] ppm. MS (ESI+) m/z (%): 403.4 [(M+H)+, 

100]. HRMS (ESI+) m/z: calculated for C27H35N2O, 403.2744 [M+H]+; found: 403.2739. 

 

5.2.4. Synthesis of 2-acetylphenyl cinnamate (9) 

 

To a solution of 2’-hydroxyacetophenone 8 (2 mL, 16.6 mmol) in CH2Cl2 (100 mL) were 

added cinnamic acid 9 (2.96 g, 19.9 mmol), DCC (4.12 g, 19.9 mmol) and 4-PPy (0.30 g, 

1.99 mmol). The mixture was stirred at room temperature for 6 days. After that period, 

the reaction mixture was filtered, and the solid was washed with CH2Cl2. The solvent was 

partially evaporated, and the product was purified by column chromatography using 

CH2Cl2 as eluent. The 2-acetylphenyl cinnamate 10 was isolated in moderate yield. 

 

2-Acetylphenyl cinnamate (10), white solid (50%, 2.22 g).  

This compound is an intermediate of the synthesis of pyrazole 4a and 

therefore its full structural characterization was not performed. 

 

 

 

 

 

5.2.5.  Synthesis of (E)-1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione  

 

To a solution of 2-acetylphenyl cinnamate 10 (2.22 g, 8.35 mmol) in DMSO (20 mL) was 

added potassium hydroxide (2.34 g, 41.75 mmol). The reaction mixture was stirred at 

room temperature under nitrogen atmosphere until complete consumption of the starting 

material was observed. After that period, the mixture was poured into H2O and ice and 

acidified to pH = 2 with a solution of HCl (10%). The formed precipitate was filtered, 

dissolved in CHCl3, washed with water, and dried over anhydrous Na2SO4. After solvent 
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evaporation, the (E)-1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione (11a) was 

isolated in very good yield. 

 

(E)-1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-

dione (11a/11a’) (94%, 2.09 g). 

This compound is an intermediate of the synthesis of 

pyrazole 4a and therefore its full structural 

characterization was not performed. 

 

 

 

 

5.2.6 Synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazole (4a) 

 

To a solution of (E)-1-(2-hydroxyphenyl)-5-phenylpent-4-ene-1,3-dione (11a) (2.09 g, 

7.86 mmol) in MeOH (250 mL) was added hydrazine hydrate (4.38 mL, 62.9 mmol). The 

reaction mixture was stirred at room temperature under nitrogen atmosphere for 24 h. 

After that period, the reaction mixture was concentrated and then poured into CHCl3 (100 

mL) and washed with acidified H2O (pH 5). The organic layer was dried over anhydrous 

Na2SO4, the solvent was evaporated, and the solid residue was purified by column 

chromatography using CHCl3 as eluent. The residue obtained after solvent evaporation 

was recrystallized from a mixture of CH2Cl2/cyclohexane. The (E)-3(5)-(2-

hydroxyphenyl)-5(3)-styryl-1H-pyrazole (4a) was obtained in moderate yield. 

 

(E)-3(5)-(2-hydroxyphenyl)-5(3)-styryl-1H-pyrazole 

(4a) (42%, 865.9 mg). White cristalline solid, mp. 

(126.5-127.6 ºC) (Lit. 120-121 ºC)158. 1H NMR 

(300.13 MHz, CDCl3) δ = 10.79 (br s, 1H, 2’-OH), 

10.13 (br s, 1H, NH), 7.60 (dd, 1H, 7.8, 1.7 Hz, 1H, H-

6’), 7.54 – 7.46 (m, 2H, H-2”,6”), 7.44 – 7.29 (m, 3H, H-3”,4”,5”), 7.27 – 7.21 (m, 1H, 

H-4’), 7.11 (d, J = 16.5 Hz, 1H, H-β), 7.04 (dd, J = 8.2, 1.2 Hz, 1H, H-3’), 6.97 (d, J = 

16.5 Hz, 1H, H-α), 6.94 (dt, 1H, J = 7.5, 1.2 Hz, H-5’), 6.81 (s, 1H, H-4) ppm. MS (ESI+) 
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m/z (%): 263.2 [(M+H)+, 100]. HRMS (ESI+) m/z: calculated for C17H15N2O, 263.1179 

[M+H]+; found: 293.1174. 

 

 

 5.2.7. Synthesis of (E)-3(5)-(2-hydroxyphenyl)-5(3)-(4-methoxystyryl)-1H-pyrazole 

(4b) 

 

To a solution of (E)-1-(2-hydroxyphenyl)-5-(4-methoxyphenyl)pent-4-ene-1,3-dione 

(0.97 g, 3.26 mmol) in MeOH (100 mL) was added hydrazine hydrate (2.33 mL, 26.1 

mmol). The reaction mixture was stirred at room temperature under nitrogen atmosphere 

for 24 h. After that period, the reaction mixture was concentrated and then poured into 

CHCl3 (100 mL) and washed with acidified H2O (pH 5). The organic layer was dried over 

anhydrous Na2SO4, the solvent was evaporated, and the solid residue was purified by 

column chromatography using CHCl3 as eluent. The residue obtained after solvent 

evaporation was recrystallized from a mixture of CH2Cl2/cyclohexane. The (E)-3(5)-(2-

hydroxyphenyl)-5(3)-(4-methoxystyryl)-1H-pyrazole (4b) was obtained in low yield. 

 

(E)-3(5)-(2-hydroxyphenyl)-5(3)-(4-

methoxystyryl)-1H-pyrazole (4b) (15%, 147.1 

mg), white solid, mp 125.1-126.3 ºC (Lit. 117-

119 ºC)158. 1H NMR (300.13 MHz, CDCl3) δ = 

7.60 (dd, J = 7.7, 1.6 Hz, 1H, H-6’), 7.43 (d, J = 

8.8 Hz, 2H, H-2”,6”), 7.27-7.21 (m, 1H, H-4’), 7.08-7.03 (m, 1H, H-3’), 7.06 (d, J = 16.3 

Hz, 1H, H-β), 6.93 (s, 1H, H-4), 6.91 (d, J = 8.8 Hz, 2H, H-3”,5”), 6.83 (d, J = 16.3 Hz, 

1H, H-α), 6.80 – 6.76 (m, 1H, H-5’), 3.84 (s, 3H, OCH3) ppm. 13C NMR (75.47 MHz, 

CDCl3) δ = 160.1 (C-4), 156.0 (C-2’), 152.6(C-3), 142.4 (C-5), 132.0 (C-β), 129.5 (C-

4’), 128.6 (C-1”), 128.1 (C-2”,6”), 126.6 (C-6’), 119.4 (C-5’), 117.1 (C-3’), 114.4 (C-

3”,5”), 112.1 (C- α), 99.3 (C-4), 55.4 (4”-OCH3) ppm. MS (ESI+) m/z (%): 293.3 

[(M+H)+, 100]. HRMS (ESI+) m/z: calculated for C18H17N2O2, 293.1285 [M+H]+; 

found: 293.1279. 
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5.3. Experimental data of the styrylpyrazoles 1b and 1d available in the 

laboratory 

 

(E)-4-(4-chlorostyryl)-3(5)-(2-hydroxyphenyl)-1H-pyrazole 

(1b). White solid, mp. 170.0-170.8 ºC (Lit. 163-164 ºC)157. MS 

(ESI+) m/z (%): 297.2 [(M+H)+, 35Cl, 100], 299.2 [(M+H)+, 

37Cl, 35]. HRMS (ESI+) m/z: calculated for C17H14N2OCl, 

297.0789 [M+H]+; found: 297.0784. 

 

 

 (E)-3(5)-(2-hydroxyphenyl)-4-(2-trifluoromethylstyryl)-1H-

pyrazole (1d). Light beige solid, mp. 146.6-148.1 ºC, MS 

(ESI+) m/z (%): 331.3 [(M+H)+, 100]. HRMS (ESI+) m/z: 

calculated for C18H14N2OF3, 331.1053 [M+H]+; found: 

331.1047. 
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APPENDIX 

 

Appendix 1 - Reagents Preparation for Biological Studies (Chapter 3) 

 

1.1. Reagents For cell Assays 

 

PBS 1X: Each pack of BupH Modified Dulbecco's Phosphate Buffered Saline Packs 

(Thermo Fisher Scientific) was dissolved in 500ml deionized water, filtered in a laminar 

flow chamber with a 0.2µm pore filter and stored at 4°C. 

 

Complete Culture Medium: In a flow chamber, to Dulbecco’s modified Eagle medium 

(DMEM (1X)); Gibco) was added 10% inactivated fetal bovine serum (FBS; Gibco) and 

1% antibiotic and antimycotic (Gibco), and then it was stored at 4ºC.  

 

Pyrazoles’ Stocks: For each of the eight pyrazoles, a 10 mM stock in DMSO (Dimethyl 

Sulfoxide for cell culture; Panreac AppliChem, ITW Reagents) was prepared and stored 

at 4°C. Diverse tested concentrations were prepared from this stock by dilution in fresh 

culture medium to obtain the required concentrations 10, 20, 50 and 100µM. 

 

DMSO Controls Stocks: The DMSO percentage present in each of the final conditions 

explained above was calculated. DMSO Control Stocks were prepared with such 

percentages of DMSO (Dimethyl Sulfoxide for cell culture; Panreac AppliChem, ITW 

Reagents) in fresh culture medium (without pyrazole), namely 0.01%, 0.1%, 0.2%, 0.5% 

and 1%, respectively for 10, 20, 50 and 100 µM of pyrazole conditions. 

 

Resazurin 1% Solution: 0.1mg/ml of resazurin sodium salt (Sigma Aldrich) was 

dissolved in PBS 1X, pH was adjusted to 7.40, the solution was filtered in a laminar flow 

chamber with a 0.2µm pore filter (Fisherbrand) and stored at 4°C. 
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1.2. Reagents For SDS-Page 

 

SDS 10%: Dissolve 0.1 g of SDS for each 1 ml of distilled water. Store at room 

temperature. 

 

SDS 1%: Dilute the above solution in distilled water in a 1:10 ratio. Store at room 

temperature. 

 

APS 10%: Dissolve 0.1 g of APS for each 1 ml of distilled water. Store at room 

temperature for up to a week or freeze. 

 

Tris 1M: For 1 L dissolve 121.2 g of Tris base in distilled water, adjust pH to 6.8 and 

store at 4ºC. 

 

Tris-Glycine 10X: For 1 L dissolve 30.3g of Tris 250 mM and 144.1 g of Glycine 1.92 

M in distilled water and store at 4ºC (the pH should be 8.3 and no adjustment is required). 

 

Lower Gel Buffer (LGB) 4X: For 1 L, dissolve 181.65g of Tris in a part of distilled 

water until complete dissolution, then adjust the volume to 1 L and the pH to 8.9, and 

store at 4°C. 

 

Upper Gel Buffer (UGB) 4X: For 1L, dissolve 75.69 g of Tris in a part of distilled water 

until complete dissolution, then adjust the volume to 1 L and the pH to 6.8, and store at 

4°C. 

 

Loading Buffer (LB) 4X: For 10 mL of the LB solution, mix 2.5 mL of Tris 1M, 4.0 mL 

of glycerol, 1 mg of bromophenol blue, 0.8 g of SDS, 2 ml of β-mercaptoethanol in 

distilled water until 10 mL. 

 

Running Buffer: For 1 L, mix 100 mL of Tris-glycine 10X and 10 mL SDS 10% and 

adjust the volume with distilled water to 1 L. 
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Transfer Buffer: For 1 L, mix 100 mL of Tris-glycine 10 X and 200 mL of methanol 

and adjust the volume with distilled water to 1 L. 

 

1.3. Reagents For Western-Blotting 

 

Block Solution: Dissolve 1g of BSA (Albumin Bovine Fraction V (BSA), nzytech) in 20 

mL of TBS-T 1X. 

 

Antibodies:  

 Primary antibody anti-ϒH2AX: Dissolve 0.6 g of BSA in 20 mL of TBS-T 1X 

(3% BSA) and add 4 µL (1:500) of monoclonal mouse antibody Anti-Phospho-

Histone H2AX (S139), Millipore, Thermo Fisher Scientific. 

 Secondary antibody anti-mouse: Dissolve 1 g of powdered milk in 20 mL of 

TBS-T 1X (5% powered milk) and add 2 µL (1:10 000) of horseradish peroxidase-

conjugated (HRP) secondary antibody anti-mouse (Cell Signaling Technology). 

 

Ponceau S Solution: For a 100 mL final volume, dissolve 0.1 g of Ponceau S in distilled 

water, add 5 mL of glacial acetic acid, and complete with more distilled water to adjust 

the volume to 100 mL. 

 

TBS 10X: For 1L, dissolve 12.11 g of Tris and 87.66 g of sodium chloride (NaCl) in 

distilled water, adjust pH to 8.0 and store at 4°C. 

 

TBS-T 10X: For 1L, dissolve 12.11 g of Tris 1M and 87.66 g of sodium chloride (NaCl) 

in distilled water, add 10 mL (0.01%) of Tween-20, adjust pH to 8.0 and store at 4°C. 
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