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General introduction 

  

Humanity has witnessed a huge leap in technologic progress. People have 

benefited of the improvement of life quality in all the fields, yet they become more 

exposed to new dangers as oxidative stress caused by free radicals. These latter are 

mainly originated from pollution, smoking, and stress…etc. They can lead to ageing 

and age-related illnesses [1] like Alzheimer and cardiovascular diseases. In the aim to 

overcome the detrimental effects of oxidative stress, it is recommended to use the 

antioxidants. They act with several mechanisms in scavenging the free radicals.  

In the case of the pandemic COVID 19 appeared recently in all over the world [2], 

the treatment suggested to combat the virus comprises glutathione, vitamin C and zinc 

which are among the strongest antioxidants. They contribute in supporting the 

immune function. It is also shown that vitamin C may protect lungs from the 

infections caused by the oxidative stress. Moreover, antioxidants are actually added to 

drug formulations to enhance their activities. They are even used in the anticancer 

medical protocol in the aim to boost the anticancer drugs activity. Antioxidants are 

also primordial for drugs preservation for longer durations [3].  

The class of antioxidants is vast; it is clustered according to several criteria such as, 

action mechanism and origin. The benzofurans and the flavonoids which belong to 

polyphenols [4] are known to have a high antioxidant activity. Besides, they are 

abundant in nature, so, they may be a part of our daily diet. For their crucial role, the 

benzofurans and the flavonoids are largely studied. In order to rationalize their 

studies, many statistical techniques are used. Quantitative Structure-Activity 
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Relationship (QSAR) [5] is a powerful tool helping in evaluating the correlation 

between chemical structures and activities. It may be established within different 

methods, for instance, Gaussian processes and artificial neural networks. In 

combination with other multivariate and simulation methods, the data sets may be 

overly characterized, especially with the integration of the docking [6] and the 

ADMET in researches [7].  

In this context, our present work aims to explore two antioxidant data sets of 

benzofurans and flavonoids. Therefore, we start with a general introduction of this 

topic. Then, the core of our work is divided into four chapters; the first one concerns 

generalities about the antioxidant activity. It presents their types, sources and action 

mechanisms. Next, we highlight the different computational methods used in QSAR 

and drug-likeness studies in chapter 2. We give explanations and theories for each 

technique used in our work such as, DFT, Gaussian process and neural networks.   

The third chapter focuses on the QSAR modeling and drug-likeness screening of a set 

of fifteen benzofurans [8, 9], (This work is published in: Journal of Molecular 

Structure, 1189, pp 307- 314, 2019). The last chapter emphasizes on a QSAR study of 

some flavonoids [10, 11] by means of Gaussian process infrequently used in this 

approach, in addition to a clustering study of our data set.  

Finally, we finish with a general conclusion and perspectives.          
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Chapter 1. Free radicals and Antioxidants  

 

1.1 Introduction 

Life is impossible without oxygen. Its presence is fundamental for the metabolism 

of living cells. It is used to metabolizing fats, proteins, and carbohydrates to get 

energy, so it is primordial for our life, our development as well as our ability of 

adaptation. However, oxygen is a highly reactive atom; it leads to the production of 

free radical molecules particularly reactive oxygen species (ROS) which may be at the 

origin of toxicity, acidity, deterioration, and degeneration. These latter may be 

detrimental for body cells.   

As a remediation, antioxidants can interfere so as to counterbalance the oxidant 

effects and to remantain the redox equilibrium [1-3]. They can play the role of 

prophylactic agents [4]. 

This first chapter will focus on the oxidative stress and its reparation by the several 

types of antioxidants.  

1.2 Free radicals and oxidative stress 

Free radicals have unpaired electrons that make them highly reactive and 

detrimental for lipids, proteins, and DNA. Free radicals impact on cellular membranes 

by lipid peroxidation and on proteins and nucleic acids by oxidative damage. The high 

production of free radicals accompanied with their low scavenging activity leads to an 

oxidative stress [5]. 

Autooxidation can deteriorate the lipid based food; it causes a loss in the 

nutritional values, and the production of some undesired derivatives [6]. Furthermore, 
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free-radical-initiated autooxidation of cellular membrane lipids is accepted to be 

inductive of many diseases as cancer…etc [7-9]. 

Oxidative stress was defined by Haliwell and Gutteridge (1985) [10] as the defense 

incapacity of organs and cells against the aggressive free radicals derived from 

oxygen.   

Furthermore, oxidative stress is known to be an imbalanced equilibrium between 

the rates of production and elimination of free radicals (oxidants) [11].  

1.2.1 Origin of free radicals  

ROS are devising into two classes accordion to their structure. They include 

nonradical species as hydrogen peroxide (H2O2), hypochlorous acid (HOCl), singlet 

oxygen (1O2), and free radicals such as superoxide anion radical (O2
∙−), and hydroxyl 

radical (HO∙)… [12-14]. 

The free radicals half-life is about 10-9 to 10-6 s [15]. 

We can also distinguish the endogenous ROS, which are produced as natural by 

cellular metabolism (oxidative metabolism) such as the mitochondrial electron 

transport chain and NADPH oxidase activity. Besides, the extracellular ROS 

(environmental stressors) generated by UV light and other ionizing radiation, bugs, 

xenobiotic, and pollutants [16, 17]. 

 Mitochondrial respiratory chain: After the free radicals had been discovered in 

the biologic system; Harman et al. (1956) evoked for the first time, in 1956, the 

hypothesis of the damage caused by these radicals. Moreover, it was found that they 

are leading to the phenomenon of aging. 

For the majority of living beings, oxygen (O2) is crucial for the production of 

energy by the oxidative phosphorylation reaction generating ATP. This reaction is 

occurred by the electron transport chain in the internal mitochondrial membrane.  
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During a normal metabolic chain, the tetravalent reduction of oxygen to water (Figure 

1.1) creates primary ROS through many stages. Hydroxyl radical (OH∙) is considered 

as the most deleterious one. The degradation of these radicals is controlled by the 

antioxidants [18]. 

O2                    O2
-                          H2O2                  HO                     H2O

+ e- + e-

Superoxide 
dismutase

Catalase
Glutathion peroxidase

Fenton Reaction

+ e- + 2 H+ + e- + H+
 

Figure 1.1. Mitochondrial respiratory chain [18]. 

 

Globally, the oxygen is submitted to quadruple reduction and protonation to form 

water in the cells. The characteristics of each radical are illustrated on the table 1.1.  

 

Table 1.1. ROS Characteristics [15]. 

Symbol Name Characteristics 

O2 oxygen -Stable, 

-weak oxidant ability. 

O2
∙− 

 

superoxide anion radical -Weak reactive radical, 

-toxic, 
1O2 

 

singlet oxygen -Very reactive, 

-can initiate the lipoperoxidation. 

H2O2 

 

hydrogen peroxide -Stable and diffusible, 

-feebly toxic, 

- antiseptic. 

HO∙ hydroxyl radical -Very reactive, 

-principal initiator of the lipoperoxidation, 

-alters proteins and DNA. 
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Nevertheless, there is another category of radicals called secondary radicals 

including: peroxyl radical (ROO∙), hydroperoxide (ROOH), and the alkoxyl radical 

(RO∙).   

 NADPH oxidase: The majority of cells are able to produce the superoxide 

radical (O2
∙−) throughout the membrane NADPH oxidase (NOX) activity. The 

NADPH oxidase contributes in the defensive system and in the cellular signaling in 

the phagocytic and non phagocytic cells respectively [18]. 

NADPH+ 2 O2 NADP+ + H+ + 2O2

NOX
 

We take as an e 

xample, the oral cavity which is very susceptible to the oxidative damage. 

Żukowski et al., 2018 [19] reported that the factors generating ROS in this place may 

be classified into periodontal inflammation. xenobiotics (ethanol, cigarette smoke, 

drugs), unhealthy food with high-fat and protein levels, repeated dental treatment 

using different rays and materials  (ozone, non-thermal plasma, laser light, ultraviolet 

light, fluorides, dental composites, fixed orthodontic appliances, and titanium 

fixations). 

1.2.2 Oxidative stress effect on health 

At the physiological concentrations, free radicals are primordial for several 

biological functions such as playing the role of cell signaling molecules and 

controlling cell viability, migration, and differentiation. Moreover, free radicals 

contribute in the defensive system through combating the pathological agents and 

inactivating them [20- 22]. However, an oxidative-antioxidant imbalance and an 

oxidative stress may be appeared when the levels of ROS exceed the physiological 

concentrations [23].  
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Oxidation process caused by reactive oxygen species such as O2
•_, OH•, and lipid 

peroxyl radicals ROO• can provoke an oxidative stress leading to a considerable 

damage of cellular proteins, nucleic acids, and lipids. This damage is implicated in the 

apparition of many diseases [17, 24].   

Consequently, free radicals damage can cause proteins denaturation, DNA mutation, 

and binding to unsaturated lipid membrane leading to lose of fluidity [17]. 

Our body is able to elaborate its system of protection against the oxidative stress, yet 

this system may be overwhelmed by the excess generation of free radicals [8]. 

The oxidative stress is generally considered as one of the major causes of the age-

associated diseases such as cardiovascular diseases, cancers, Parkinson’s and 

Alzheimer’s diseases…etc [2, 25]: 

 Cardiovascular diseases: Cardiovascular dysfunction has several causes 

including hypercholesterolaemia, hypertension, smoking, diabetes, poor diet, stress 

and physical inactivity. One of the main of them is the atherosclerosis. This latter is 

initiated by oxidation of human low-density lipoproteins which is mediated by ROS 

and reactive nitrogen species (RNS) [9]. 

 Cancer: In the case of cancer, ROS proceed as secondary messengers in the 

intracellular signaling cascades. This act contributes to induce and sustain the 

oncogenic phenotype of cancer cells. On the contrary, ROS can stimulate the cellular 

apoptosis and play the role of antitumorigenic species.  

A balance between ROS production and scavenging usually leads to a cellular redox 

homeostasis [26, 27]. 

 Alzheimer’s disease: The oxidative stress alters strongly the brain more than 

any other organs. That is seen when mitochondrial dysfunction, increased metal 

levels, inflammation, and β-amyloid (Aβ) peptides oxidize the neurons components 
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(lipids, proteins, and nucleic acids). ROS lead to the promoting of Aβ deposition, the 

hyperphosphorylation, and the subsequent loss of synapses and neurons in the 

development of this disease [28]. 

 Skin aging: UV radiation is made up of UVA and UVB. UVA rays are 

responsible of oxidative process, for instance, lipid peroxidation, modification of 

structural proteins and DNA damage. These effects may be blocked or repaired by 

counterbalance the oxidative stress [29]… 

1.3 Antioxidants 

1.3.1 Definition 

An antioxidant is a reducing agent, yet a reducing agent is not necessarily an 

antioxidant. Hence the antioxidant is able to neutralize an oxidizing agent [30-31]. 

Even if it is present with low concentrations, an antioxidant is defined as a 

substance which can considerably decelerate or prevent the process of oxidation by 

breaking the chain of radical reactions [10]. 

The principal roles of antioxidants can be cited as following: 

 Quenching the free radicals to end their chain reaction by donating a hydrogen 

atom or transferring them an electron. 

 Oxidation reactions are generally catalyzed by metals as iron and copper, 

hence chelating these metals may stop the free radicals generation.  

 Inactivating the free radical generating enzymes such as xanthine oxidase, 

lipoxygenase, protein kinase C, mitochondrial succinoxidase, and NADPH oxidase… 

 The body has its proper defensive system against oxidation reactions; 

nevertheless it sometimes needs to stimulate the internal antioxidant enzymes by rich 

antioxidant diet [17, 32]. 
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1.3.2 Origin 

Healthy food can supply the body with the necessary amounts of antioxidants. It 

provides them even in cheap dishes. 

Some of the origins of antioxidants are illustrated on Table 1.2. 

Table 1.2. Principal sources of antioxidants [3, 33- 40]. 

Antioxidant Origin 

Vitamin E 

 

Vitamin C 

Germ of cereal seeds, polyunsaturated vegetables oils, eggs, 

walnat… 

Lemon, orange, cantaloup, honeydew melon, cherries, kiwi, 

tomatoes, cabbage, brussels, cauliflower, peas, red and green 

peppers, potatoes… 

Se 

 

Fe 

 

Cu 

Mn 

 

Zn 

Fish, meat, poultry, eggs, vegetables planted in selenium rich 

soil… 

Beef, chicken, liver, fish, tofu, spinach and other leafy 

vegetables…  

Nuts, seeds, seafood, meat and grains… 

Vegetables, rice, nuts, whole grains, sea foods, seeds, 

chocolates, as well as teas… 

Milk, green vegetables, complete bread, meat, fish… 

ß- carotene Orange and dark green fruits and vegetables. 

Polyphenols Chocolate, green tea, vinegar, grapes, berries, red onion, red 

cabbage, honey…  

1.3.3 Types 

There is a variety of criteria how to classify the antioxidants. The most frequent 

classification is based on their origin and their action mechanism. 

1.3.3.1  Classification of the antioxidants according to their origin 

a) Endogenous antioxidants     

The body is the first barrier against the oxidation processes; it relies on two 

endogenous defensive systems:  
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 Enzymatic antioxidants: The main antioxidants enzymes are: superoxide 

dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX)… 

 Non enzymatic antioxidants: They are divided into proteins and non proteins 

antioxidants (Table 1.3). 

Table 1.3.  Endogenous antioxidants [34, 41- 43]. 

Class Subclass Antioxidant Activity 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
E

n
d

og
en

ou
s 

an
ti

ox
id

an
ts

   
  

 

   
    E

nz
ym

at
ic

 a
nt

io
xi

da
nt

s Superoxide dismutase 2O2+2H+
                H2O2+O2

SOD
 

Catalase 
2H2O2                  2H2O+O2

CAT
 

Glutathione peroxidase 
2GSH+H2O2                GSSG+2H2O

GPX

GSH: Reduced glutathione. 

GSSG: Oxidized glutathione. 

   
   

   
   

  

   
   

   
   

   
   

   
   

   
   

   
N

on
 e

nz
ym

at
ic

 a
nt
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xi

da
nt

s 

   P
ro

te
in

s 

Glutathione It protects the body against the 

xenobiotic metabolism. Also, it 

contributes in the regeneration of 

the vitamin E. 

   
   

   
 m

et
al

-b
in

di
ng

 

pr
ot

ei
ns

 

 

-Albumin, 

-cerulplasmin, 

-hepatoglobin, 

-ferritin… 

-These proteins are linked to 

Copper or iron; they control the 

production of metal catalyzed free 

radicals. 

 

N
on

 p
ro

te
in

s 

-Bilirubin 

 

It is considered as the most 

effective antioxidant in the lipid 

peroxidation. 

-Uric acid 

 

It is a good scavenger of singlet 

oxygen 

-Coenzyme Q -It can regenerate the vitamin E, 

-it breaks the chain of free radicals 

reactions. 
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b) Exogenous antioxidants 

Table 1.4.  Exogenous antioxidants [2, 42, 44- 47]. 

 Class S.Class Antioxidant Activity 

E
xo

ge
n

ou
s 

an
ti

ox
id

an
ts

 

N
at

ur
al

 a
nt

io
xi

da
nt

s 

Vitamins: E, C, A…  -Vitamin E is the most 

efficient antioxidant of the 

membrane lipid peroxidation, 

-vitamin C contributes to 

regenerate the vitamin E. 

Micro-nutrients cofactors: Se, Fe, 

Cu, Mn, Zn… 

-Improve the enzymes 

catalytic activity. 

Carotenoids: Beta carotene… -Protect the lipid- rich tissues 

against oxidation, 

-have a synergistic protection 

in addition with vitamins.  

Polyphenols: flavonoids, 

polyphenolic acids… 

-Scavenge the free radicals, 

-sequestrate the antioxidant 

agents, 

-modify the cell signaling… 

S
yn

th
et

ic
  a

nt
io

xi
da

nt
s 

 

D
ru

gs
 

 

Probucol Avoids the low density 

lipoprotein oxidation. 

N-acetylsysteine Regenerates the glutathione. 

A
dd

it
iv

es
 

 

-Butylated hydroxytoluene 

- Butylated hydroxyanisole  

-Prevent lipid oxidation, 

-have a synergistic activity. 

Propyl gallate (PG) Protects oils and fats against 

oxidation. 

Ethylene 

diaminetetraacetic (EDTA) 

Prevents rancidity and food 

color changes caused by 

oxygen and mineral traces 

(Fe, Cu, Ni…). 

Tertiary 

butylhydroquinone 

(TBHQ) 

Stabilizes or inhibits the auto-

polymerization of organic 

peroxides.  
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Besides the body’s own antioxidants; the dietary can enhance the fight against the 

oxidative stress using natural or synthetic antioxidants. These molecules contribute in 

fighting oxidation processes [25] as well as they serve to preserve food from 

oxidation and make longer its use duration. Some of the exogenous antioxidants are 

illustrated on the Table 1.4.  

1.3.3.2  Classification of the antioxidants according to their Action mechanism 

a) Type I: The antioxidants of this category are capable of breaking the chain of 

free radicals reactions through donating a hydrogen atom or an electron.  

ROO+ AH                             ROOH+ A  

ROO. : Free radical, 

AH: Antioxidant, 

A. : Antioxidant radical [48, 49]. 

Consequently, the antioxidants inhibit the propagation of the oxidation chain and 

scavenge the free radicals. 

Vitamins C and A, albumin, bilirubin, and flavonoids act as chain breaking 

antioxidants [50].    

b) Type II: The antioxidants that belong to type II have a preventive action [51-

53]. They may act as following: 

- Chelators of the metals catalyzing free radicals generation (EDTA, citric 

acid…). 

- Quench the ROS (enzyme SOD…). 

- Decompose the free radical into non radical compounds (enzyme CAT…) 

[50]. 

c) Type III: Some physical parameters can avoid the oxidation in the case of 

food preservation, for instance vacuum and obscurity [54]. 
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1.4  Structure- Antioxidant activity relationship 

Even there are some contradictions concerning the structure- activity relationship 

(SAR) of the antioxidants, it is believed that the strongest factors are the number of 

hydroxyl groups and their positions, as well as the conjugaison between fractions 

[55]. This conjugaison creates a resonance effect leading to the stability of the 

antioxidant radical.  

For the flavonoids, one of the most influencing parameters is the hydroxylation on 

B- ring (Figure 1.2) due to the delocalization of the unpaired electron in the aroxyl 

radical structure. That may contribute in the stabilization of the flavonoids. In 

addition, a high radical scavenging capacity is proportionally correlated to the high 

electron-donating ability, and so to low electron-oxidation peak potentials [56].  

 

Figure 1.2. Structural features for high antioxidant capacity [17, 55, 57].  

When a flavonoid donates hydrogen from a hydroxyl group, it becomes a relatively 

stable flavonoid phenoxyl radical. Next, this latter may react with a second radical 

(RO.) to give stable quinone [17].  

Nevertheless, the presence of glycosides decreases the antioxidant capacity, 

probably because of the steric hindrance effect [58]. 
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 Similarly to the flavonoids, the effect of the number and the position of hydroxyl 

groups, as well as the extension of conjugaison is obvious on the antioxidant capacity 

of benzofurans, such as the case of arylidene [59]. It is also proved that the 

mechanism of donating hydrogen is crucial in explaining antioxidant capacity. 

Moreover, tautomerism contributes in effecting the antioxidant efficiency. It has a 

role in releasing hydrogen atoms [60]. Whereas, the presence of electron attractor, 

such as halogens, decreases the ability of free radical scavenging [59].   

1.5  Antioxidant activity measurement using DPPH method  

DPPH (2, 2-diphenyl-1-picrylhydrazyl) scavenging method is a spectrophotometric 

assay. It is based on the decolorization of the purple-colored stable radical (DPPH•). 

After has been reduced by an antioxidant, the DPPH becomes non-radical (Figure 

1.3). The maximum absorbance is at 517 nm. 

Experimentally, the strength of the antioxidant is estimated by its concentration 

able to reduce 50% of the initial quantity of DPPH. 

This test is advantageous since it is simple, quick, and useful for hydrophilic and 

lipophilic antioxidant compounds [61]. 

N

N
.

NO2O2N

+ Antioxidant- OH

N

NH

NO2O2N

+ Antioxidant- O.

DPPH (purple)                                                                 DPPHH (yellow)  

Figure 1.3. DPPH assay [62]. 
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1.6  Uses of antioxidants  

The antioxidants are largely used as additives in different fields, principally in food 

industries, as well as pharmaceutical and cosmetic products.  

 Food industries: Lipid oxidation leading to rancidity and other toxic reactions 

is one the common reasons of food deterioration. Hence, the antioxidants added with 

convenient amounts may reduce this effect. They may be natural from herbs and 

spices, for instance rosemary, thyme, pepper, and clove…Besides, synthetic 

antioxidants may be used to improve the shelf life of food, such as butylated 

hydroxytoluene and butylated hydroxyanisole [52].  

 Pharmaceutical products: The aging process accelerated by the oxidative 

stress may cause many diseases as cancer, diabetes and nervous pathologies. 

Antioxidants may delay this process by the removal of the free radicals accumulated 

in vivo and in vitro [63, 64].  

 Cosmetic products: Antioxidants in cosmetics may renforce the antioxidation 

capacity of the skin which becomes weak with aging. The most common antioxidants 

currently used are: ginkgo biloba extracts, resveratrol, α-arbutin, vitamin E, and 

polysaccharides [63]. They are delivered in different galenic forms: liposoms, 

nanoparticles, emulsions…[65]. 

Thus, adding antioxidants to these formulations has a double role. They are benefic 

to health by combating the oxidative stress. Also, they are a key preservative in the 

final products where they contribute to prevent lipid oxidation and lengthen the shelf 

life of food and drugs.    
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1.7 Conclusion 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Relation between free radicals and antioxidants. 

-Pollution, 

-Smoking, 

-UV rays, 

-Stress, 

-Inflammation, 

-Infection…  
Antioxidants 

Free radicals 

-Cancer, 

-Aging, 

-Alzheimer’s  

disease, 

-Cardiovascular  

diseases… 

Oxidative stress 

What to do? 

-Fruits, 

-Vegetables, 

-Sea food, 

-Meat, 

-Chocolate, 

-Honey …  

Antioxidants  

-Vitamins, 

-Cofactors, 

-Polyphenols, 

-Carotenoides, 

-Synthetic 

antioxidants…  

Action mechanism 

-Quenching free radicals,  

-chelating metals catalyzing the 

oxidation reaction,  

-inactivating the enzymes 

contributing in the free radicals 

generation,   

-stimulation of the endogenous 

antioxidants. 

Free radicals Antioxidants 
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