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ABSTRACT

Free radicals are compounds characterized by having an unpaired electron in their outer orbit, a condition that makes 
them highly reactive, i.e., they interact through diffusion-controlled reactions with proteins, lipids and nucleic acids. 
They have also been referred to as reactive oxygen species (ROS), reactive nitrogen species (RNS) or reactive sulfur species 
(RSS). In the human organism, they are mainly produced in the mitochondrial electron transport chain, where respiratory 
complexes I and III specifically participate and reduce oxygen by converting it into superoxide anion. Likewise, they can 
be formed through a wide variety of enzymatic and non-enzymatic reactions involving substances that are synthesized by 
cells or are ingested with food and some medicines. Human beings have an antioxidant system which is both enzymatic 
and non-enzymatic in nature and whose function is to protect the organism from the harmful action of free radicals. This 
system includes enzymes—such as catalase, superoxide dismutase, thioredoxin, etc.—and non-enzymatic compounds—
such as glutathione, ferritin, myoglobin, etc. However, they are not efficient enough to protect it, so it is necessary to eat 
foods that contain substances with antioxidant properties whose protective action will depend on their chemical reactivity 
and their concentration. These antioxidant compounds are mainly found in fruits and vegetables, where polyphenols, 
flavonoids, carotenoids, vitamin C, vitamin E, etc. have been identified. A significant amount of evidence suggests that 
the intake of antioxidant substances protects the body from the damaging effect of free radicals, but when the oxidative 
action prevails over the antioxidant action, it can lead to oxidative stress, a condition that is closely linked to a wide 
variety of chronic non-communicable diseases including cancer, diabetes mellitus, obesity, psoriasis, atherosclerosis, 
among others. All this seems to indicate that the term “cellular redox steady state” more appropriately describes the 
constant adaptation to a situation of rapid chemical turnover and suggests that the substances involved in this process 
be designated as “biologically reactive species” due to the existence of harmful compounds such as hydrogen peroxide, 
peroxynitrite, etc., which are not—strictly speaking—free radicals but have toxic effects on cells.
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Radicales libres y sistema antioxidante

RESUMEN

Los radicales libres son compuestos caracterizados por tener un electrón desapareado en su orbital externo, condición que 
los torna altamente reactivos, es decir, tienen la propiedad de interactuar a través de reacciones controladas por difusión 
con proteínas, lípidos y ácidos nucleicos. También se les ha designado como especies reactivas de oxígeno (ERO), especies 
reactivas de nitrógeno (ERN) o especies reactivas de azufre (ERA). En el organismo humano se generan, principalmente, 
en la cadena transportadora de electrones mitocondrial, donde específicamente participan los complejos respiratorios  
I y III que tienen la propiedad de reducir al oxígeno y convertirlo en anión superóxido; así mismo, pueden formarse 
haciendo uso de una gran diversidad de reacciones enzimáticas y no enzimáticas en las que intervienen sustancias que 
la célula sintetiza o que se ingieren con los alimentos y algunos medicamentos. El ser humano dispone de un sistema 
antioxidante, que es de naturaleza enzimática y no enzimática, el cual tiene como función proteger al organismo de la 
acción nociva de los radicales libres; comprende enzimas —como catalasa, superóxido dismutasa, tiorredoxina, etc.— y 
compuestos no enzimáticos —como glutatión, ferritina, mioglobina, etc.—, pero no son lo suficientemente eficientes para 
protegerlo, por lo que es necesaria la ingesta de alimentos que contengan en su composición sustancias con propiedades 
antioxidantes cuya acción protectora dependerá de su reactividad química, así como de su concentración; estos compuestos 
antioxidantes se encuentran principalmente en las frutas y verduras, habiéndose identificado polifenoles, flavonoides, 
carotenoides, vitamina C, vitamina E, etc. Un número considerable de evidencias sugiere que la ingesta de sustancias 
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antioxidantes protege al organismo del efecto dañino de los radicales libres, pero cuando prevalece la acción oxidante 
sobre la antioxidante puede conducirse al estrés oxidativo, condición que está estrechamente vinculada con una gran 
diversidad de enfermedades crónicas no transmisibles como cáncer, diabetes mellitus, obesidad, psoriasis, aterosclerosis, 
entre otras. Todo ello parece indicar que el término “estado estable redox celular” describe de manera apropiada la 
constante adaptación a una situación de rápido recambio químico, y sugiere que las sustancias implicadas en este proceso 
se designen como “especies biológicamente reactivas” en razón de la existencia de compuestos nocivos como el peróxido 
de hidrógeno, peroxinitrito, etc., que no son propiamente radicales libres, pero ejercen efectos dañinos a las células.

Palabras clave: Radicales Libres; Antioxidantes; Estrés Oxidativo; Especies Reactivas de Oxígeno (Fuente: DeCS BIREME).

Figure 1. Production of superoxide anion
(ETC = electron transport chain)
Source: self-elaboration.
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INTRODUCTION

The existence of free radicals in a chemical reaction was 
first mentioned by Moses Gomberg (1) when he was trying 
to synthesize tetraphenylmethane. A free radical is a 
molecule characterized by having an unpaired electron 
in its outer orbit. Studies concerning the effect of oxygen 
on enzymes such as pepsin, catalase, cholinesterase and 
carbonic anhydrase showed that they were affected by 
oxygen (2). Likewise, the exposure of rats to a pure oxygen 
environment (3) caused their death three days later, and 
this effect could not be attributed to free radicals due 
to the lack of appropriate scientific support. Later, the 
possible transfer of only one electron to oxygen (4) and 
the formation of superoxide anion in the mitochondrial 
respiratory chain were suggested. One article about the 
theory of aging claimed that the damaging effect of X-rays 
on animal tissues (5) would occur by the production of 
hydroxyl radicals. Subsequently, there was evidence of the 
existence of the hydroxyl radical (OH•), superoxide anion 
radical (O₂-•), peroxyl radical (ROO•), etc., referred to as 
reactive oxygen species (6); nitric oxide (NO•) and nitrogen 
dioxide (NO₂•), identified as reactive nitrogen species; and 
the thiyl radical (RS•), identified as reactive sulfur species, 
etc.

Several epidemiological studies show a close relationship 
between oxidative stress and chronic non-communicable 
diseases such as cancer, diabetes mellitus, psoriasis, 
atherosclerosis, etc. Oxidative stress is an imbalance 
between the production of free radicals and the 
antioxidant defense system, where the former prevails; 
this situation occurs notwithstanding human beings have 
a partially efficient antioxidant defense system (6-8). 
Therefore, it is necessary to eat food containing substances 
with antioxidant properties. This narrative review aims 
at providing knowledge about processes leading to the 
production of free radicals as well as antioxidant defense 
systems.

SEARCH STRATEGY

The strategy to carry out this review consisted in searching 
in review and research articles in Google Scholar, PubMed 
and SciELO databases, without time limit, the following 
English and Spanish terms: free radicals, reactive oxygen 
species, antioxidants, oxidative stress, radicales libres, 
especies reactivas de oxígeno, antioxidantes and estrés 
oxidativo.

PRODUCTION OF FREE RADICALS

In human beings, free radicals are produced in the 
mitochondrial electron transport chain with the 
participation of respiratory complexes I and III (9), which 
transfer an electron to oxygen by converting it into 
superoxide anion (Figure 1).

 
Oxygen Superoxide anion 

ETC 

(Electron)



Free radicals are mildly produced during moderate 
physical activity and are increased during vigorous 
physical activity (10-12). Fructose is a carbohydrate mainly 
metabolized in the liver and, since it lacks an adequate 
metabolic regulation process, it exerts high pressure 

Superoxide anion is a free radical produced in the mitochondrion (18) and transformed by the superoxide dismutase (SOD) 
enzyme (19) into hydrogen peroxide and oxygen:

Nitric oxide (NO•) (20) is synthesized by nitric oxide synthase, reacts with superoxide anion and produces peroxynitrite, a 
compound with low activity in aqueous medium, which can be transformed into a more reactive form when entering the 
lipid membrane. Peroxynitrite is not a free radical per se:

The following reaction occurs between superoxide anion and hydrogen peroxide in the presence of ferric ion (Fe3+) as a 
catalyst (21), thus forming the hydroxyl radical:

In the ischemia/reperfusion injury process (22), characterized by oxygen deficiency at the cellular level, ATP is degraded until 
forming hypoxanthine. Then, xanthine dehydrogenase is converted into xanthine oxidase. Subsequently, when reperfusion 
occurs, this enzyme reacts with hypoxanthine and oxygen, forming xanthine and superoxide anion. Thereafter, it reacts 
with xanthine and another oxygen molecule, thus producing uric acid and superoxide anion.

NADPH oxidase (NOX) (23) is an enzyme that oxidizes the NADPH coenzyme, thus producing superoxide anion, contributes 
to regulate the vascular tone and participates in the “respiratory burst,” etc.: reactions that use phagocytic cells to 
destroy pathogens. Therefore, a defect in the expression of one of the subunits may lead to the development of chronic 
granulomatous disease and atherosclerosis.

The hydroxyl radical is the most harmful to human beings. It is produced in quite different ways, the most important being 
the Fenton and Haber-Weiss reactions (24), which are developed in two stages: the first one was previously described, 
where Fe3+ interacts with O₂•- and forms Fe2+, and the second one is shown below.

of electrons at the mitochondrial level, thus increasing 
the production of free radicals. This effect is closely 
related to pathologies such as obesity, diabetes mellitus, 
hypertension, etc. (13-17)  

Free radicals and antioxidant system 
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Vitamin C is known for its antioxidant properties, but it may act as a prooxidant (25) in the presence of transition metals 
such as Fe3+ or Cu2+:

(AH₂ = ascorbic acid, A = dehydroascorbate, AH• = ascorbyl radical)

It was observed that ferrous sulfate syrup used for the treatment of iron deficiency anemia, in the presence of vitamin 
C, increases the formation of thiobarbituric acid reactive substances (TBARS) (26), i.e., it increases the production of free 
radicals. Moreover, when ferrous sulfate and vitamin C were administered to albino rats (27), all the animals presented 
hepatocellular damage, which allows inferring that people who are prescribed ferrous sulfate and orange juice or 
lemonade because of its content of vitamin C to improve iron absorption may develop liver damage. It was also observed 
that the administration of ferrous sulfate to pregnant women (28) caused oxidative damage, an effect that was probably a 
consequence of the production of free radicals.

Myeloperoxidase (29) is an enzyme found in neutrophil granules that forms hypochlorous acid by the following reaction:

Hypochlorous acid may react with superoxide anion and produce the hydroxyl radical:

It must also be taken into account that some medication, cigarette smoke and environmental pollution (30) produce free 
radicals and harmful substances. Hence, we suggest that it is more appropriate to designate them as “biologically reactive 
species” (BRS) since there are substances which are not—strictly speaking—free radicals and cause damage.

ANTIOXIDANT SYSTEM

Human beings have an antioxidant system composed of substances that they synthetize and antioxidant compounds that 
they eat in their diet (Figure 2); therefore, compounds synthetized by cells can be referred to as endogenous antioxidants 
and substances included in food as exogenous antioxidants.

Figure 2. Components of the antioxidant system
Source: self-elaboration.
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Endogenous enzymatic antioxidant system
The components of this system comprise the following 
enzymes:

Superoxide dismutase (SOD) (31). This enzyme converts 
superoxide anion into hydrogen peroxide. There are three 
isoforms: SOD1 (Cu/Zn) is the main isoform, which reacts 
with O₂•- in cytosol and the mitochondrial intermembrane 
space; SOD2 (Mn), which reacts with O₂•- in the 
mitochondrial matrix; and SOD3 (Cu/Zn), which is found in 
extracellular fluid.

Glutathione peroxidase (GPx) (32). It reacts with H₂O₂  and 
removes hydroperoxides, compounds that are formed 
during lipid oxidation reactions. This enzyme requires 
glutathione (GSH) and selenium for its activity. Several 
isoforms have been described, and GPx1 is the one that 
prevails.

Thioredoxin (Trx) (33). It is a thiol-disulfide oxidoreductase, 
which reduces other proteins—such as ribonucleotide 
reductase—and different peroxidases. Trx1 is found in 
cytosol and outside the cells, while Trx2 is found in the 
mitochondrion.

Peroxiredoxin (Prx) (30). It is another antioxidant enzyme 
that catalyzes the reduction of hydrogen peroxide 
and hydroperoxides, thus forming water and alcohol, 
respectively. Moreover, it regulates the concentration of 
hydrogen peroxide, and this characteristic allows it to 
modulate the cell signaling pathways, where TNF-α and 
growth factors participate. There are three different 
types: Prx1, Prx2 and Prx3.

Catalase (CAT) (34). This enzyme, which is widely distributed 
in the human body and found particularly in the liver and 
kidneys, has a very high catalytic activity since it breaks 
down hydrogen peroxide into water and oxygen. Catalase 
may oxidize phenolic compounds at low concentrations 
of hydrogen peroxide, this type of catalysis being its 
peroxidase activity.

Glutathione reductase (35). It reduces oxidized glutathione 
(GSSG) and forms two molecules of reduced glutathione 
(GSH) with the active participation of the NADPH cofactor. 
This enzyme is very important because it reconstitutes GSH 
since an increased GSSG/GSH ratio is toxic to cells. GSH 
levels are very important so that glutathione peroxidase 
may efficiently remove hydrogen peroxide.

Glutaredoxin (Glrx) (36). This enzyme separates glutathione 
from the protein to which it is bonded, thus allowing proteins 
to have their free sulfhydryl groups available. This enzyme 
and glutathione S-transferase are key to maintaining the 
cellular redox signaling cycle, and its action overlaps the 
activity of thioredoxins. It participates in the control of 

apoptosis, inhibiting Fas and activating Akt and NF-kB.

Thioredoxin reductase (TrxR) (37). It is one of the antioxidant 
enzymes that reduce thioredoxin (Trx) and protein disulfide 
isomerase (PDI) using NADPH as coenzyme. It also has Se 
and FAD cofactors at its active site. There are several 
thioredoxin reductase isoforms: TrxR1, which is found in 
cytosol; TrxR3, which is found in the mitochondrion; and 
thioredoxin glutathione reductase (TGR), which is found 
specifically in the testicles.

Endogenous non-enzymatic antioxidant system
This system consists of multiple antioxidants such as 
glutathione (GSH), a substance found in high concentrations 
in liver and plasma, i.e., 5 to 10 mM and approximately 
20 µM, respectively (38). It is used by glutathione peroxidase 
to remove hydroperoxides, a reaction that converts it 
into oxidized glutathione (GSSG), a compound that must 
necessarily be reduced to regenerate GSH, for which 
glutathione reductase and NADPH are required. Myoglobin 
is a protein whose main function is to store oxygen in 
muscle tissue and neutralize the action of nitric oxide 
free radical (39). One of the most important functions of 
ferritin is to maintain iron intracellular balance, thus 
preventing this metal from producing free radicals (40). 
Metallothioneins are low molecular weight proteins 
characterized by having several sulfhydryl groups that allow 
them to react with superoxide anion and hydroxyl radicals (41). 
Coenzyme Q (CoQ) participates in the mitochondrial transport 
of electrons and reacts with molecular oxygen and different 
free radicals (42). Polyamines comprise compounds such as 
spermine, spermidine and putrescine (43), which protect 
cellular membranes against the peroxyl radical, hydrogen 
peroxide, superoxide radical, etc. Melatonin (44) blocks the 
harmful action of the hydroxyl radical, nitric oxide and 
peroxynitrite.

Transferrin (45) is a glycoprotein that bonds trivalent iron 
with a high binding constant, thus preventing iron from 
participating in reactions that form the hydroxyl radical. 
Likewise, ceruloplasmin (46), another circulating plasma 
protein, transports copper, a metal that produces the 
hydroxyl radical when reacting with hydrogen peroxide. 
Uric acid (47) is the final product of the metabolism of 
purines and behaves as an efficient antioxidant; therefore, 
it can block the hydroxyl radical, peroxynitrite and lipid 
peroxides. Albumin (48) is a component of plasma proteins 
that fulfills multiple functions, one of which is related 
to the antioxidant activity due to its sulfhydryl groups. 
Furthermore, it has been described that bilirubin (49) has 
a high antioxidant action, similar to that of lactoferrin (50).

Exogenous antioxidants
Human beings may increase their antioxidant defense by 
eating fruits and vegetables, which are antioxidant-rich 
foods. These compounds (Figure 3) are abundant, and 
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Figure 3. Antioxidant compounds
Source: self-elaboration.

their properties have not been totally studied yet but have 
demonstrated beneficial effects for health (51).

This group includes polyphenols, carotenoids, some 
vitamins, trace elements, etc. Polyphenols (52) are organic 
compounds characterized by having aromatic rings with one 
or several phenolic groups naturally found in vegetables. 
Their effect is closely related to the prevention of chronic 
non-communicable diseases such as cancer, psoriasis, 
atherosclerosis, diabetes mellitus, hypertension, obesity, 
etc. More than 4,000 types of polyphenols have been 
identified, and molecules such as phenolic acids have been 
chemically recognized in this group. Phenolic acids are 
composed of benzoic acid and cinnamic acid derivatives. 
Furthermore, polyphenols with slightly different structures 
such as stilbenes, lignans and flavonoids have been 
recognized.

Fruits and vegetables are important sources of polyphenols, 
particularly hydroxybenzoic acid derivatives such as gallic 
acid (53), found in blackcurrant, and protocatechuic acid, 
found in mulberries/blackberries and especially tea 
leaves, which can contain up to 4.5 g/kg of fresh leaves, 
etc. Hydroxycinnamic acid derivatives such as coumaric 
acid are found in plums, kiwis and coffee; chlorogenic 
acid in cherries; sinapic acid in apples, pears, potatoes, 
coffee, etc.; and ferulic acid (54) especially in cereals such 
as wheat, rice, oats, corn, etc.

Stilbenes (55) are a small group of polyphenols whose main 
representative is resveratrol, a very efficient antioxidant 
mainly found in black grapes, mulberries/blackberries 
and blueberries/cranberries. Another important group 
of polyphenols are lignans (56); one of its best-known 
compounds, secoisolarisirecinol, is found in linseed and also 
in cereals, fruits and vegetables but in very low amounts.

Flavonoids are a particularly important group of naturally 

occurring compounds with antioxidant properties, the 
study of which has received special attention. These 
chemical compounds can be divided into six big subgroups: 
flavonols, flavanones, flavones, flavanols, isoflavones and 
anthocyanidins.

Flavonols such as rutin, isorhamnetin, myricetin, quercetin, 
etc. are an important subgroup of flavonoids found in many 
fruits and vegetables, including cabbages, onions, broccoli, 
parsley, tomatoes, grapes, mulberries/blackberries, 
berries, apples, raspberries, etc., as well as red wine, 
black tea and green tea (57). Another subgroup of flavonoids 
are flavanones (58), compounds that confer important 
antioxidant properties to grapefruits, tangerines, tangelos, 
lemons, sweet oranges, etc.

Flavones (59) are another important subgroup of flavonoids 
found in different food products such as oranges, apples, 
parsley, tea, chamomile, celeries, broccoli, rice, carrots, 
onions, cabbages, corn, etc. Flavanols (60) are also a 
subgroup having important antioxidant effects and are 
found in cereals and fruits such as kiwis, mulberries/
blackberries, raspberries, as well as black tea, green tea, 
cacao, red wine, chocolate, etc.

Another important flavonoid are anthocyanidins (61), which 
are characterized by coloring the food that contain them, 
such as mulberries/blackberries, cranberries/blueberries, 
nuts, cacao, cherries, strawberries, red cabbages, black 
grapes, etc. It is also important to mention isoflavones (62), 
which are found in peas, sunflower seeds, chickpeas, fava 
beans, soya beans, black beans, etc.

Carotenoids (63) are chemical compounds characterized by 
being liposoluble because of their eminently hydrophobic 
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long hydrocarbon chain structure, except for xanthophylls, 
which have one oxygen atom or more. These compounds 
consist of two subgroups: carotenes and xanthophylls. 
Carotenes include α-carotene, β-carotene, γ-carotene and 
lycopene, and are found in food products such as pumpkins, 
carrots, tomatoes, spinach, broccoli, lettuces, mangoes, 
watermelons, etc., while xanthophylls, which comprise 
compounds such as zeaxanthin, lutein, β-cryptoxanthin, 
violaxanthin and zeinoxanthin, are found in spinach, corn, 
oranges, tomatoes, lettuces, etc.

Vitamin C (64) is a water-soluble compound that human 
beings must necessarily eat in their diet; is absorbed 
in the intestinal tract with the help of the sodium-
dependent vitamin C transporter (SVCT); participates 
in non-heme iron absorption processes in the bowel; 
facilitates glucose membrane transport; and is involved 
in the uptake of transferrin-bound iron, iron homeostasis, 
collagen hydroxylation, carnitine and norepinephrine 
biosynthesis, tyrosine metabolism, vitamin E recycling, 
tetrahydrobiopterin recycling, cholesterol metabolism, 
etc. It is a potent antioxidant agent that reduces the 
lipid peroxidation process and diminishes the oxidation of 
proteins and DNA by the action free radicals.

The most important sources (65) of vitamin C among 
vegetables are watercress, broccoli, wild cabbage, Chinese 
broccoli, kohlrabies, peppers, etc., while the sources 
among fruits are camu-camu, which has an extremely high 
content of this vitamin (2,780 mg/100 g), guavas, oranges, 
cashews, shiraca, banana passion fruits, strawberries, 
limes, lemons, grapefruits, etc.

Vitamin E (66) is a water-soluble naturally occurring 
antioxidant that chemically falls into compounds referred 
to as tocopherols, out of which α-tocopherol is the one with 
the highest antioxidant capacity. This vitamin interrupts 
the chain reaction caused by free radicals, which occurs in 
the mitochondrial membrane and endoplasmic reticulum, 
reacts preferably with lecithins and protects them against 
oxidative damage caused by free radicals. The mechanistic 
processes of the reactions in which vitamin E is involved are 
very complex. In such reactions, vitamin E converts into a 
α-tocopheroxyl radical, which can later become vitamin 
E again with the participation of vitamin C (67). The most 
important sources of vitamin E (68) are corn oil, sunflower 
oil, soybean oil, peanuts, hazelnuts, sunflower seeds, egg 
yolks, avocados, nuts, beans and fish, including bonito and 
mackerel.

CONCLUSIONS

Free radicals are compounds produced in the human body 
by multiple enzymatic and non-enzymatic reactions. These 
substances are characterized by having high reactivity. For 
this reason, they react with proteins, lipids and nucleic 

acids very quickly and, therefore, they damage cell 
structures. These effects are related to several chronic 
non-communicable diseases.

To avoid the production and spread of free radicals, cells 
and tissues have an antioxidant system that provides 
a protective effect, whose efficiency depends on its 
components’ characteristics and location in tissues. Hence, 
there is a special interest in studying the mechanistic 
processes of the antioxidant system. The efficacy of 
the antioxidant defense can improve with the intake of 
antioxidant substances found in fruits and vegetables.
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