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ABSTRACT

In tilapiculture, the cultivation of single-sex animals is extremely widespread, as it allows
for standardization of lots, in addition to improving the general performance of the
animals. It is possible, however, that hormonal inversion interacts with other factors, such
as environmental and nutritional management, and distinctly modulates the immune
response and antioxidant system of animals. To test this hypothesis, an experimental trial
was carried out with Nile tilapia larvae six days after hatching, divided into four
experimental groups: NI (non-inverted animals), | (inverted animals with 17a-
methyltestosterone), NI+M (non-inverted supplemented with microencapsulated (organic
acid and essential oil) and 1+M (inverted with 17a-methyltestosterone and supplemented
with microencapsulate); half of which were subjected to transport stress after 28 days of
the experiment. At the end, the survival rate; performance parameters (Gain in weight,
standard and total length) were evaluated , feed intake and feed efficiency); gene
expression (growth hormone - GH, growth hormone receptor - GHR, Myostatin - Mstn
and myogenic differentiation - MyoD, heat shock protein - HSP70, interleukin 1 beta -
IL-15 and cyclooxygenase-2 - COX 2) by RT-PCR; the activity of catalase (CAT) and
superoxide dismutase (SOD) enzymes; carbonylated protein; total antioxidant capacity
by DPPH (2,2-diphenyl-1-picryl-hydrazyl) and histology (muscle, liver and intestine).
Animals | and 1+M had higher growth parameters in the total evaluation period, higher
feed efficiency, higher survival rate and muscle length (p<0.001). Differences in growth
were observed only from the fourth week onwards, with a negative highlight for the NI
treatment with the lowest growth in the period (p<0.0001). There was no difference
between treatments for the number of hepatocytes. The histomorphometric evaluation of
the intestine revealed that the greatest height and width was observed in the larvae of the
I+M treatment. There was a statistical difference for the GH (p=0.0092), GHR
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(p<0.0001), MyoD (p<0.0001), Mstn (p=0.0102), HSP70 (p<0.001), IL-15 (p<0.0001)
genes and COX-2 (p<0.0001). The highest concentration of carbonyl protein was found
in the NI treatment (p=0.0006). Transport decreased the total antioxidant capacity of
DPPH in all treatments (p<0.001). The highest SOD activities were observed in groups |
and 1+M (without transport, p=0.0004), and | (with transport, p<0.0001). The highest
CAT activity was observed in the NI+M treatment (no transport, p<0.001). Inversion may
represent a potential oxidative stress factor and cause damage to animals in the short,
medium, and long term. Dietary supplementation of natural antioxidant compounds
represents an interesting alternative to combat such damage. To test this hypothesis, an
experimental trial was carried out with inverted and non-inverted Nile tilapia fingerlings,
supplemented or not with a blend of organic acids and essential oils protected by
microencapsulation. The animals were divided into four experimental groups: NI (non-
inverted animals), | (inverted animals), NI+M (non-inverted animals supplemented with
microcapsules) and 1+M (inverted animals supplemented with microcapsules). Blood
parameters were evaluated (WBC - White Blood Cells; LY - Lymphocytes; RBC - Red
Blood Cells; HGB - Hemoglobin; HCT - Hematocrit; MHC - Mean Corpuscular
Hemoglobin; MCV - Mean Corpuscular Volume and MCHC - Mean Corpuscular
Hemoglobin Concentration), oxidative stress markers (catalase enzymatic activity - CAT
and superoxide dismutase - SOD; and total antioxidant capacity - DPPH) and gene
expression (HSP70 - Heat Shock Protein). The parameters HGB (p<0.001) and HCT
(p=0.005) were reduced beyond the recommended limits for animals in group 1. The
MCYV varied statistically between groups (p<0.001), however, all values were within the
range recommended for the species, jointly indicating normocytic anemia in group |
fingerlings at the time of collection. CAT activity, SOD and DPPH capacity differed
statistically between the experimental groups (p<0.0001), with lower SOD and CAT
activity and higher DPPH in animals supplemented with microencapsulated. Expression
of HSP70 was lower in I+MI animals (p<0.001). Taken together, these data support the
conclusion that sex inversion improves productive performance, immune response,
antioxidant profile, reduces protein oxidation in the larval stage, and that
microencapsulated dietary supplementation is effective in improving the performance of
inverted larvae and decrease protein oxidation in non-inverted larvae. On the other hand,
in the fingerlings of inverted animals during larval stage, they have a lower total

antioxidant capacity, which reflects a worsening in the hematological and enzymatic
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parameters related to immunity; and that microencapsulated dietary supplementation is

sufficient to improve the immune response in inverted and non-inverted fingerlings.

Key words: Hormonal inversin; immune response; monosex male herds; Oreochromis

niloticus; prevention of oxidative damage; supplementation
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| - LITERATURE REVIEW

1. Nile Tilapia (Oreochromis niloticus)

It is estimated that by 2030, fish farming will account for 60% of all fish destined
for human consumption (FAO, 2018), and this promising scenario is due in part to the
development and intensification of all stages of development, including precocity, as well
as the ease of obtaining larvae during the initial stage of production, especially those of
tilapia (Brabo et al., 2016).

Tilapia (Oreochromis niloticus) is intensively produced worldwide and is currently
the most important species in Brazilian fish farming, accounting for 60.6% of the total
fish farming in this country in 2020 (802.930 tons), with a growth of 12.5% (486.155
tons) compared to the previous year (432.149 tons). Being e real highlight of the national
scene, tilapia’s performance was the best among all farmed fish, putting Brazil as the 4"
largest producer in the world in 2020 (PeixeBR, 2021).

Apart from the above, tilapia has ideal zootechnical indices for commercial
production, such as short production cycle, ease of reproduction with high prolificacy and
fast growth, good feed conversion and weight gain rates (Watanabe et al., 2002). In
addition, this species is resistant to different handling techniques, tolerates high densities
and low levels of dissolved oxygen (Meurer et al., 2002) and adapts to the supply of

artificial feed from the larval stage (Pezzato et al., 2004).

2. Obtaining of Nile Tilapia larvae
Tilapia presents early sexual maturation with an approximate size of 152 mm and
a weight of 40 grams in nature without genetic improvement (Pefia-Mendonza et al.,

2005), with genetic improvement programs for the species, sexual maturation ended up
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being delayed (Eknath et al., 2007). While its reproductive management can basically
occur in two distinct ways (Rakocy, 1990; SENAR, 2017):

1. Breeding in hapas: The fish are housed in net-tanks called hapas, which allows
for better control and easier access to fingerlings under similar conditions, as the
eggs can be collected directly from the mouths of the females, ensuring a more
efficient hatchery in a controlled environment of incubators.

2. Breeding in nurseries: Animals are allowed to roam free but breeding in this case
is not well controlled as animals can breed freely while inspection is more

difficult. Progeny collection occurs in loose post-larvae (cloud collection).

Regardless of the chosen system, as long as there are adequate conditions, such as
genetics, photoperiod, temperature and available food, tilapia can reproduce naturally

throughout the year (Puttaraksar, 2004), following some common steps (Figure 1).

Figure 1. 1: The male attracts the female (pheromone) and induces spawning by pushing
the female's abdomen with his mouth. The female responds by laying her eggs
immediately. The male fertilizes the eggs with semen. 2: The female collects the eggs in
her mouth and cleans them, releasing them and then collecting them again. The female
incubates the eggs for 3 to 5 days in her mouth. 3: It is during this period that the eggs are
captured and put to the incubator for hatching. The larvae hatch 1 to 4 days after
collection, depending on the stage at which they were collected. 4: As the larvae hatch,
they begin to swim on the surface of the water and fall into the larval catch tray. Directly
after birth, the larvae feed on the reserves existing in the yolk sac and can be kept in the
collection tray during this period or until the whole yolk sac is consumed. 5: After the
absorption of the yolk sac, the larvae are transported from the collecting trays to nursery
tanks, where the sexual inversion treatment with larvae of the same age will take place.
SOURCE: Prepared by the author, 2022.
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It is worth noting that, although tilapia is a fish of early sexual maturity and high
fecundity, the larviculture stage requires a lot of attention as it associated with a high
mortality rate (SENAR, 2017).

3. Sexinversion in tilapia farming with 17a-methyltestosterone

Early sexual maturity and high reproductive capacity of tilapia can become a
production bottleneck if the animals start to reproduce in the rearing environment before
reaching size and weight appropriate for commercialization. Consequently,
overpopulations with reduced growth rate and deviations from standards can be observed
in lots (Borges, 2009). The use of monosex male herds, a common management method
in modern tilapia farming, is an efficient alternative that helps to minimize these problems
(Rodrigues et al., 2013; Githukia et al., 2015).

The formation of these monosex herds occurs through sexual inversion of the
larvae with 17a-methyltestosterone, a synthetic androgen, supplied with the feed in the
first days of the animal's life (Pandian et al., 2003). The sex of tilapia is determined by
XX genes for females and XY genes for males. However, environmental factors can
interfere in the definition of physiological sex (Piferrer, 2001). During the embryonic
period, the morphological characteristics of the germ cells are not yet defined. Thus,
exogenous factors interfere with the definition of sex in oogonia or spermatogonia
(Fostier et al., 1983).

The amount of hormone ingested by everyone during sexual differentiation
determines the success of the inversion. It is important to provide animals with the correct
dose of hormone, as excessive amounts can cause overdose or lead to the conversion
(aromatization) of androgens to estrogens, and in the absence of androgens the
hypothalamus is organized as a female. Insufficient dosage can result in intersex animals
(El-greisy et al., 2012). The recommended dose is 60 mg of 17a-methyltestosterone per
1 Kg-1 of feed, previously diluted in 98% absolute ethanol, and the duration of supply is
28 days (Figure 2) (Popma et al., 1990).



23

2%
=2
N )
\ o 10mL
\L/’/
Stock solution
""""" * b5 e renmmaneani 24 hours
500 mL 3

- -

alcohol
=

' Work solution 5

work solution

\\\ 28 days ) //

Figure 2. After the absorption of the yolk sac, the sexual inversion treatment begins with
the recommended dose of 60 mg of 17a-methyltestosterone (MT) per 1 kg of feed.
Preparation of the inversion feed is the following: Dissolve 6 g of 17a-methyltestosterone
in 1 liter of ethyl alcohol. This solution is called stock solution and must be kept in a dark
environment, avoiding high temperatures. The solution applied to 1 kg of feed must be
prepared with 500 ml of ethyl alcohol and 10 ml of the stock solution (this solution is
called the work solution) and applied homogeneously to the feed on a smooth surface in
a ventilated, shaded, and protected place. The feed should remain for about 24 hours.
During this period, the feed should be flipped a few times to allow the lower layers to
dry. The feed is then sieved and placed in a plastic bag which should be stored inside a
freezer. During preparation, it is necessary to wear gloves and masks to avoid contact
with the hormone and the inhalation of gases released because of the evaporation of

alcohol. SOURCE: Prepared by the author, 2022.

Inversion with 17a-methyltestosterone is considered a safe and efficient method
if it is started soon after the larvae begin to consume exogenous feed (Rothbard et al.,
1990; Curtis et al., 1991). After the inversion period, the inverted larvae are transported

from the breeding unit to the fattening facilities.

4. Transportation
Fish transportation begins with capture and proceeds with loading, transportation,

ending with unloading and storage (Iversen et al., 1998). These steps are inherently
stressful and can trigger various physiological responses (Wendelaar-bonga, 1997).
Regardless of the breeding phase, transportation represents a major source of stress for

the fish, with the potential to increase the production of free radicals and activate the
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antioxidant and immune defense system (Pakhira et al., 2015; Hoseini et al., 2019;
Dawood et al., 2020).

The fingerlings can be transported in plastic bags (at least 150 microns thick to
avoid the risk of tearing) or in isothermal boxes attached to trucks (associated with higher
cost and lower mortality) (Oliveira et al., 2007). Prior to transportation, fish should be
deprived of food for 24 hours to avoid excessive fecal production which may compromise
the quality of water in the transportation bag (Pant et al., 2020). They must be transported
during the coolest hours of the day, as high temperatures (30 °C) impair immune defenses
and increase mortality (Elkatatny et al., 2020).

Transportation bags must be filled with one third of water and two thirds of pure
oxygen injected under pressure (Oliveira et al., 2007). It is recommended to add 1 to 5 g
of common salt for every 1 liter of water. Salt in water allows animals to maintain their
vital functions in harmony and allows the osmotic gradient between water and fish plasma
to equalize, reducing the diffusion of ions into the water (Marengoni et al., 2014). In
addition to reducing stress, salt also stimulates mucus secretion in the gill epithelium and
prevents the proliferation of fungi, parasites, and infections (Kubitza, 2011).

Upon arrival at the release site, the still sealed bags must be placed in the
tank/pond so that the water temperature of the transport bag equalizes with that of the
water in which the animals will be released. After the temperature is balanced, the
transportation bag can be opened, and water from the tank is slowly mixed into the bag,
followed by the careful release of the fish (Marengoni et al., 2014). In boxes, same level
of care must be taken by slowly mixing the water from the boxes with that of the release
site, and the fingerlings must be released through the discharge pipe of the box itself. If
you suspect that there are pathogens in the transportation water, it is recommended not to
dispense this water and not to mix it with that of the pond (Oliveira et al., 2007).

Although physiological responses to transportation-related stress appear to
normalize after a certain period, depending on the intensity of the stress, chronic changes
are possible that increase susceptibility to disease and induce mortality during the
recovery period (lversen et al., 1998; Obirikorang et al., 2020). Prior nutritional and
immunological preparation of animals can alter their ability to withstand the
transportation-related stress and improve their ability to recover without suffering much

physiological damage.

5. Organic acids in fish nutrition.
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The search for alternatives to improve the immunity and growth of animals is
great, especially in intensive systems, where there is an increased risk of diseases (Segner
et al., 2012). Dietary supplementation of bioactive compounds, such as organic acids and
essential oils, is a promising alternative to modulate the immune and antioxidant response
of aquatic animals, such as Nile tilapia (Ng et al., 2009; Abdel-Daim et al., 2020; Dawood
et al., 2020; Jesus et al., 2021).

Any organic carboxylic acid, including fatty acids and amino acids (with an R-
COOH general structure) is classed as organic acid. However, not all of these have a
direct action on the intestinal microbiota. Organic acids that have antimicrobial activity
and protect feed from microbial and fungal proliferation are short-chain acids (C1-C7)
such as formic, acetic, propionic and butyl acids or carboxylic acids containing a hydroxyl
group, such as lactic, malic, tartaric, and citric acids (Ricke, 2003; Mehdi et al., 2018).
Organic acids can be added to water or feed, having great nutritional influence. They
possess common characteristics of acidity, water solubility, and ninhydrin negativity (no
primary or secondary amines) (Hajati, 2018).

Organic acids have direct and indirect modes of action: they act directly on the
quality of the feed and gastrointestinal tract, their indirect action being on the modulation
of the metabolome (Luckstadt, 2008). In the diet, they promote the reduction of pH,
inhibit the growth of microorganisms, and increase shelf life (Partanen et al., 1999); in
gastrointestinal tract, they can modulate gastrointestinal microbiota and thus improve
digestion and absorption of nutrients (Partanen et al., 1999; Lickstadt, 2008). Finally, in
metabolome, due to their bioactive compounds, they can modulate in a different way the
expression and activity of several enzymes, and, therefore, of their metabolic products
(Dibner et al., 2002). The response to dietary supplementation of these bioactive
compounds, however, does not depend solely on the supplementation itself, but on the
interaction with other factors, such as age, presence or absence of stressors and sex of the
animal (Cetin et al., 2011; Upadhaya et al., 2016).

In fish, direct and indirect actions of organic acid have been described (Ringo et
al., 2010; Hassaan et al., 2020), with an improvement of feed efficiency (Zhou et al.,
2009; Elalaetal., 2015), and growing parameters (Chen et al., 2017; Hassaan et al., 2018).

5.1 Direct action of organic acid on feed quality:
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Organic acids are considered preservative agents used to protect food from
fungal and microbial proliferation during storage, thus preventing its deterioration (Kum
et al., 2010; Ng et al., 2017). Food preservation occurs by reducing the pH, and this
reduction depends on the pKa (pH at which the acid is half dissociated) of the acid and
the pH conditions of the gastrointestinal tract (Kin et al., 2015). Organic acids used as
zootechnical additives have a pK between 3 and 5 and can be found in solid and liquid
form (Dibner et al., 2002; Lickstadt, 2008). The lower the pK of the acid, the greater its
tendency to ionize, that is, to reduce the pH (Ng et al., 2017).

5.2 Direct action of organic acid on the gastrointestinal tract:

The possible mode of action of organic acids in the gastrointestinal tract of fish
includes 1: Selection and modulation of intestinal microbial activity; and 2: Reduction of
gastric pH, which can improve the efficiency of digestive enzymes and increase solubility
during the digestion process (Wet, 2005; Lickstadt, 2008).

1: In the gastrointestinal tract, organic acids act by inhibiting and balancing
bacterial growth in the medium portion. Organic acids can change their form from non-
dissociated to dissociated, depending on the pH of the medium (Partanen et al., 1999).
Dissociation occurs specifically in the carboxyl group present in its structure, which
releases protons capable of passively penetrating the membrane of pathogenic organisms
through diffusion and thus modifying the electrochemical balance of the intracellular
medium (Cherrington et al., 1991) (Figure 3). By altering the ionic concentration gradient,
it compromises cytoplasmic pH balance, substrate transport and macromolecule
synthesis, which can lead to bacterial death (Lickstadt, 2008). This antimicrobial action
occurs mainly in gram-negative bacteria, which have a thinner layer of peptidoglycans
that facilitates the entry of ions and protons (Dibner et al., 2002). Acidification also
decreases the ability of gram-negative bacteria to adhere to the intestinal wall (Bellaver
et al., 2004).

2: The dissociation of protons in the initial portion of the gastrointestinal tract acts
on pepsinogen, facilitating its initial conversion to pepsin, and augmenting the unfolding
of quaternary and tertiary structures of proteins, which improves digestion and results in

greater use of feed nutrients (Llckstadt, 2008).
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Figure 3. Organic acid enters the interior of the cell of gram-negative bacteria and
dissociates, changing the internal pH. In response, the bacterium needs to pump out the
protons and capture sodium ions to try to balance the low level of internal pH. The fact
that it also reduces the pH outside the cell favors the entry of protonated organic acid,
which is the active type. This process consumes a lot of energy, and the result is the death
of the bacterial cell by energy depletion. SOURCE: Prepared by the author, 2022.

5.3 Indirect action of organic acid on the modulation of the metabolome:

In addition to having a direct effect on gram-negative bacteria, organic acids also
provide a favorable medium for the multiplication of beneficial bacteria that can drive the
absorption of nutrients from food (Ng et al., 2017). These bacteria, in turn, provide
supplemental enzyme activity to the host, contributing to nutrition (Ray, 2012). In
addition, organic acids can also have an energetic function, as observed in short-chain
acids, and can be used in the Krebs cycle to generate ATP and provide a considerable
amount of energy (Nelson et al., 2018). Citric and fumaric acids, for example, have the
ability to provide approximately the same amount of energy (ATP) that is produced from
glucose, and can be compared with glucose in terms of energy, playing an important role
in the metabolic production of energy (Mroz, 2005; Freitag, 2007).

5.4 Benefits of organic acids in fish production:

Examples of some benefits of organic acids in fish production:

Citric acid: Is used in the acidification of diets, due to its high buffering capacity
and flavor. It acts as an antimicrobial agent and stimulates fish feeding. As it is a strong
chelator of calcium and phosphorus, it hydrolyzes the phytate, increases the efficiency of
endogenous and exogenous phytases (providing an ideal pH in the intestine), and
improves the bioavailability of minerals. It also can improve feed conversion in fish (Shah
etal., 2015).
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Formic Acid: Improves performance (weight gain, specific growth rate, and
absolute weight gain) and muscle centesimal profile in fingerlings (Shafique et al., 2019).

Fumaric Acid: Effective to promote growth, improve intestinal morphometry, and
decrease gram-negative bacteria in juveniles (Das Neves et al., 2022).

Sorbic Acid: Study with microencapsulated containing citric and sorbic acid,
thymol, and vanillin, improve specific growth rate, feed conversion rate, increased
protein, and lipid efficiency, thus improving growth and feed utilization (Pelusio et al.,
2020).

6. Essential oils in fish nutrition.

Essential oils (EO) are natural multicomponent extracted from vegetable raw
materials, with volatile, lipophilic, odorous, and liquid characteristics (Edris, 2007). The
function of these plant-based secondary metabolites is believed to be the attraction of
pollinators and evasion of pathogens thanks to their insecticidal, antiviral, antibacterial
and antifungal effects (Bakkali et al. 2008). The composition of an EO can vary from 20
to 200 components, which are named according to their concentration in the composition,
such as: main constituents (20 to 95%), secondary constituents (1 to 20%) and residual
components (below 1%) (Bakkali et al., 2008).

They have antibacterial (Cunha et al., 2018), antioxidant, digestive (Farag et al.,
2022), anthelmintic (Souza et al., 2020) and immunomodulatory properties in specific
and non-specific immune defenses of fish (Elumalai et al., 2020). The antimicrobial
action is the result of a series of events involving the entire bacterial cell, and due to
structural differences in the cell wall, gram-positive bacteria are more susceptible to the
effects of EO than gram-negative bacteria (Trombetta et al., 2005). The effect of EO on
bacteria can include cell wall degradation, damage to the cytoplasmic membrane, damage
to membrane proteins, decrease in proton motive force and ATP synthesis (Bouyahya et
al. 2017). Carvacrol, menthol, thymol, geraniol, linalool, linalyl acetate, piperitone and
citronellal are terpenoids that have antibacterial activity via functional group that acts on
the bacterial outer membrane, thus altering the fluidity, permeability, and membrane
protein, as well as periplasmic enzymes. At the same time, cinnamaldehyde, isoeugenol,
eugenol, vanillin and safrole are phenylpropenoids have antimicrobial activity due to free
hydroxyl group and normally act on the membrane, participating in the production of
ATP, in the transport of ions and in the modification of the fatty acid and lipid profiles of
bacteria (Nazzaro et al. 2013).
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Dietary supplementation with EO in fish has been used mainly as means of
prevention (Sutili et al., 2018). Their supply to the animals can be through water (a large
amount is required) or in the feed (reduces waste when compared to application though
water, however, it can affect palatability). An important point to be considered is the
stability of the EO in the preparation of the feed, its storage and digestion as part of the
diet, since changes in its structure can cause them to lose their effect (Sutili et al., 2018).

6.1 Example of some of the benefits of essential oils in fish
Examples of some benefits of essential oils in fish production:

Carvacrol: Melhora o crescimento e imunidade de peixes, e promissor para
controlar infeccBes fungicas emergentes (Mahboub et al., 2020).

Clove: Potente antioxidante através do aumento da atividade das enzimas
antioxidantes, reduzindo a peroxidagdo lipidica. Efeito imunoestimulante ao induzir
marcadores imunoldgicos em resposta a infeccdo (Abdelkhlek et al., 2020).

Thymol: Fornece aos animais beneficios através da supressédo de radicais livres e
constituintes nocivos pela interacdo com componentes bioldgicos. Os beneficios animais
sdo: fatores anticancerigenos, antimicrobianos, antioxidantes, antivirais, anti-
inflamatorios, imunomoduladores, equilibrio da microbiota, aumento da digestdo,
metabolismo e absorcdo de nutrientes (Alagawany et al., 2021).

Vanillin: Uma mistura de &cido citrico, &cido sorbico, timol e vanilina forma
capazes de induzir uma reconfiguracdo funcional do microbioma intestinal e promover
uma diminuicdo de varios fatores de inflamacdo e funcGes homeostaticas (Busti et al.,
2020).

7. Microcapsules
Thinking about structural protection and aiming to improve the efficiency of EO
and organic acids, coating technologies that allow the protection of these compounds and
their release exclusively in the intestine of animals, such as nanotechnology, have been
adopted. Nanotechnology systems include:
e Nanoemulsions: Dispersion of oil stabilized by surfactants (Anton et al. 2008).
e Nanocapsule or microcapsule: A thin layer of polymer surrounds an oily core with
the compound dissolved inside (Figure 4) or compound adsorbed or dispersed in
the polymer wall (Vauthier et al., 2009).

e Nanospheres: Spheres formed by a polymeric matrix where the compound can be
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retained or adsorbed. There is no oil in the composition (Schaffazick et al. 2003).

Microencapsulation allows a slow and continuous release of components along
the digestive tract, thus increasing luminal availability throughout the entire intestinal
tract (Meunier et al., 2006; Silva et al., 2017). This technique also allows EO and organic
acids to have better stability in the feed and facilitates its supply to animals (Meunier et
al., 2007; Spanghero et al., 2009). The technique of microencapsulation of essential oil
and organic acid has already been used in the feeding of Rainbow Trout (Pelusio et al.,
2020; Huyben et al., 2021).

Polymer | : Essential oil
\ ! Organic acid

Figure 4. lllustrative scheme showing the structure of microencapsulated essential oil and
organic acid in the intestine. Source: Prepared by the author.

8. Body growth in fish

The Nile tilapia Tilamax lineage was introduced in Brazil in 2005 through a
partnership between the State University of Maringa and the WorldFish Center (Janior et
al., 2008) and is known for its high production performance and rusticity (Khaw et al.,
2012). In genetic improvement programs, the growth rate is one of the main selection
objectives (Rutten et al., 2004).

Fish growth is mediated by several pathways, such as the hypothalamic-pituitary
axis through the growth hormone (GH), prolactin and somatotropin families, which are
also involved in feeding behavior control, immune function, metabolism, and
osmoregulation (Company et al., 2001; Kawauchi et al., 2006). Furthermore, animal
growth is influenced by several physiological processes, such as food intake, digestion,

absorption, assimilation, and excretion. Teleost fish, such as tilapia, have indeterminate
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growth, with length and body mass constantly increasing. However, this growth occurs
at a slow rate until reaching senescence stage or death (Kawauchi et al., 2006).

GH initiates many of its growth promoting actions by binding to GH receptors
(GHR) and stimulating the synthesis and secretion of insulin-like growth factor (IGF)
(Figure 5) (Reindl et al., 2011). In addition, GH stimulates the uptake of triglycerides
(TG) in skeletal muscle, which can be stored as TG or broken down to release energy
(Oscarsson et al., 1999; Khalfallah et al., 2001). When activated by GH, both IGFs (IGF-
1 and IGF-2) and GHR act as strong regulators of animal growth, in addition to inducing
an anabolic effect on protein and carbohydrate metabolism (Perez-Sanchez; Le-Bail,
1999; Amin et al., 2019). IGF-1 and IGF-2 are mainly produced in the liver, which is the
main endocrine source of IGFs, and IGF-1 regulates differentiation, growth, and

reproduction (Hossner et al., 1997).

Somatostatin
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Figure 5. Growth hormone-releasing hormone (GHRH) stimulates GH secretion, while
somatostatin (growth hormone-inhibiting hormone) exerts an inhibitory action. GH binds
to a specific receptor (GHR) in tissues such as liver, skeletal muscle, cartilage, bone, and
other tissues that secrete IGFs. The latter can act locally or enter the bloodstream, but for

adequate growth, both circulating IGF (of liver origin) and IGFs produced in tissues are
essential. Source: Prepared by the author.

In fish, muscle formation includes growth by hyperplasia (an increase in the
number of cells) and hypertrophy (increase in cell size) (Mommsen, 2001). Skeletal

muscle development is related to growth performance (Cai et al., 2018; Shi et al., 2017).
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Hyperplastic growth of muscle (a process called myogenesis) requires the action of
several proteins in the process of cell proliferation and differentiation. This, in turn, can
occur through the differential expression of myogenic regulatory factors (MRFs) such as
myoD, myogenin, myf5 and mrf4 (Hinits et al., 2009), acting on the activation and
inhibition of other genes in the muscle differentiation pathway (Figure 6) (Bentzinger et
al., 2012).
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Figure 6. Myogenesis process: Recruitment of mesoderm cells through the action of the
Pax3 gene, which is a transcription factor that initiates the activation of mesoderm cells
and differentiates them into myoblasts. These proliferate and transform into muscle cells
under the action of MyoD and Myf5, transforming into mycocytes. Through the action of
myogenin and MRF4, they differentiate into myotubes, forming muscle tissue. The
process of blocking myogenesis occurs through the action of myostatin (Mstn), which
inhibits the expression of Pax3, reduces the expression of MyoD and blocks myogenesis.
Source: Prepared by the author.

The MyoD gene regulates skeletal muscle differentiation and has a positive effect
on fish growth (Alami-Durante et al., 2010; Shi etal., 2017). In contrast, myostatin (Mstn)
is a negative regulator of skeletal muscle growth (Gabillard et al., 2013). Together, these
pathways produce a dynamic balance of positive and negative signals that determine
muscle development (Johnston et al., 2011).

The GH (Figure 7) binds to its GHR receptor on muscle fibers, induces
phosphorylation and activates an enzyme called Janus Kinases (JAK 2) associated with
the intracellular part of the receptor (Lanning et al., 2006). JAK 2 phosphorylates specific
regions of the receptor, which will serve as an anchoring site for STAT (translational
signals and activators of transcription) molecules, which translocate to the nucleus to
induce the expression of several genes, including insulin-like growth factors (IGFs)
(Duan et al., 2010). In addition, the GH also induces the signaling pathway of
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK).
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PI3K activates Akt which, in turn, activates MyoD. However, if myostatin is present, it
inhibits hyperplastic myofibrillar growth through SMAD phosphorylation and inhibition
of PI3k/Akt. Akt acts by phosphorylating mTOR which activates the transcription of
several genes including genes of the IGF system (Annunziata et al. 2011). MAPK
interacts with mTOR, and these are both crucial for the regulation of important cellular

functions in responses to mitotic stimuli (Robinson et al., 1997).
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Figure 7. GH’s action on muscle fibers: the GH binds to its receptor, activating the JAK
2/STAT pathway. Directly and indirectly, the GH acts on MyoD in a way which is
dependent on IGF1 stimulation. Myostatin inhibits hyperplastic myofibrillar growth
through SMAD phosphorylation and PI3k/Akt inhibition. The coordinated action of GH,
GHR, GH-dependent IGF1 and MyoD activate nuclear transcription factors resulting in
hypertrophic myofibrillar growth. Source: Prepared by the author.

9. Immune system

The immune system is responsible for protecting against and responding to pathogens
in the environment in which the animal lives. Fish immunity can be divided into
innate/non-specific and adaptive/acquired or specific (memory) immunity (Figure 8)
(lwama and Nakanishi, 1996). The innate defense mechanism is the first barrier that
protects the animal from the environment. It acts quickly, building defense regardless of
the recognition of the invader's structures, blocks their entry or eliminates them before
they cause any damage to the animal (Fernandez et al., 2016). Adaptive defense is more

specific. It can recognize the pathogen and can trigger antibody-dependent (humoral



34

response) or cell-mediated responses, both with immunological memory (Magnadéttir,
2006).

Innate Acquired

Physical and Humoral Band T Immunological
chemical barriers Components lymphocytes memory

Skin, mucosal .

epithelium, Phagocytic cells, Plasma cells, Immunoglobulins,

.. : Complementary . :
antimicrobial Complete system Acquired Immunity
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Figure 8. Fish immune system scheme divided into innate/non-specific and
adaptive/acquired or specific immunity (memory). Source: Prepared by the author.

9.1 Fish immune system cells

Hematological evaluation is very important for the fishing industry, as it allows the
detection of physical and chemical changes that occur in the animal organism (Adeyemo
etal., 2009; Fazio, 2019). In addition to indicating the health status of fish, understanding
the hematological parameters can also indicate responses related to nutritional status (Lim
and Klesius, 2003), age (Jamalzadeh et al., 2009), sexual maturity (Vazquez and
Guerrero, 2007), photoperiod (Leonardi and Klempau, 2003), water quality (Fazio et al.,
2012), stress (Cnaani et al., 2004) and microbial infection plus parasitism (Jamalzadeh et
al., 2009). In this way, blood tissue reflects information about the general metabolism and
physiological state of animals that can affect growth and performance.

Fish blood is made up of three main types of cells: white blood cells or leukocytes
(WBC); red blood cells or erythrocytes (RBC); and platelets or thrombocytes (PLT).
Leukocytes participate in the cellular response and include the different types of white
blood cells observed in the blood. Among these cells that make up the WBC are
lymphocytes (LY), granulocytes (GR) (neutrophils, basophils, and eosinophils),

monocytes/macrophages and cytotoxic cells (Tavares-dias and Moraes, 2004). LY and
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GR participate in the defense of innate and adaptive immunity (Figure 9) (Mohr and Liew,
2007).

INNATE IMMUNITY

g —> Envelops diseased cells and destroys them, phagocytose pathogens.

Neu&)phil
@ — They are recruited to inflammatory sites, together with eosinophils. Secrete histamine and heparin.

Basophil
(T

—» They act against parasites and produce histamine in infections.

Eosinophil

@ — Stores inflammation chemicals and heparin.

Mast cell

..
{/Jr\ — 0 — Monocytes give rise to macrophages. Macrophages phagocytose cell debris, pathogens and

present antigens.
Monocyte Macrophage

INNATE AND ADAPTIVE IMMUNITY

— They are antigen-presenting cells, considered crucial messengers between innate and adaptive

immunity, playing a central role in the defense against intracellular pathogens.
Dendritic cell

. —» They can be differentiated into T lymphocytes. Their main function is to lyse foreign or virus-infected

cells without expressing any specific immune response activating antigen, they are cytotoxic cells of
NK cell innate immunity, in contrast to T lymphocyte of the adaptive immune response.

ADAPTIVE IMMUNITY
—» Manufactures blood antibodies, they also act on cellular immunity. They are responsible for recognizing

antigens.
T cell

®| _»When they are stimulated by an antigen, they differentiate into plasma cells and start producing
\/ antibodies. B cells are also responsible for presenting antigens to T cells. Some activated B
B cell lymphocytes do not differentiate into plasma cells giving rise to immune memory B cells, which react
quickly to a second exposure to the same antigen.

Figure 9. White blood cells that participate in innate/nonspecific and adaptive/acquired
or specific (memory) immunity. Source: Prepared by the author.

9.2 Main blood parameters analyzed in fish

The hemogram is a set of analyzes divided into erythrogram, leukogram and
thrombogram. Erythrogram: erythrocyte count, hematocrit determination, hemoglobin
rate, mean corpuscular volume (MCV), mean corpuscular hemoglobin, and mean
corpuscular hemoglobin concentration (MCHC); Leukogram: relative and absolute

leukocyte count; Thrombogram: thrombocyte count (Figure 10) (Paiva et al., 2013).



36

— * Water

* Proteins

* Nutrients & metabolic waste
* Electrolytes

I Plasma
55% total volume

Centrifuge * Neutrophils o A
—> Buffy coat — - Eosinophils ‘4 \ .
<1% total volume * Basophils J
* Monocytes !

* Lymphocytes
+ Thrombocytes

Erythrocytes @
45% total volume

\

Figure 10. Blood after centrifugation. The first layer is plasma or serum, the middle layer
is composed of leukocytes and thrombocytes and the lower red layer is composed of
erythrocytes, which represent approximately 45% of the total blood volume. Source:
Prepared by the author.

.

9.2.1 Erythrogram

e Erythrocyte/Red blood cell (RBC) count

RBC are the most abundant cells in the circulation and have the function of
transporting gases to cells and tissues. However, other functions have been attributed to
these cells, such as: interaction with the immune system (Morera and Mackenzie, 2011).
Shen et al (2018) suggest that these cells are capable of functional responses in relation
to viral infections. Due to the large number of elements in the blood, it needs to be diluted
to be analyzed. For this, special solutions are used that do not change the morphology of
the cells. Normally, globules are counted in the Neubauer chamber, using the following
formula (Paiva et al., 2013): Number of erythrocytes = Number of cells counted X
dilution X height between coverslip and chamber X number of squares counted.

e Hematocrit (HTC) determination

Hematocrit is the percentage of volume occupied by erythrocytes in the blood in
relation to the number of leukocytes, thrombocytes, and plasma, that is, in the total blood
volime. This analysis is performed with a heparinized microcapillary tubes filled 2/3 of
its total volume, sealed (only at one end) and centrifuged in a microcentrifuge suitable for
hematocrit. After centrifuging it is possible to see the three layers of the blood (Figure

10). For reading, a chart measuring hematocrit values is used (Goldenfarb et al., 1971)

Hemoglobin rate (HGB)
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HGB, in addition to being the main protein of red blood cells, allows the transport
of oxygen by the circulatory system and is an easy way to check the occurrence of anemia.
To perform the analysis, whole blood is used, assing a solution with potassium
ferricyanide and potassium cyanide (calculate correction factor by the standard curve of
the solution). These components combine to produce a stable pigment, where the color
intensity of the mixture is determined in a spectrophotometer or photoelectric colorimeter
(Collier and Thome, 1994).

Hemoglobin rate = sample absorbance X correction factor (expressed in g dL™)

e Mean corpuscular volume (MCV)

MCYV can indicate the state or size of erythrocytes and reflects abnormal or normal
cell division during erythropoiesis (Rodgers and Young, 2018).

MCV = Hematocrit (HTC) / number of erythrocytes (RBC) X 10
e Mean corpuscular hemoglobin (MCH)
Establishes the amount of hemoglobin in each erythrocyte.
MCH = Hemoglobin rate (HGB) / number of erythrocytes (RBC) X 10

e Mean corpuscular hemoglobin concentration (MCHC)

Relates the concentration of hemoglobin by erythrocytes.
MCHC = Hemoglobin rate (HGB) / hematocrit (HCT) X 10

9.2.2 Leukogram

e White blood cells or leukocytes (WBC)

The WBC has the function of protecting the organism: if an infection develops,
they attack and destroy the organism that is causing the problem. In this way, WBC can
be an indicator of health in fish and are exclusively involved with immunity (Shen et al.,
2018).

Leukocytes can be diluted and counted manually in a Neubauer chamber or in
automated hematology counters (which normally already analyze all parts of the blood
count). These devices count the total number of leukocytes and differentiate them. The
individual count is the most useful value for interpreting changes in the animal organism.

This information can be determined by evaluating a blood smear (Figure 11).
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Figure 11. Blood smear for differential leukocyte count. A drop of blood is placed near
the end of the first slide, with a second slide positioned at an angle of 45°C in front of the
blood drop. In this way, it is brought back against the blood drop and is propelled to the
end of the first blade. These slides are then stained with specific dyes and analyzed under
an optical microscope. Source: Prepared by the author.

After the leukogram, different white cells can be observed, each with different

functions and interpretations (Tizard, 2018):

CELL INCREASE DECREASE
Lymphocites (LY) [ Viral infections, lymphocytic | Elevated levels of
leukemia, and post-vaccination. glucocorticoids,
disruption of lymphatic
circulation,
lymphosarcoma (tumor),
lymphocyte
hemoparasites.
Neutrophils Inflammatory reactions, bacterial | Serious infections and
infections, injuries. drug response.
Basophiles Allergic reactions and | Endogenous and
hypersensitivity,  presence  of | exogenous
parasites. glucocorticoids.
Eosinophils Parasite infections, regulation of | Constant  stress and
allergic reactions, inflammatory | endogenous cortisol
granulomas (fungi, foreign bodies), | secretion.
eosinophilic leukemia and

neoplasms.
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9.2.3 Thrombogram

e Platelets or thrombocytes (PLT)
In addition to their importance in blood clotting, in fish they may play a role in the defense
system, having a phagocytic action (Fazio, 2019). The thrombocyte count is performed

by blood smear.

10. Indirect immune response in fish (oxidative stress).

In fish, just like in other animals, reactive oxygen species (ROS) are highly active
moieties produced within the cell during cellular metabolism or under pathological
conditions. The imbalance between production and extinction of these reactive substances
through antioxidant mechanisms causes oxidative stress. To ensure this balance, animal's
body has developed a defense mechanism involving enzymatic and non-enzymatic
molecules. This mechanism is called antioxidant defense system (Wendelaar-bonga,
1997).

This system consists of the interaction of some enzymes, proteins, and low
molecular weight molecules, in which the enzymes catalytically remove the reactive
species, aided by other molecules participating in the system with temporary or final
electron acceptors. Superoxide radical, for example, is dismutated by the enzyme
superoxide dismutase into hydrogen peroxide, which, in turn, is degraded by the enzyme
catalase or glutathione peroxidase (Figure 12) (IGHODARO and AKINLOYE, 2018).
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Figure 12. Superoxide anions (O, " ) is formed in view of the reduction of O, and from
this reactive species, all the others are generated. SOD is the first enzyme that attacks the
superoxide radical. After the action of SOD (which converts the superoxide radical into
hydrogen peroxide), CAT acts as a primary defense when H->O> levels are higher. GPX
also reduces H2O> in a reaction dependent on glutathione (GSH), which is used as a
reducing agent. For this, it is subjected to the action of glutathione peroxidase (GPX),
which is transformed into glutathione disulfide (GSSG) to fulfill its role. Glutathione
disulfide (GSSG) is reduced by glutathione reductase (GR) which regenerates glutathione
(GSH). In this way, GSH can restart new reactions to reduce oxidant species. Source:
Prepared by the author.

SOD activity in fish can be used to assess the animal's response to some stressor,
and its increase is directly related to the animal's ability to defend itself against these
factors (Ighodaro and Akinloye, 2018). Low hepatic SOD activity in fish, however, has
been associated with both the absence of stressors and the saturation of the activity
capacity of this enzyme (Almeida et al., 2022). In the same sense, other authors found
lower SOD activity in animals subjected to stress factors, with an increase in SOD activity
when some antioxidant is supplemented.

SOD activity in fish can be used to assess the animal's response to some stressor,
and its increase is directly related to the animal's ability to defend itself against these
factors (Ighodaro and Akinloye, 2018). Low hepatic SOD activity in fish, however, has
been associated with both the absence of stressors and the saturation of the activity
capacity of this enzyme (Almeida et al., 2022). In the same sense, other authors found
lower SOD activity in animals subjected to stress factors, with an increase in SOD activity

when some antioxidant is supplemented (YiLMAZ, 2019; ABDEM-DAIM et al., 2020;).
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In fish, catalase represents the primary route for elimination of hydrogen peroxide
when it is in higher concentration, dependent on SOD, with the glutathione system as a
second option (Ighodaro and Akinloye, 2018). Measurement of antioxidant enzymes has
been performed to decipher the physiological events associated with this process, as the
activity of these enzymes changes in response to oxidative stress (Abdalla, 2015).

Reactive oxygen species (ROS) can oxidize amino acid residues, break peptide
bonds, and alter proteolysis rates (Galicia-moreno and Gutierrez-reyes, 2014). As a
consequence of proteic oxidation, carbonyl groups are produced within protein molecules
and can be evaluated as a direct indicator of damage (Silva et al., 2011; Rua et al., 2014).

Antioxidants are substances that can be produced by the organism itself or can be
obtained by ingesting products of synthetic or natural origin (Augustyniak, 2010). Feeds
with an adequate supply of antioxidants are essential to combat stress in the life cycle of
fish and support the normalization of antioxidant capacity after transportation. When the
primary antioxidant defense system is not sufficient to deal with ROS, an increase in the
latter can cause damaged intracellular proteins (Birben et al., 2012).

Under these conditions, the HSP protein group comes into action, increasing in
response to some stress situations to reduce the cellular damage caused (Luengo et al.,
2019). In normal situations, the family distinguished by a molecular weight of 70 kDa
(HSP70) act as chaperone proteins, providing the proper conformation of newly
synthesized proteins (Kim et al., 2018). However, under physiological stress, HSP70s
prevent the denaturation of other proteins (Zuanazzi et al., 2018). Thus, the expression of
the HSP70 protein can be regulated by stress events, such as environmental and
physiological stress, as well as non-stressful conditions (Morimoto, 1998; Molina et al.,
2000).

In fish farming, the increase in HSP70 is usually associated with the presence of
environmental stressors (Goes et al., 2019; Gewaily et al., 2021; Lala et al., 2021; Abdel-
Tawwab et al., 2021). In such situations, the regulatory role of HSP70 in modulating
growth can be suppressed, and the complex can be shifted to recognition and degradation
of misfolded proteins; and thus, the greater the cellular damage, the greater the expression
of these proteins (Figure 13) (Lindquist and Craig, 1988).
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Figure 13. In a situation free from stress, HSP70 binds to the HSF regulatory protein (heat
shock factor), which prevents HSF from becoming a trimer. In stressful conditions,
though, stress increases the production of ROS, which activates the response of HSPs to
maintain homeostasis. ROS can cause protein damage and causes HSP70 to act to degrade
these denatured proteins. The dissociation of the HSP70-HSF complex allows the
formation of the HSF trimer. The HSF trimer binds to the promoter region of the gene
(HSE), promoting increased gene expression of HSPs, consequently increasing the
production of HSP70. HSPs can induce immune cells to release pro-inflammatory
cytokines such as TNF-a, IL-1p, IL-6 and IL-12. Source: Prepared by the author.

11. Direct immune response to stress (IL and COX2)

The inflammatory response underlies a wide variety of mechanisms that induce
inflammation, such as stress or tissue malfunction, which can be triggered by cellular
damage, damage-associated molecular patterns (DAMPs), or by invading pathogens,
molecular pathogen-associated molecular patterns (PAMPS) (Medzhitov, 2008). Through
molecular pattern recognition receptors (PRRs) that are present on mast cells, monocytes
and macrophages, DAMPs and PAMPs can bind and activate these cells (Walker and
Sills, 2012). Macrophages stimulated by the inflammatory response release pro-
inflammatory cytokines such as TNF-a, IL-1p, IL-6 and IL-12 (Figure 14).

In situations of stress and injuries to the cell membrane, the enzyme phospholipase
A2 is activated through pro-inflammatory cytokines, such as interleukin (IL) (Zhang, et
al. 2019). This enzyme facilitates the degradation of phospholipids and subsequent

production of arachidonic acid. The latter can be metabolized to leukotrienes and lipoxins
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through the action of the lipoxygenase enzyme, or to prostaglandins, prostacyclins and
thromboxanes, when metabolized by the cyclooxygenase enzyme (Cox) (Smith, 1989).
One of the inflammatory mechanisms widely described involves the production of
prostaglandins via COX, which culminates in vasodilation and increased tissue
permeability, ending with the classic signs of inflation such as redness, pain, edema, and
loss of function (Brown and Roberts, 2001).

The COX-1 subtype is considered a constitutive gene, while COX-2, commonly
called prostaglandin G/H synthase 2 in tilapia, is amenable to induction and is often
associated with pathophysiological processes such as inflammation induced by
endotoxins and cytokines including IL-1 and TNF-a. (Lands, 1991; Tanabe and Tohnai,
2002; Gadek-Michalska et al., 2013). The increase in COX 2 is directly associated with
the inflammatory response (Hanana et al., 2021), and can cause several injuries, including
DNA damage (Speed and Blair, 2011). The main inflammatory effect of IL-1 is the
induction of COX-2 synthesis (Maier et al., 1990; Knott et al., 1994).

Acting together, all these mediators increase the inflammatory response. The cells
involved in these responses are normally present in the tissues, in this way, the leukocytes
go to the affected site marked by signaling (for example, chemokines and leukotrienes).
Then, the leukocytes phagocytize the stressor agent and degrade the necrotic tissue, as
the the purpose of this process is to resolve the inflammation and restart the recovery of
the affected site (Abbas et al., 2008). Innate immune response molecules activate adaptive
immunity, e.g. dendritic cells stimulate T cells to activate effector T cells, while B cells
are also stimulated to produce antibodies (Abbas et al., 2008).



44

DAMPs PAMPs Stress and cell
membrane injuries

Cell membrane

) % D) s N
© © NhG6E BReeReaaduay)
,\"J}\{ij“;’ { Wleteee, bf & o
AR SATET
449
Phospholipase A2
v

Monocyte  Macroprage

iPro-inﬂammatory .

\  cytokines
‘ *I I o Arachidonic acid
Cyclooxygenase \ Lipoxygenase

Figure 14. Signaling pathways, both IL-1B dependent and independent, involved in COX
2 activation. Source: Prepared by the author.

Thromboxans

Prostaglandins

Prostacyclins




45

References

ABBAS, A. K.; LICHTMAN, A. H.; PILLAI, S. Imunologia Celular e Molecular. 6th.,
Elsevier: Rio de Janeiro, 2008.

ABDALLA, Raisa Pereira. Efeito do aluminio e manganés, em pH acido, nos parametros
de estresse oxidativo em machos de Astyanax altiparanae (Characiformes:
Characidae). Tese de Doutorado. Universidade de Sao Paulo, 2015.

ABDEL-DAIM, Mohamed M. et al. Spirulina platensis mediated the biochemical indices
and antioxidative function of Nile tilapia (Oreochromis niloticus) intoxicated with
aflatoxin B1. Toxicon, v. 184, p. 152-157, 2020.

ABDELKHALEK, Nevien K. et al. Antibacterial and antioxidant activity of clove oil
against Streptococcus iniae infection in Nile tilapia (Oreochromis niloticus) and
its effect on hepatic hepcidin expression. Fish & shellfish immunology, v. 104,
p. 478-488, 2020.

ABDEL-TAWWAB, Mohsen et al. Dietary garlic and chitosan enhanced the antioxidant
capacity, immunity, and modulated the transcription of HSP70 and Cytokine
genes in Zearalenone-intoxicated European seabass. Fish & Shellfish
Immunology, v. 113, p. 35-41, 2021.

ADEYEMO, Olanike Kudirat et al. Comparative assessment of sodium EDTA and
heparin as anticoagulants for the evaluation of haematological parameters in
cultured and feral African catfish (Clarias gariepinus). Brazilian Journal of
Aquatic Science & Technology, v. 13, n. 1, p. 19-24, 2009.

ALAGAWANY, Mahmoud et al. A review on the beneficial effect of thymol on health
and production of fish. Reviews in Aquaculture, v. 13, n. 1, p. 632-641, 2021.

ALAMI-DURANTE, Hélene et al. Skeletal muscle growth dynamics and expression of
related genes in white and red muscles of rainbow trout fed diets with graded
levels of a mixture of plant protein sources as substitutes for
fishmeal. Aquaculture, v. 303, n. 1-4, p. 50-58, 2010.

ALMEIDA, Angela et al. Salinity-dependent impacts on the effects of antiepileptic and
antihistaminic drugs in Ruditapes philippinarum. Science of The Total
Environment, v. 806, p. 150369, 2022.



46

AMIN, Aziza et al. Growth performance, intestinal histomorphology and growth-related
gene expression in response to dietary Ziziphus mauritiana in Nile tilapia
(Oreochromis niloticus). Aquaculture, v. 512, p. 734301, 2019.

ANNUNZIATA, Marta; GRANATA, Riccarda; GHIGO, Ezio. The IGF system. Acta
diabetologica, v. 48, n. 1, p. 1-9, 2011.

ANTON, Nicolas; BENOIT, Jean-Pierre; SAULNIER, Patrick. Design and production of
nanoparticles formulated from nano-emulsion templates—a review. Journal of
controlled release, v. 128, n. 3, p. 185-199, 2008.

AUGUSTYNIAK, Agnieszka et al. Natural and synthetic antioxidants: an updated
overview. Free radical research, v. 44, n. 10, p. 1216-1262, 2010.

BAKKALL, Fadil et al. Biological effects of essential oils—a review. Food and chemical
toxicology, v. 46, n. 2, p. 446-475, 2008.

BELLAVER, Claudio; SCHEUERMANN, Gerson. Aplicacfes dos acidos organicos na
producdo de aves de corte. In: Anais da Conferéncia AVESUI. Floriandpolis,
Santa Catarina. Brasil: Gessulli, 2004. p. 1-16.

BENTZINGER, C. Florian; WANG, Yu Xin; RUDNICKI, Michael A. Building muscle:
molecular regulation of myogenesis. Cold Spring Harbor perspectives in
biology, v. 4, n. 2, p. a008342, 2012.

BIRBEN, Esra et al. Oxidative stress and antioxidant defense. World Allergy
Organization Journal, v. 5, n. 1, p. 9-19, 2012.

BORGES, Adalmyr Morais. Criagdo de tilapias. 2. ed. — Brasilia, DF: Emater-DF, 20009.

BOUYAHYA, Abdelhakim et al. Medicinal plant products targeting quorum sensing for
combating bacterial infections. Asian Pacific journal of tropical medicine, v.
10, n. 8, p. 729-743, 2017.

BRABO, M. F. et al. Current scenario of fish production in the world, Brazil and Para
State: emphasis on aquaculture. Acta of Fisheries and Aquatic Resources, v. 4,
n. 2, p. 50-58, 2016.

BROWN, N. J; ROBERTS, L. Jackson. Histamine, bradykinin, and their
antagonists. Goodman and Gilman’s The Pharmacological Basis of
Therapeutics, v. 10, p. 645-667, 2001.

BUSTI, Serena et al. Effects of dietary organic acids and nature identical compounds on
growth, immune parameters and gut microbiota of European sea bass. Scientific
reports, v. 10, n. 1, p. 1-14, 2020.



47

CAI, W.-C. et al. Effects of complete fish meal replacement by rice protein concentrate
with or without lysine supplement on growth performance, muscle development
and flesh quality — of  blunt  snout bream (Megalobrama
amblycephala). Aquaculture Nutrition, v. 24, n. 1, p. 481-491, 2018.

CNAANI, Avner et al. Comparative study of biochemical parameters in response to stress
in  Oreochromis aureus, O. mossambicus and two strains of O.
niloticus. Aquaculture research, v. 35, n. 15, p. 1434-1440, 2004.

CETIN, E. B. R. U. et al. Effect of dietary humate and organic acid supplementation on
social stress induced by high stocking density in laying hens. Journal of Animal
and Veterinary Advances, v. 10, n. 18, p. 2402-2407, 2011.

CHERRINGTON, C. A. et al. Organic acids: chemistry, antibacterial activity and
practical applications. Advances in microbial physiology, v. 32, p. 87-108, 1991.

COLLIER, John G.; THOME, John R. Convective boiling and condensation.
Clarendon Press, 1994.

COMPANY, R. et al. Somatotropic regulation of fish growth and adiposity: growth
hormone (GH) and somatolactin (SL) relationship. Comparative Biochemistry
and Physiology Part C: Toxicology & Pharmacology, v. 130, n. 4, p. 435-445,
2001.

CUNHA, Jessyka Arruda et al. The antibacterial and physiological effects of pure and
nanoencapsulated Origanum majorana essential oil on fish infected with
Aeromonas hydrophila. Microbial pathogenesis, v. 124, p. 116-121, 2018.

CURTIS, Lawrence R. et al. Disposition and elimination of 17a-methyltestosterone in
Nile tilapia (Oreochromis niloticus). Aquaculture, v. 99, n. 1-2, p. 193-201,
1991.

DAS NEVES, Suzane CV et al. Dietary Supplementation with Fumaric Acid Improves
Growth Performance in Nile Tilapia Juveniles. Animals, v. 12, n. 1, p. 8, 2022.

DAWOOD, Mahmoud AO et al. Probiotic effects of Aspergillus oryzae on the oxidative
status, heat shock protein, and immune related gene expression of Nile tilapia
(Oreochromis niloticus) under hypoxia challenge. Aquaculture, v. 520, p.
734669, 2020.

DE WET, L. Can organic acid effectively replace antibiotic growth promotants in diets
for rainbow trout, Oncorhynchus mykiss raised under suboptimal water

temperatures. In: WAS Conference, Bali, Indonesia. 2005.



48

DIBNER, J. J.; BUTTIN, P. Use of organic acids as a model to study the impact of gut
microflora on nutrition and metabolism. Journal of Applied Poultry Research,
v. 11, n. 4, p. 453-463, 2002.

DUAN, Cunming; REN, Hongxia; GAO, Shan. Insulin-like growth factors (IGFs), IGF
receptors, and IGF-binding proteins: roles in skeletal muscle growth and
differentiation. General and comparative endocrinology, v. 167, n. 3, p. 344-
351, 2010.

EDRIS, Amr E. Pharmaceutical and therapeutic potentials of essential oils and their
individual volatile constituents: a review. Phytotherapy Research: An
International Journal Devoted to Pharmacological and Toxicological
Evaluation of Natural Product Derivatives, v. 21, n. 4, p. 308-323, 2007.

EKNATH, Ambekar E. et al. Genetic improvement of farmed tilapias: composition and
genetic parameters of a synthetic base population of Oreochromis niloticus for
selective breeding. Aquaculture, v. 273, n. 1, p. 1-14, 2007.

EL-GREISY, Z. A.; EL-GAMAL, A. E. Monosex production of tilapia, Oreochromis
niloticus using different doses of 17a-methyltestosterone with respect to the
degree of sex stability after one year of treatment. The Egyptian Journal of
Agquatic Research, v. 38, n. 1, p. 59-66, 2012.

ELKATATNY, Nasema M. et al. The impacts of seasonal variation on the immune status
of Nile tilapia larvae and their response to different immunostimulants feed
additives. Fish & shellfish immunology, v. 96, p. 270-278, 2020.

ELUMALAI, Preetham et al. Herbal immunomodulators in aquaculture. Reviews in
Fisheries Science & Aquaculture, v. 29, n. 1, p. 33-57, 2020.

FAO. 2018. The State of World Fisheries and Aquaculture 2018-Meeting the sustainable
development goals.

FARAG, Mayada R. et al. Effect of parsley essential oil on digestive enzymes, intestinal
morphometry, blood chemistry and stress-related genes in liver of Nile tilapia fish
exposed to Bifenthrin. Aquaculture, v. 546, p. 737322, 2022.

FAZIO, Esterina et al. Effects of different health status on blood haematochemical values
of loggerhead sea turtles (Caretta caretta). Comparative Clinical Pathology, v.
21,n. 1, p. 105-109, 2012.

FAZIO, Francesco. Fish hematology analysis as an important tool of aquaculture: a
review. Aquaculture, v. 500, p. 237-242, 2019.



49

FERNANDEZ, Ana Belén; DE BLAS, Ignacio; RUIZ, Imanol. El sistema inmune de los
teledsteos (1): Células y 6rganos. Revista AquaTIC, n. 16, 2016.

FOSTIER, Alexis et al. 7 The gonadal steroids. Fish physiology, v. 9, p. 277-372, 1983.

FREITAG, MECHTHILD. Organic acids and salts promote performance and health in
animal husbandry. Acidifiers in animal nutrition, v. 31, n. 2, p. 131-139, 2007.

GABILLARD, Jean-Charles et al. Revisiting the paradigm of myostatin in vertebrates:
insights from fishes. General and comparative endocrinology, v. 194, p. 45-54,
2013.

GADEK-MICHALSKA, Anna et al. Cytokines, prostaglandins and nitric oxide in the
regulation of stress-response systems. Pharmacological Reports, v. 65, n. 6, p.
1655-1662, 2013.

GALICIA-MORENO, M.; GUTIERREZ-REYES, G. The role of oxidative stress in the
development of alcoholic liver disease. Revista de Gastroenterologia de México
(English Edition), v. 79, n. 2, p. 135-144, 2014.

GEWAILY, Mahmoud S. et al. Dietary Synbiotics Can Help Relieve the Impacts of
Deltamethrin Toxicity of Nile Tilapia Reared at Low Temperatures. Animals, v.
11, n. 6, p. 1790, 2021.

GITHUKIA, Cecilia Muthoni et al. Comparative growth performance of male monosex
and mixed sex Nile tilapia (Oreochromis niloticus L.) reared in earthen
ponds. Croatian Journal of Fisheries: Ribarstvo, v. 73, n. 1, p. 20-25, 2015.

GOES, Elenice Souza dos Reis et al. Imbalance of the redox system and quality of tilapia
fillets subjected to pre-slaughter stress. PloS one, v. 14, n. 1, p. e0210742, 2019.

GOLDENFARB, Paul B. et al. Reproducibility in the hematology laboratory: the
microhematocrit determination. American journal of clinical pathology, v. 56,
n. 1, p. 35-39, 1971.

HAJATI, Hosna. Application of organic acids in poultry nutrition. International
Journal of Avian & Wildlife Biology, v. 3, n. 4, p. 324-329, 2018.

HANANA, Houda; KLEINERT, Christine; GAGNE, Francois. Toxicity of representative
mixture of five rare earth elements in juvenile rainbow trout (Oncorhynchus
mykiss) juveniles. Environmental Science and Pollution Research, v. 28, n. 22,
p. 28263-28274, 2021.

HINITS, Yaniv; OSBORN, Daniel PS; HUGHES, Simon M. Differential requirements
for myogenic regulatory factors distinguish medial and lateral somitic, cranial and

fin muscle fibre populations. 20009.



50

HOSEINI, Seyyed Morteza et al. Effects of dietary arginine supplementation on growth,
biochemical, and immunological responses of common carp (Cyprinus carpio L.),
stressed by stocking density. Aquaculture, v. 503, p. 452-459, 20109.

HOSSNER, K. L.; MCCUSKER, R. H.; DODSON, M. V. Insulin-like growth factors and
their binding proteins in domestic animals. Animal Science, v. 64, n. 1, p. 1-15,
1997.

HUYBEN, David et al. Dietary microencapsulated blend of organic acids and plant
essential oils affects intestinal morphology and microbiome of rainbow trout
(Oncorhynchus mykiss). Microorganisms, v. 9, n. 10, p. 2063, 2021.

IGHODARO, O. M.; AKINLOYE, O. A. First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): Their
fundamental role in the entire antioxidant defence grid. Alexandria journal of
medicine, v. 54, n. 4, p. 287-293, 2018.

IVERSEN, Martin; FINSTAD, Bengt; NILSSEN, Kjell J. Recovery from loading and
transport stress in Atlantic salmon (Salmo salar L.) smolts. Aquaculture, v. 168,
n. 1-4, p. 387-394, 1998.

IWAMA, G.; NAKANISHI, T. The fish immune system: in non-specific immune system:
cellular defenses, Secombes CJ (eds.) pp. 63-68. 1996.

JAMALZADEH, H. R. et al. Comparison of blood indices in healthy and fungal infected
Caspian salmon (Salmo trutta caspius). African Journal of Biotechnology, v. 8,
n. 2, 2009.

JESUS, Jany Hellen Ferreira et al. Thermal behavior of food preservative sorbic acid and
its derivates. Food Chemistry, v. 337, p. 127770, 2021.

JOHNSTON, lan A.; BOWER, Neil I.; MACQUEEN, Daniel J. Growth and the
regulation of myotomal muscle mass in teleost fish. Journal of Experimental
Biology, v. 214, n. 10, p. 1617-1628, 2011.

JUNIOR, Enio Lupchinski et al. Avaliagdo da variabilidade das geragdes GO e F1 da
linhagem GIFT de tildpia do Nilo (Oreochromis niloticus) por RAPD. Acta
Scientiarum. Animal Sciences, v. 30, n. 2, p. 233-240, 2008.

KAWAUCHI, Hiroshi; SOWER, Stacia A. The dawn and evolution of hormones in the
adenohypophysis. General and comparative endocrinology, v. 148, n. 1, p. 3-
14, 2006.

KHALFALLAH, Y. et al. Expression of insulin target genes in skeletal muscle and
adipose tissue in adult patients with growth hormone deficiency: effect of one year



51

recombinant human growth hormone therapy. Journal of endocrinology, v. 171,
n. 2, p. 285-292, 2001.

KHAW, Hooi Ling et al. Genotype by production environment interaction in the GIFT
strain of Nile tilapia (Oreochromis niloticus). Aquaculture, v. 326, p. 53-60,
2012.

KIM, Jong Woong; KIM, Jong Hyuk; KIL, Dong Yong. Dietary organic acids for broiler
chickens: a review. Revista Colombiana de Ciencias Pecuarias, v. 28, n. 2, p.
109-123, 2015.

KIM, Jong Youl et al. The 70-kDa heat shock protein (Hsp70) as a therapeutic target for
stroke. Expert opinion on therapeutic targets, v. 22, n. 3, p. 191-199, 2018.

KNOTT, Isabelle et al. Induction of cyclooxygenase by interleukin 1: comparative study
between human synovial cells and chondrocytes. The Journal of rheumatology,
v. 21, n. 3, p. 462-466, 1994.

KUBITZA, F. Tildpia: tecnologia e planejamento na producdo comercial. rev.
ampl. Jundiai: Acqua Supre Comércio. e Suprimentos. para Aquicultura,
2011.

KUM, S. et al. Effects of dietary organic acid supplementation on the intestinal mucosa
in broilers. Rev. Med. Vet, v. 10, p. 463-468, 2010.

LALA, Bruno et al. Fumonisins alter redox balance in Nile tilapia
fingerlings. Aquaculture, v. 530, p. 735735, 2021.

LANDS, William EM. Biosynthesis of prostaglandins. Annual review of nutrition, v.
11,n.1, p. 41-60, 1991.

LANNING, Nathan J.; CARTER-SU, Christin. Recent advances in growth hormone
signaling. Reviews in Endocrine and Metabolic Disorders, v. 7, n. 4, p. 225-
235, 2006.

LEONARDI, M. O.; KLEMPAU, A. E. Artificial photoperiod influence on the immune
system of juvenile rainbow trout (Oncorhynchus mykiss) in the Southern
Hemisphere. Aquaculture, v. 221, n. 1-4, p. 581-591, 2003.

LIM, Chhorn; KLESIUS, Phillip H. Influence of feed deprivation on hematology,
macrophage chemotaxis, and resistance to Edwardsiella ictaluri challenge of
channel catfish. Journal of Aquatic Animal Health, v. 15, n. 1, p. 13-20, 2003.

LINDQUIST, Suzan; CRAIG, Elizabeth A. The heat-shock proteins. Annual review of
genetics, v. 22, n. 1, p. 631-677, 1988.



52

LUCKSTADT, Christian (Ed.). Acidifiers in animal nutrition. Nottingham University
Press, 2008.

LUENGO, Tania Moran; MAYER, Matthias P.; RUDIGER, Stefan GD. The Hsp70—
Hsp90 chaperone cascade in protein folding. Trends in cell biology, v. 29, n. 2,
p. 164-177, 2019.

MAGNADOTTIR, Berglj6t. Innate immunity of fish (overview). Fish & shellfish
immunology, v. 20, n. 2, p. 137-151, 2006.

MAHBOUB, Heba H.; TARTOR, Yasmine H. Carvacrol essential oil stimulates growth
performance, immune response, and tolerance of Nile tilapia to Cryptococcus
uniguttulatus infection. Diseases of Aquatic Organisms, v. 141, p. 1-14, 2020.

MAIER, J. A.; HLA, Timothy; MACIAG, Thomas. Cyclooxygenase is an immediate-
early gene induced by interleukin-1 in human endothelial cells. Journal of
Biological Chemistry, v. 265, n. 19, p. 10805-10808, 1990.

MOLINA, Alfredo et al. Cloning and expression analysis of an inducible HSP70 gene
from tilapia fish. FEBS letters, v. 474, n. 1, p. 5-10, 2000.

MARENGONI, Nilton Garcia; WILD, Monique Bayer. Sistemas de producdo de pds-
larvas de tilapia do Nilo. Scientia Agraria Paranaensis, v. 13, n. 4, p. 265-276,
2014.

MORIMOTO, Richard I. Regulation of the heat shock transcriptional response: cross talk
between a family of heat shock factors, molecular chaperones, and negative
regulators. Genes & development, v. 12, n. 24, p. 3788-3796, 1998.

MEDZHITOV, Ruslan. Origin and physiological roles of inflammation. Nature, v. 454,
n. 7203, p. 428-435, 2008.

MEHDI, Youcef et al. Use of antibiotics in broiler production: Global impacts and
alternatives. Animal nutrition, v. 4, n. 2, p. 170-178, 2018.

MEUNIER, J.-P. et al. Use of rotary fluidized-bed technology for development of
sustained-release plant extracts pellets: Potential application for feed additive
delivery. Journal of animal science, v. 84, n. 7, p. 1850-1859, 2006.

MEUNIER, J.-P. et al. Use of spray-cooling technology for development of
microencapsulated capsicum oleoresin for the growing pig as an alternative to in-
feed antibiotics: a study of release using in vitro models. Journal of animal
science, v. 85, n. 10, p. 2699-2710, 2007.



53

MEURER, Fébio et al. Lipideos na alimentacao de alevinos revertidos de tilapia do Nilo
(Oreochromis niloticus, L.). Revista Brasileira de Zootecnia, v. 31, p. 566-573,
2002.

MOHR, Steve; LIEW, Choong-Chin. The peripheral-blood transcriptome: new insights
into disease and risk assessment. Trends in molecular medicine, v. 13, n. 10, p.
422-432, 2007.

MOMMSEN, Thomas P. Paradigms of growth in fish. Comparative biochemistry and
physiology part B: Biochemistry and molecular biology, v. 129, n. 2-3, p. 207-
219, 2001.

MORERA, Davinia; MACKENZIE, Simon A. Is there a direct role for erythrocytes in
the immune response?. Veterinary research, v. 42, n. 1, p. 1-8, 2011.

MROZ, Zdzislaw. Organic acids as potential alternatives to antibiotic growth promoters
for pigs. Advances in pork production, v. 16, n. 1, p. 169-182, 2005.

NAZZARO, Filomena et al. Effect of essential oils on pathogenic
bacteria. Pharmaceuticals, v. 6, n. 12, p. 1451-1474, 2013.

NG, Wing-Keong; KOH, Chik-Boon. The utilization and mode of action of organic acids
in the feeds of cultured aquatic animals. Reviews in Aquaculture, v. 9, n. 4, p.
342-368, 2017.

NG, Wing-Keong et al. Effects of dietary organic acids on growth, nutrient digestibility
and gut microflora of red hybrid tilapia, Oreochromis sp., and subsequent survival
during a challenge test with Streptococcus agalactiae. Aquaculture Research, v.
40, n. 13, p. 1490-1500, 20009.

NELSON, David L.; COX, Michael M. Principios de Bioquimica de Lehninger-7.
Artmed Editora, 2018.

OBIRIKORANG, Kwasi A. et al. Effect of road conditions on physiological stress
responses and post-transportation growth and survival of Nile tilapia
(Oreochromis niloticus) fingerlings. Journal of Applied Aquaculture, p. 1-17,
2020.

OLIVEIRA, E. G. et al. Produgdo de tilapia: mercado, espécie, biologia e
recria. Embrapa Meio-Norte-Circular Técnica (INFOTECA-E), 2007.
OSCARSSON, J. et al. GH but not IGF-I or insulin increases lipoprotein lipase activity
in muscle tissues of hypophysectomised rats. Journal of Endocrinology, v. 160,

n. 2, p. 247-256, 1999.



54

PAIVA, Maria José Tavares Ranzani et al. Métodos para analise hematoldgica em
peixes. Editora da Universidade Estadual de Maringa-EDUEM, 2013.

PAKHIRA, Chitra et al. Stress responses in rohu, Labeo rohita transported at different
densities. Aquaculture Reports, v. 2, p. 39-45, 2015.

PANDIAN, T. J.; KIRANKUMAR, S. Recent advances in hormonal induction of sex-
reversal in fish. Journal of Applied Aquaculture, v. 13, n. 3-4, p. 205-230, 2003.

PANT, J. et al. Better management practices for monosex tilapia seed production: An
illustrated guide. 2020.

PARTANEN, Krisi H.; MROZ, Zdzislaw. Organic acids for performance enhancement
in pig diets. Nutrition research reviews, v. 12, n. 1, p. 117-145, 1999.

PEIXE, B. R. Associacdo Brasileira da Piscicultura. Anuario PeixeBr de Piscicultura,
2021.

PELUSIO, Nicole Francesca et al. Effects of increasing dietary level of organic acids and
nature-identical compounds on growth, intestinal cytokine gene expression and
gut microbiota of rainbow trout (Oncorhynchus mykiss) reared at normal and high
temperature. Fish & Shellfish Immunology, v. 107, p. 324-335, 2020.

PENA-MENDOZA, Bertha et al. Reproductive biology of Oreochromis niloticus
(Perciformes: Cichlidae) at Emiliano Zapata dam, Morelos, Mexico. Revista de
biologia tropical, v. 53, n. 3-4, p. 515-522, 2005.

PEREZ-SANCHEZ, Jaume; LE BAIL, Pierre-Yves. Growth hormone axis as marker of
nutritional status and growth performance in fish. Aquaculture, v. 177, n. 1-4, p.
117-128, 1999.

PEZZATO, L. E. et al. Nutricdo de peixes. Tdpicos especiais em piscicultura de agua
doce tropical intensiva. Sdo Paulo: TecArt, p. 75-169, 2004.

PIFERRER, Francesc. Endocrine sex control strategies for the feminization of teleost
fish. Aquaculture, v. 197, n. 1-4, p. 229-281, 2001.

POPMA, Thomas J.; GREEN, Bartholomew Wright. Sex reversal of tilapia in earthen
ponds. 1990.

PUTTARAKSAR, N.; CENTER, WorldFish. GIFT technology manual: an aid to
tilapia selective breeding. WorldFish, 2004.

RAKOCY, James E. Tank Culture of Tilapia. Leaflet/Texas Agricultural Extension
Service; no. 2409., 1990.

RAY, Katrina. Married to our gut microbiota. Nature Reviews Gastroenterology &
Hepatology, v. 9, n. 10, p. 555-555, 2012.



55

REINDL, Katie M. et al. Growth hormone-stimulated insulin-like growth factor-1
expression in rainbow trout (Oncorhynchus mykiss) hepatocytes is mediated by
ERK, PI3K-AKT, and JAK-STAT. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, v. 301, n. 1, p. R236-
R243, 2011.

RICKE, S. C. Perspectives on the use of organic acids and short chain fatty acids as
antimicrobials. Poultry science, v. 82, n. 4, p. 632-639, 2003.

ROBINSON, Megan J.; COBB, Melanie H. Mitogen-activated protein kinase
pathways. Current opinion in cell biology, v. 9, n. 2, p. 180-186, 1997.
RODGERS, Griffin P.; YOUNG, Neal S. Manual Bethesda de hematologia clinica.

Thieme Revinter Publicacdes LTDA, 2018.

RODRIGUES, Ana Paula Oeda et al. Piscicultura de agua doce: multiplicando
conhecimentos. Brasilia, DF: Embrapa, 2013.

ROTHBARD, S. etal. Clearance of 17a-ethynyltestosterone from muscle of sex-inversed
tilapia hybrids treated for growth enhancement with two doses of the
androgen. Aquaculture, v. 89, n. 3-4, p. 365-376, 1990.

RUA, Rui M. et al. Serum selenium levels and oxidative balance as differential markers
in hepatic damage caused by alcohol. Life sciences, v. 94, n. 2, p. 158-163, 2014.

RUTTEN, Marc JM; BOVENHUIS, Henk; KOMEN, Hans. Modeling fillet traits based
on body measurements in three Nile tilapia strains (Oreochromis niloticus
L.). Aquaculture, v. 231, n. 1-4, p. 113-122, 2004.

SCHAFFAZICK, Scheila Rezende et al. Physicochemical characterization and stability
of the polymeric nanoparticle systems for drug administration. Quimica Nova, V.
26, n.5, p. 726-737, 2003.

SMITH, William L. The eicosanoids and their biochemical mechanisms of
action. Biochemical Journal, v. 259, n. 2, p. 315, 19809.

SEGNER, Helmut et al. Health of farmed fish: its relation to fish welfare and its utility
as welfare indicator. Fish physiology and biochemistry, v. 38, n. 1, p. 85-105,
2012.

SENAR, Servico Nacional de Aprendizagem Rural. Piscicultura: reproducéo,
larvicultura e alevinagem de tilapias. Brasilia, 2017.

SHEN, Yawei et al. Fish red blood cells express immune genes and

responses. Aquaculture and Fisheries, v. 3, n. 1, p. 14-21, 2018.



56

SILVA, B. C. et al. Acidos Organicos: Uma nova ferramenta nutricional para a
aquicultura. Aquaculture Brasil, p. 32-39, 2017.

SILVA, Maisa et al. Efeito da estreptozotocina sobre os perfis glicémico e lipidico e o
estresse oxidativo em hamsters. Arquivos Brasileiros de Endocrinologia &
Metabologia, v. 55, p. 46-53, 2011.

SHAFIQUE, Laiba et al. Dietary Formic Acid and Vitamin D3 as Growth Effective
Supplement for Grass Carp Fingerlings. Pakistan J. Zool, v. 51, n. 6, p. 2385-
2388, 2019.

SHAH, Syed Zakir Hussain et al. Prospects of using citric acid as fish feed
supplement. Int. J. Agric. Biol, v. 17, p. 1-8, 2015.

SHI, Xi et al. Effect of fish meal replacement by Chlorella meal with dietary cellulase
addition on growth performance, digestive enzymatic activities, histology and
myogenic genes’ expression for crucian carp Carassius auratus. Aquaculture
Research, v. 48, n. 6, p. 3244-3256, 2017.

SOUZA, Carinne Moreira Costa et al. Efficacy of the essential oils of Mentha piperita,
Lippia alba and Zingiber officinale to control the acanthocephalan
Neoechinorhynchus buttnerae in Colossoma macropomum. Aquaculture
Reports, v. 18, p. 100414, 2020.

SPANGHERO, M. et al. Effect of increasing doses of a microencapsulated blend of
essential oils on performance of lactating primiparous dairy cows. Animal feed
science and technology, v. 153, n. 1-2, p. 153-157, 2009.

SPEED, N.; BLAIR, I. A. Cyclooxygenase-and lipoxygenase-mediated DNA
damage. Cancer and Metastasis Reviews, v. 30, n. 3, p. 437-447, 2011.
SUTILI, Fernando J. et al. Plant essential oils as fish diet additives: benefits on fish health

and stability in feed. Reviews in Aquaculture, v. 10, n. 3, p. 716-726, 2018.

TANABE, Tadashi; TOHNAI, Norimitsu. Cyclooxygenase isozymes and their gene
structures and expression. Prostaglandins & other lipid mediators, v. 68, p. 95-
114, 2002.

TAVARES-DIAS, Marcos; MORAES, Flavio Ruas de. Hematologia de peixes
teleGsteos. Marcos Tavares-Dias, 2004.

TIZARD, lan R. Inmunologia veterinaria. Elsevier Health Sciences, 2018.

TROMBETTA, Domenico et al. Mechanisms of antibacterial action of three
monoterpenes. Antimicrobial agents and chemotherapy, v. 49, n. 6, p. 2474-
2478, 2005.



57

UPADHAYA, Santi D.; LEE, Kwang Yong; KIM, In Ho. Effect of protected organic acid
blends on growth performance, nutrient digestibility and faecal micro flora in
growing pigs. Journal of Applied Animal Research, v. 44, n. 1, p. 238-242,
2016.

VAUTHIER, Christine; BOUCHEMAL, Kawthar. Methods for the preparation and
manufacture of polymeric nanoparticles. Pharmaceutical research, v. 26, n. 5,
p. 1025-1058, 20009.

VAZQUEZ, G. Rey; GUERRERO, G. A. Characterization of blood cells and
hematological parameters in Cichlasoma dimerus (Teleostei,
Perciformes). Tissue and cell, v. 39, n. 3, p. 151-160, 2007.

WALKER, Lauren; SILLS, Graeme J. Inflammation and epilepsy: the foundations for a
new therapeutic approach in epilepsy? Inflammation and epilepsy. Epilepsy
currents, v. 12, n. 1, p. 8-12, 2012.

WATANABE, Wade O. et al. Tilapia production systems in the Americas: technological
advances, trends, and challenges. Reviews in fisheries science, v. 10, n. 3-4, p.
465-498, 2002.

WENDELAAR-BONGA, Sjoerd E. The stress response in fish. Physiological reviews,
v. 77,n. 3, p. 591-625, 1997.

YILMAZ, Sevdan. Effects of dietary blackberry syrup supplement on growth
performance, antioxidant, and immunological responses, and resistance of Nile
tilapia, Oreochromis niloticus to Plesiomonas shigelloides. Fish & shellfish
immunology, v. 84, p. 1125-1133, 2019.

ZHANG, Longgang et al. The important role of phagocytosis and interleukins for nile
tilapia (Oreochromis niloticus) to defense infection of Aeromonas hydrophila
based on transcriptome analysis. Fish & shellfish immunology, v. 92, p. 54-63,
20109.

ZUANAZZI, Jovana S. G. et al. Anoxia stress and effect on flesh quality and gene
expression of tilapia. Food Science and Technology, v. 39, p. 195-202, 2018.



