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ABSTRACT

Molecular oxygen is a necessary compound for all aerobic organisms, although oxygen is a potent
oxidant, which can cause oxidative stress (OS). OS occurs when there is an imbalance between the
production of oxidant and antioxidants components, are result of normal cell metabolism, and many of
these compounds play a fundamental role in several metabolic pathways. The organism produces several
reactive oxygen species (ROS), but they are balanced by an antioxidant defense system that maintains
the levels of these oxidizing compounds at an acceptable level. Many of these components are essential
in the organism defense and their byproducts are considered potent bactericides that actively act in the
destruction of invading pathogens. Fish immune system is composed of innate and acquired mechanisms
of defense. Phagocytosis is an innate process of defense, which interconnects these two systems, since
the pathogens processing by professional phagocytes is a fundamental stage for antibodies production.
During phagocytosis there is production of ROS and consequent production of free radicals (FR), these
compounds lead to the formation of potent bactericides to combat microorganisms. However, it is known
that OS limits the immune response, with an impairment in defense compounds in an attempt to decrease
the ROS production. Studies of fish FR production are preliminary and should be executed to evaluate the
effects of ROS on fish, including their beneficial action against pathogens and its deleterious action on the
oxidation of cellular components.
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INTRODUCTION

Molecular oxygen is a necessary compound for all
aerobic organisms, since this element is critical for
energy production; however, is a potent oxidant,
which can lead to oxidative stress (OS). The
reactive oxygen species (ROS) produced and the
resulting free radicals (FR) are results of normal cell
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metabolism, and many of these compounds play
a key role in various metabolic pathways. Many
of these components are essential in the organism
defense and their byproducts are considered potent
bactericides that act actively in the destruction of
invasive pathogens (Cross et al. 1987, Dong et al.
2017, Biller-Takahashi et al. 2015).

OS occurs when there is an imbalance

between the production of oxidant and antioxidant
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components. The organism during its normal
metabolism produces several ROSs, however, it has
an antioxidant defense system that keeps the levels
of these oxidizing compounds at an acceptable
level. In some situations the oxidants production is
very high and the cells can suffer serious damage
and die (Dong et al. 2017, Finkel 2011, Kiley and
Storz 2004, Li et al. 2016).

The fish immune system is composed of innate
and acquired mechanisms of defense. Phagocytosis
is an innate process, which interconnects these
two systems, since the pathogens processing by
professional phagocytes is a fundamental stage for
the antibodies production. During phagocytosis
there is the production of ROS and consequent FR,
these compounds lead to the formation of potent
bactericides compounds to combat microorganisms
(Biller-Takahashi et al. 2015, Biller-Takahashi and
Urbinati 2014).

Currently, several studies have evaluated
the effects of FR on the immune system and new
areas of knowledge are being explored, such as
immunosenescence, which studies the aging of
cells of the immune system caused by FR, as well as
inflammasomes, which are biochemical pathways
initiated by the activation of receptors that provoke
chronic inflammation (genesis of many diseases)
(Paiva-Oliveira et al. 2010, Tschopp and Schroder
2010, Angosto and Mulero 2014).

Studies of the fish FR production are
preliminary, but there are two factors that positively
influence the OS studies in this species; one of them
is that fish are considered biological indicators
of pollution, which is a factor that promotes the
generation of FR by the aquatic organism. Second
is that many fish are considered biological models
for metabolic pathways evaluation, so, due to the
importance of the theme, other studies should be
carried out to evaluate the ROS effects on fish,
including their beneficial effect against pathogens
and deleterious impact on the oxidation of cellular
components (Ahmad et al. 2000, Oruc et al. 2004).
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OXIDATIVE STRESS

Oxidative stress is a condition that refers to
the imbalance between levels of ROS and their
antioxidants. ROS may be increased and damage
lipids, proteins and DNA. OS has been linked to a
wide variety of diseases; however, ROS molecules
also act on immune defense, as well as signaling
molecules and on the maintenance of physiological
processes (Figure 1) (Wood et al. 2003, Schieber
and Chandel 2014).

ROS are involved in energy production,
phagocytosis, regulation of cell growth, intercellular
signaling and synthesis of important biological
substances. They may also be classified as FR,
since chemical properties give them reactivity to
different biological targets, and when in excess
they can cause peroxidation of membrane lipids,
impairment of proteins in tissues, membranes,
enzymes, carbohydrates and DNA. Even though
ROS are evolutionarily selected to modulate
immunological and physiological processes (Cross
et al. 1987, Dong et al. 2017, Kiley and Storz 2004,
Finkel 2011).

FR are highly reactive atoms or molecules
that have an unpaired electron in their last electron
layer, so, have an unpaired number of electrons in
their atomic or molecular orbital. Instability makes
atoms or molecules very reactive and therefore
can non-specifically bind with other biological
molecules. FR can be formed by absorption of
ultraviolet radiation or visible light, by redox
reactions or by enzymatic catalysis (Ferreira and
Matsubara 1997).

ROS are produced mainly in the mitochondria,
peroxisomes, cytoplasm and plasma membrane.
Oxygen is a birradical that has two radicals in the
orbitals, which makes it little reactive, however,
the electron transfer or energy absorption processes
can promote the ROS formation from molecular
oxygen. ROS include oxygen FR, such as the
hydroxyl radical (HO’), superoxide anion (O,"),
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peroxyl (ROO") and alkoxyl (RO), nitric oxide
(NO), but also non-radical compounds, such as
oxygen, hydrogen peroxide (H,O,), hypochlorous
acid (HCIO), and transition metals (Cu and Fe)
(Sorg 2004, Barreiros et al. 2006).

The FR have a different degree of reactivity
and half-life, but most of them are very unstable
and can promote the non-enzymatic oxidation of
biomolecules (proteins, carbohydrates, lipids and
nucleic acids) (Halliwell 2009, Buonocore et al.
2010, Hamanaka and Chandel 2010). Within the
cells, there are three main sources of FR formation:

I. Oxidative metabolism in the mitochondria:
In the mitochondrial respiratory chain, electron
transport is responsible for the ROS formation
(Barreiros et al. 2006).

II. Leukocyte respiratory burst activity:
neutrophils, monocytes, macrophages, dendritic
cells and B-lymphocyte produce ROS, being
a strategy of the immune system for several
pathogens destruction. The “oxidative burst” is a
resting metabolic pathway in the cells, however, it is
activated after microbial agent detection. It has the
function of producing strong oxidizing compounds
(burst activity) that act for microorganisms
destruction (Park 2003, Cathcart 2004, Klebanoff
2005, Dale et al. 2008, Biller-Takahashi et al.
2013).

III. Environment: ROS are commonly
generated by various environmental factors, dietary,
some medications, ultraviolet and visible light and
ionizing radiation. The cumulative action of the
FR over the years is the cause of aging, genetic
mutations and oncogenesis (Burke and Wei 2009).

Among the ROS, the hydroxyl radical (HO") is
the most harmful, because there is great difficulty in
its sequestration out of the cells due to its very short
half-life. This FR is formed in the body by reaction
of H,O, with transition metals and by homolysis
of water by exposure to ionizing radiation. There
is no antioxidant capable of preventing the HO’
action, it is only possible to inhibit its formation

or repair the damage caused by it (Halliwell et al.
1992, Barreiros et al. 2006).

The superoxide anion radical (O,") is usually
inactive, and in aqueous media produces a hydrogen
peroxide molecule and an oxygen molecule by
dismutation. This FR is part of several chemical
reactions with important biological functions, such
as HO' radical production, by reducing Fe chelates,
as well as Fe’* released from storage proteins
(ferritin and aconitase) and iron-sulfoproteins, in
addition to reacting with the HO" radical producing
singlet oxygen (102) and reacting with nitric oxide
(NO’) producing peroxynitrite (ONOO") (Babior
1997, Halliwell 2000, Barreiros et al. 2006).

The superoxide radical, in spite of its
deleterious effects, has important function for
immune defense, because in phagocytic cells,
lymphocytes and fibroblasts, the O, has the
capacity to destroy pathogens. The O, produced
in the cells can be eliminated by the superoxide
dismutase enzyme, which catalyzes the dismutation
of two molecules of O, in oxygen and hydrogen
peroxide, however, when there is no enzymatic
elimination (peroxidases and catalase), this FR
can lead to formation of hydroxyl radicals (Babior
1997, Halliwell 2000, Barreiros et al. 2006, Li et al.
2016, Dong et al. 2017).

H,0, isapoorly reactive non-radical compound
that can easily diffuse through cell membranes,
and consequently promote the formation of the
HO' radical after binding with transition metals,
which are usually present within the cell. This FR
is generated by the dismutation of the superoxide
anion by oxidases enzymes, or even through the
oxidation of fatty acids. Hydrogen peroxide in the
mitochondrial matrix is produced in abundance
during the O, reduction process but can be partially
eliminated by the catalase, glutathione peroxidase
enzymes and peroxidases bound to thioredoxin, or
it may be further released into the cell cytoplasm.
In phagocytes, H,O, is a precursor of hypoalogens
acids that are strong oxidants against pathogens,
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Figure 1 - The concept of the oxidative stress effects.

but also acts deleteriously on molecules of the
organism itself (Husain et al. 1987, Vogt 1995,
Halliwell 2000).

ANTIOXIDANT DEFENSE SYSTEM

The organism, in the face of the imbalance of
FR production, presents a strategy to inhibit its
formation or to promote chemical reactions to
reduce the high reactivity of these compounds
through antioxidant components, such as
enzymes or cofactors, obtained by the cell itself
(endogenous source) or through diet (exogenous
source). Antioxidants are substances that
significantly delay or prevent the oxidation of an
oxidizable substrate (Franco and Martinez-Pinilla
2017, Sorg 2004, Wang et al. 2013). Many studies
have been conducted on fish to evaluate their
antioxidant compounds to determine a database
for comparative studies on the effects of natural
environment, diet, seasonal variation, xenobiotics
and others (Mattos et al. 2017, Moura et al. 2017,
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Winston 1991, Halliwell et al. 1995, Pietta 2000,
Li et al. 2016).

The antioxidants produced by the body
act enzymatically by decreasing the excess of
FR, through enzymatic components, such as the
superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx) enzymes and
through non-enzymatic components such as
glutathione (GSH), histidine peptides, iron-bound
proteins (transferrin and ferritin), dihydrolipoic
acid and ubiquinone (CoQH,). And some dietary
antioxidants such as a-tocopherol (vitamin-E),
B-carotene (pro-vitamin-A), ascorbic acid (vitamin
C), micronutrients (selenium) and phenolic
compounds, such as flavonoids and polyflavonoids
(Albuquerque et al. 2017, Halliwell et al. 1995,
Pietta 2000).

Traditional pesticides, such as organochlorines,
organophosphates and carbamates are known to
be hazardous due to their polluting effects on the

environment and on animal organism, leading
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to changes in DNA, ROS and FR generation,
alterations on the antioxidant defense system, such
as enzymes inhibition, gene expression and the
production of heat shock proteins (Arantes et al.
2016, Guardiola et al. 2014, Freeman et al. 1982,
Ekinci and Beydemir 2010).

Fish present a complex antioxidant defense
system that comprises several enzymes, among
them SOD is widely found in the cytosol (Cu*'-
SOD and Zn*-SOD) and in the mitochondria
(Mn’*-SOD), that acts on the superoxide anion
transforming in H,O

272
of O,”, which is highly reactive and deleterious

avoiding the accumulation

to the cell. The produced H,O, can be eliminated
by catalases, GPx and peroxidases bound to
thioredoxin, or it may be further released into the
cytoplasm of cells (Lambeth 2004, Brand 2010,
Schieber and Chandel 2014, Li et al. 2016). CAT
(derived from mitochondria and peroxisomes)
catalyzes the decomposition of H,O, into H,O and
O,, which is produced in abundance by phagocytes,
and maintains the ideal balance of ROS formation
and elimination, essential for the functioning of
the innate defense system. Modulation of CAT
production is important for many processes, such
as proliferation, differentiation, cell migration and
apoptosis (Underhill and Ozinsky 2002, Oost et
al. 2003, Malhotra and Kaufman 2007, Veal et al.
2007, Zamocky et al. 2008, Wang et al. 2013).

H,0, can also be neutralized by cytosolic or
mitochondrial GPx in the presence of GSH. GSH
also contributes to the removal of electrophilic
components through the reaction with glutathione-
S-transferase. The antioxidant system based on GSH
acts in the presence of selenium, which is a very
important micronutrient and widely studied in fish.
GPx plays an important role in the prevention of lipid
peroxidation, since it removes H,0,,
protects the membranes from peroxidation damage
(Sies 1986, Gaté et al. 1999, Oost et al. 2003,
Scandalios 2005, Monteiro et al. 2006).

consequently

Antioxidants from diet are important to avoid
the ROS effects (Lambeth 2004, Brand 2010).
Ascorbic acid or vitamin C normally appears in
the body as ascorbate form and is an excellent
antioxidant in vivo, as it can be oxidized by most
of the FR in aqueous solution, and converted into
poorly reactive substances. Vitamin C acts by
binding to ROS present in the body and restoring
the FR through H" donation, in cell membranes it
acts together with vitamin E, regenerating the Vit
E after ROS interaction. Vitamin C also acts as a
reductor agent, mainly decreasing transition metals
such as Fe and Cu ions that react with H,O, to form
the hydroxyl radical (Buettner 1993, Babior 1997).

Vitamin E, in vivo, is a potent inhibitor of lipid
peroxidation. It acts as an H" donor for the peroxyl
radical, interrupting the FR formation chain reaction.
The H" donation leads vitamin E loss of function,
however, it can be regenerated with vitamin C. The
impact of the vitamin E on fish immune system have
been extensively studied (Storey 1996, Theriault et
al. 1999, Monteiro et al. 2006).

Selenium (Se), an essential micronutrient,
is an integral part of several selenium-enzymes,
among them GPx, iodothyronine deiodinase,
thioredoxin reductase and selenophosphate
synthetase. Selenium-enzymes is included on
antioxidant defense system compound, as well as on
metabolism of thyroid hormones, spermatogenesis
and other biological processes, and it has been the
subject of many studies on fish immune system.
Some studies have demonstrated an improvement
of humoral and cell-mediated immune responses
following the selenium incorporation into the diet
of fish (Hsu and Guo 2002, Biller-Takahashi et al.
2015, Chien et al. 2003).

Enzymatic and non-enzymatic antioxidants
are essential to maintain the balance between
production and elimination of FR from fish cells.
Antioxidants are an important biological defense
against OS involved in cell detoxification, and are
very important for understanding the deleterious
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effects of FR (Bainy 1996, Doyotte et al. 1997,
Ahmad et al. 2000, Oruc et al. 2004).

FISH IMMUNE SYSTEM

The immune system comprises a set of cellular and
humoral components that act to defend the body
against foreign substances, such as microorganisms,
toxins or malignant cells, responding to any factors,
both exogenous and endogenous, that stimulate the
components of this system (Figure 2) (Bayne and
Gerwick 2001, Biller-Takahashi and Urbinati 2014).

The immune system of fish is divided into
innate and acquired, which act together to destroy
invaders or trigger defensive processes. The
innate system includes all the components present
in the organism before the pathogen invasion,
forming the first organic defense barrier that acts
more quickly and continuosly to maintain the
organism homeostasis. Includes the components,
such as the skin, as a physical barrier, besides the
complement system, antimicrobial enzyme system
and nonspecific mediators such as interferon,
interleukins and organic defense cells, such as
granulocytes, monocytes, macrophages and natural
killer cells (Ellis 1999). The defense cells present
highly reactive ROS that will attack the membranes
of invading microorganisms in an unspecific way
and thus contribute to their destruction (Biller-
Takahashi et al. 2013).

The innate system is the oldest on the
phylogenetic scale and has emerged in unicellular
organisms during the evolutionary period. By
definition, this system recognizes regions (Pamps
— Pathogen associated molecular patterns) of
pathogens associated with infectious agents
or microorganisms of the normal microbiota,
such as lipopolysaccharides, peptidoglycans,
bacterial DNA or viral RNA, or other molecules
of multicellular microorganisms membranes
(“Non-self”) through innate receptors (PRRs —
Pattern recognition receptors), never recognizing
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components of the body itself. Pamps are usually
highly conserved portions during species evolution
and are present in the majority of microorganisms
(Janeway 1989, Goldsby et al. 2002, Elward and
Gasque 2003).

The specific immune system emerged
afterwards, around 450 million years ago, and can
be found in all vertebrates, except in the Agnatha
Class (Holland and Lambris 2002). The receptors
of the acquired system responsible for detecting
the invading agent are found on the membrane of
immunocompetent cells, T lymphocytes (TCR) and
B lymphocytes (BCR, surface immunoglobulin)
and when stimulated they promote increase of
circulating specific antibodies for such invaders, in
addition, promoting immune memory (Abbas and
Lichtman 2004, Bernstein et al. 1998, Delves and
Roitt 2000a, b).

OXIDATIVE STRESS AND IMMUNE SYSTEM OF
FISH

ROS are fundamental for modulation of the immune
system, although it is known that the production
of the immune compounds in fish is limited by
oxidative stress. While there is an imbalance
between the oxidant and the antioxidant production,
detected by low concentrations of antioxidant
enzymes, the immune system responses are lower,
probably in an attempt to avoid the excessive ROS
production (Biller-Takahashi et al. 2015).

The pathogens recognition and processing
by phagocytes produces ROS, and after reaction
with NADPH oxidase, in the process known
as “oxidative burst”, there are the production of
FR with bactericidal activity. For example, O,"
is considered a weak bactericidal agent that acts
on bacterial proteins, however, it can lead to the
compounds formation with potent bactericidal
action, such as HCIO, H,0, and ONOO™ (Pawelec
et al. 2011, Shaw et al. 2010, Canizzo et al. 2011).
ROS are also involved in the signaling of injuries
to the immune system, for example, injured tissues
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Figure 2 - The concept of fish immune system (Biller-Takahashi and Urbinati 2014).

release H O,, which promotes chemotaxis and
migration of leukocytes to the focus of the lesion
(Biller-Takahashi et al. 2015, Bogdan et al. 2000,
Ma and Berkowitz 2007, Niethammer et al. 2009,
Martinon 2010).

The presence of ROS in the cells triggers
biochemical reactions that will culminate in
decreased cellular function due to oxidative damage
caused in proteins, carbohydrates and lipids, which
can lead to apoptosis and accumulation of oxidized
molecular aggregates. Aged cells decrease the
production of antioxidative enzymes, such as
SOD, CAT and GPx and increase the accumulation
of FR; for example macrophages, when aged
present a reduction of the Mn-SOD enzyme, and
becomes vulnerable to apoptosis induced by lipid
peroxidation (Scandalios 2005, Canizzo et al.
2011).

The presence of FR induces the constant
activation of granulocytes, macrophages and
dendritic cells, with permanent production of ROS
due to the leukocytes respiratory burst activity,

as well as the consequent activation of the innate
defense compounds, such as activation of the
complement system proteins and expression of
adhesion proteins in leukocytes. In some cases
this constant activation can promote the immune
system exhaustion (Vider et al. 2001, Lotze et al.
2007, Gill et al. 2010).

Recently, the immune system modulation by
inflammasomes have been studied. Inflammasomes
are intracellular multiprotein complexes that
activate enzymes (caspases) through the receptors
stimulation, such as the Pamps and Damps
(“damage-associated molecular patterns”), and
will promote inflammation. ROS formed in
this system are part of biochemical reactions of
signaling, and can also activate inflammation, via
inflammasomes, which leads to the production of
various proinflammatory immune cytokines such
as interleukins (Paiva-Oliveira et al. 2010, Tschopp
and Schroder 2010, Angosto and Mulero 2014).
“NOD like” receptors (NLRs) of fish have been
used as biological inflammasomes model in order
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to understand their evolution (Paiva-Oliveira et al.
2010, Tschopp and Schroder 2010, Angosto and
Mulero 2014).

NLRs are Pamps and Damps receptors that
induce the ROS production. Among ROS that
signal the biochemical pathway, H,O, is the second
messenger responsible for the reactions that can
culminate in apoptosis, necrosis, cell regulation
and inflammation. However, ROS action is strictly
controlled by the antioxidant system, and an
imbalance will trigger cellular damages caused by
the FR action and the inflammasomes activation
(Martinon 2010, Tschopp and Schroder 2010).

Environmental factors may also promote
diseases involving the immune system and
oxidative stress, since several xenobiotics can cause
OS and ROS generation, such as HO’, O,” and
H,0,, besides changes in the antioxidant enzymes
production and consequent lipid peroxidation. The
ROS production stimulated by xenobiotics promote
fish diseases and toxicity in aquatic organisms
exposed to pollutants (Kehrer 1993, Livingstone
et al. 1993, Banerjee et al. 1999, Livingstone 2001,
Nordberg and Amér 2001, Shi et al. 2005).

Fish are constantly challenged by
microorganisms or pollutants, as well as byproducts
produced by the metabolism itself, such as FR,
however, these animals present an apparatus to
respond and repair the damage caused in the intra
and extracellular media. The ability to identify
and respond to aggressions occurs because these
hazards are recognized by many types of receptors,
including “Toll Like” Receptors (TLRs) and NLRs
that modulate cascades of reactions that culminate
in problem resolution or cell death (Tschopp and
Schroder 2010).

PHAGOCYTOSIS AND LEUKOCYTES RESPIRATORY
BURST ACTIVITY

Phagocytosis is an essential mechanism of the innate
immune system. During this process, membrane
receptors recognize the invading agent and
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involve them by invaginations of the cytoplasmic
membrane, and inside the cell these vacuoles
bind to the lysosomes forming the phagosomes,
that will digest and culminate in microorganism
destruction. After that, there is a possibility of
antigen presentation to cells of the acquired system
in order to induce the release of specific antibodies,
besides restructuring the injured tissue (Underhill
and Ozinsky 2002, Lambeth 2004).

The activation of phagocytes after pathogen
recognition promotes morphological, physiological
and biochemical alterations, including increase
in cell size and enzymatic activity, as well as the
expression of intracellular proteins that enable the
cell to present germicidal activity (Enane et al.
1993). Phagocytosis has been used as a parameter
to evaluate the immunological status in several fish
species, under the influence of different factors
such as pollutants, diets, temperature, pathogens
and genetic variation (Weeks and Warinner 1986,
Blazer 1991, Hardie et al. 1994, Sarder et al. 2001,
Jensch-Junior et al. 2006).

Phagocytosis is one of the most important
defense mechanisms in fish and may promote
the production of specific immunoglobulins
(Neumann et al. 2001). Neutrophils, macrophages,
dendritic cells and monocytes are professional
phagocytes and ROS producers in a process known
as leukocyte respiratory burst activity (Biller-
Takahashi et al. 2013). Following pathogens
recognition, these phagocytes release cytokines,
which are inflammatory signaling proteins, into the
injured tissue in order to promote the chemotaxis
and mobilization of other defense phagocytes and
proteins to prevent the disease spread (Stuart and
Ezekowitz 2005, Biller-Takahashi et al. 2013).

The leukocyte respiratory burst activity has
been used as an indicator of innate immunity, and
was first observed in mammals in the 1930s, when
some researchers observed that during phagocytosis
there was a high oxygen consumption. Higson
and Jones (1984) demonstrated that rainbow trout
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phagocytes produced superoxide anion (O,”) and
hydrogen peroxide (H,O,) after stimulation with
phorbol myristate (PMA) and “brushite” (calcium
phosphate), soluble and particulate, respectively,
which activate human neutrophils. Currently, this
defense process is well elucidated, and due to O,
consumption, is known as oxidative burst and is
correlated with cytokine release and inflammatory
response in fish (Baldridge and Gerard 1933, Biller-
Takahashi et al. 2013).

During pathogens phagocytosis, leukocytes
increase their consumption of intracellular oxygen
and consequently there is production of several
ROS. Initially due to the enzyme NADPH oxidase
action, O, is oxidized in O,", and after SOD action,
leads to the formation of hydrogen peroxide. H,O,
can undergo Fenton reaction (Fe’" reaction with
H,O,, Fe is released from the storage proteins by
the action of O,”), which leads to the formation
of the hydroxyl radical, or can be part of other
biochemical reactions to form hypoalogens acids,
which are potent oxidant compounds against
microorganisms (Vogt 1995, Halliwell 2000, Biller-
Takahashi et al. 2013).

The hydroxyl radical (HO") produced during
phagocytosis can react with amino acids and
proteins of the microorganisms damaging the
biochemical bonds and as a result, inactivate
the enzymatic activity, alter the active transport
through the cell membranes, cause cytolysis and
cellular destruction, however, HO" can react with
the superoxide anion radical and produce singlet
oxygen ('102), which is the most deleterious oxygen
form. Produced O,” can participate in reactions
with other molecules such as NO and produce
peroxynitrite, chloramines and consequently
hypochlorous acid or hypochlorite (catalyzed by
myeloperoxidase, an enzyme present exclusively in
cells of the innate immune system (Barreiros et al.
2006, Biller-Takahashi et al. 2013)).

The O,” is fundamental for protection
against pathogens and organism survival, due to

its importance to the immune system, especially
during the inflammatory process. O, is highly
reactive and deleterious to cells in general, and
is correlated with many diseases (Babior 1997,
Halliwell 2000, Barreiros et al. 2006). All ROS
produced during phagocytosis and their byproducts
are very toxic and will be the basis of an effective
oxidizing defense system against microorganisms.
Oxidative burst is a resting metabolic pathway
in cells but is activated after microbial invasion,
however, the production of ROS can vary during
the periods of the year, or even the day, since it can
be regulated by temperature and circadian rhythms
(Vogt 1995, Biller-Takahashi et al. 2013).

FUTURE PERSPECTIVES

Oxidative stress is a very important issue
considering the problem of the aquatic
environment contamination with pesticides and
their consequences on the immune system. ROS
are involved in several mechanisms, resulting in
the formation of potent bactericidal compounds,
however, they are involved in cellular aging and
in the installation of chronic inflammation, which
are the causal agents of many diseases. Several
studies have already been carried out on native
fishes, mainly with evaluation of the interaction
of oxidative stress and immune system on aquatic
organisms. However, due to the importance of the
theme, further studies should be carried out to better
understand the impacts of oxidative stress on fish.
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