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(Benth.) Epling through immersion bath

ISADORA A. ROSA, ADRIANE E. BIANCHINI, CAROLINE A. BRESSAN, FABIOLA
T. FERRARI, KARINE ARIOTTI, NATACHA C. MORI, GUERINO BANDEIRA JUNIOR,
CARLOS G. PINHEIRO, MARIA AMALIA PAVANATO, JULIANA F. CARGNELUTTI,
BERNARDO BALDISSEROTTO & BERTA MARIA HEINZMANN

Abstract: The growing increase in the fish farming sector has favored the establishment
of bacterial outbreaks caused by Aeromonas hydrophila in several species. The hexane
extract of Hesperozygis ringens (HEHR) (Lamiaceae) leaves increased the survival rate
of silver catfish (Rhamdia quelen) experimentally infected by A. hydrophila. However, it
is noteworthy that no reports have been found on the possible mechanisms of action
of this extract in infected fish. This study aimed to evaluate the effect of the HEHR,
administered through single immersion bath, on lipid peroxidation and antioxidant
defenses in muscle and liver tissue of silver catfish challenged with A. hydrophila. The
results showed that the oxidative status of silver catfish was altered, although oxidative
stress was not triggered during the experiment. HEHR at 30 mg/L (HEHR30) was not
characterized as a pro-oxidant agent in the presence of infection, unlike florfenicol and
HEHR at 15 mg/L treatments in some cases. In short, HEHR30 provided an important
increase in hepatic catalase activity, characterizing one of the possible mechanisms
involved in the greater survival of fish experimentally infected by A. hydrophila.
Additionally, HEHR30 did not induce lipid peroxidation, nor reduced antioxidant
defenses of silver catfish infected or not by A. hydrophila.

Key words: action mechanism, antioxidant defenses, catalase, bacterial infection, fish,
Rhamdia quelen.

INTRODUCTION

Food from aquaculture is considered one of the
main sources of protein consumed worldwide
and the expansion of this sector contributes
to the economic and financial growth of
producing countries (FAO 2020). However,
with the intensification of this sector, fish are
commonly subjected to stressful conditions,
such as increased stocking density in the ponds,
poor water quality, inadequate transport, and
handling conditions (Segner et al. 2012, Souza et

al. 2019). As a result, the reproduction, growth,
and immunity of animals are harmed, facilitating
the installation of infections by opportunistic
pathogens (Souza et al. 2019).

Thus, several authors converge in the sense
that bacterial diseases are one of the main
obstacles that hinder the improvement and
sustainability of aquaculture (Pilarski et al. 2011,
Algammal et al. 2020). Bacterial outbreaks are
associated with notable economic losses due to
the increase in mortality, decrease in the growth
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rate, and expenses with drugs for the prophylaxis
and treatment of bacteriosis (Romero et al. 2012,
Tavares-Dias & Martins 2017). Currently, only
two antimicrobial drugs have been approved in
Brazil (florfenicol and oxytetracycline) for the
treatment of bacterial diseases in fish intended
for human consumption (SINDAN 2022). In the
United States, in addition to the aforementioned
drugs, sulfamerazine and sulfadimethoxine/
ormethoprim can also be used for this purpose
(FDA 2022).

Aeromonas hydrophila, a facultative
anaerobic Gram-negative rod with multifactorial
virulence, is one of the most threatening
pathogens that have caused great annual losses
among fish populations (Pemberton et al. 1997,
Pandey et al. 2010, Algammal et al. 2020). The
clinical condition established by this bacterium
in fish is usually characterized by cutaneous
hemorrhage in the body and fins, ulcerations
with loss of epithelium, ascites, tissue swelling,
and hemorrhagic septicemia (Barcellos et al.
2008, Algammal et al. 2020). The gills and skin
are characterized as the main entry routes, with
subsequent adhesion and proliferation of this
microorganism, reaching the muscle (Chu & Lu
2008). According to Algammal et al. (2020), the
liver is one of the organs most affected by A.
hydrophila. Several species are affected by this
pathogen, including Labeo rohita (rohu carp)
(Chandran etal.2002), Clarias batrachus (catfish)
Llobrera & Gacutan 1987), Oreochromis niloticus
tilapia) (Yambot 1998), Anguilla anguilla (eels)
Esteve et al. 1993), and Carassius auratus
goldfish) (Harikrishnan et al. 2010).

Rhamdia quelen (Heptapteridae,
Siluriformes) is a neotropical teleost, known
as silver catfish, which has zootechnical
and commercial characteristics that make it
attractive for large-scale production, such as
satisfactory performance at low temperatures,
rapid growth, and easy adaptation to different
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environments and artificial diets (Gomes et al.
2000, Figueiredo et al. 2014, Signor et al. 2020).
This species has suffered notable damage in
its cultivation due to outbreaks of A. hydrophila
(Barcellos et al. 2008).

Infections caused by bacteria of Aeromonas
genus usually cause oxidative damage. However,
several factors can influence the oxidative
status of the affected animal (Bandeira Junior &
Baldisserotto 2020). Oxidative stress (0S) can be
established when fish are subjected to stressful
conditions, such as poor water quality, high
stocking density, transport, and management. It
can also result from bacterial infections, either
by excessive generation or impaired removal
of free radicals and/or reactive oxygen species
(ROS) (Monserrat et al. 2007, Baldissera et al.
2018, Souza et al. 2019).

The deleterious effects of pro-oxidant
substances can be minimized with the use
of plant extracts (Citarasu 2010). These are
increasingly used in aquaculture, since they can
function as antimicrobials, immunostimulants,
growth promoters, sedatives, and anesthetics,
among others (Citarasu 2010, Silva et al. 2013,
Sutili et al. 2015). Therapeutic approaches from
plant sources are characterized as promising
alternatives with less environmental impact,
which allows the reduction of harmful side
effects generated by using synthetic substances,
such as residual effects (Citarasu 2010).

Thus, the leaves of Hesperozygis ringens
(Benth.) Epling (Lamiaceae), popularly known as
“espanta-pulga”, have several pharmacological
properties applicable to the fish farming sector.
The essential oil (EO) of its leaves is larvicidal
(Silva et al. 2014), anesthetic (Silva et al. 2013),
antibacterial (Sutili et al. 2015, Bandeira Junior
et al. 2017), and antiparasitic (Bandeira Junior
et al. 2017). Studies conducted by our research
group showed that the hexane extract of H.
ringens (HEHR) leaves also presented potential
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use in fish farming, as it provided an increase
in the survival rate of silver catfish (R. quelen)
experimentally infected by A. hydrophila, at a
higher rate than the florfenicol (Rosa et al. 2019).
These results have encouraged us to search for
mechanisms of action that explain the greater
survival of fish challenged with A. hydrophila
when treated with HEHR (Rosa et al. 2019). For this
reason, this study aimed to evaluate the effect of
HEHR, administered through single immersion
bath, on the level of lipid peroxidation and the
antioxidant defenses in muscle and liver tissue
of silver catfish experimentally infected by A.
hydrophila.

MATERIALS AND METHODS
Plant material and extraction procedure

Permission for the collection of plant material,
which was carried out in the district of Santo
Antao, Santa Maria, RS, Brazil, was granted by
the Biodiversity Authorization and Information
System (SISBIO, number 74776-3). H. ringens
was identified by forest engineer Carlos
Garrido Pinheiro and a voucher specimen
was deposited in the Herbarium of the Forest
Science Department at the Universidade Federal
de Santa Maria (UFSM) (HDCF 6720). In addition,
this study with this plant species was registered
in the National System For The Management
Of Genetic Heritage And Associated Traditional
Knowledge (SisGen, number A89F417). The
processing of the leaves and the obtention of
the HEHR were performed as described by Rosa
et al. (2019).

Fish and culture conditions

One hundred and twenty silver catfish juveniles
(8.24 +0.28 g 11.25 + 0.25 cm) were obtained from
a local fish farm (Arroio Grande, Santa Maria,
Southern Brazil) and acclimatized at the Fish
Physiology Laboratory at UFSM for three days in
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250 L tanks (50 fish/tank), continuously aerated
by a water recirculation system fitted with
activated charcoal/stone filters. Water quality
parameters were monitored daily using a YSI
Model Y5512 oximeter for dissolved oxygen, a
DMPH-2 pH meter for pH and a commercial kit
(Labcon Test) to determine the total ammonia
level. The temperature was also monitored
and remained stable and adequate for the
fish species throughout the acclimation and
experimental period (temperature 20.98 + 0.29
°C, dissolved oxygen 7.22 + 011 mg/L, pH 7.45
+ 0.06 and non-ionized ammonia 0.023 + 0.01
mg/L). Animals were fed once daily to satiety
with commercial feed (42% crude protein; Supra-
Alisul Alimentos’, Cruz Alta, Brazil).

The methodology used in this experiment
was approved by the Ethical and Animal
Welfare Committee of UFSM, Santa Maria, RS,
Brazil (protocol number 074/2014) and met the
guidelines of the Conselho Nacional de Controle
de Experimentacao Animal (CONCEA, Brazil).

Bacterial strain

A clinical isolate of A. hydrophila was used,
which was obtained from naturally infected
silver catfish (R. quelen) juveniles. This strain
was isolated and identified through biochemical
and molecular tests by Bandeira Junior et
al. (2018). The sequence is deposited in the
GenBank under number MF 372510.

Challenge with A. hydrophila and experimental
design

After acclimation, the fish received 15 plL of
saline solution (n = 60) or 15 pL of suspension
of A. hydrophila MF 372510 (1.95 x 10° colony
forming units, CFU/mL; 0,3 OD 600 nm) (n = 60)
and were distributed in plastic boxes (15 L) (n
= 5 fish per box, in triplicate), according to the
methodology described by Rosa et al. (2019).
After 5 hours, the treatments were added to
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the water, and fish were submitted to a single
immersion bath. Healthy and infected animals
were submitted to the following treatments:
control, HEHR 15 mg/L, HEHR 30 mg/L, and
FLOR 4 mg/L (florfenicol 40%, Maxflor®, Virbac),
totaling eight experimental groups. Therefore,
the aforementioned compounds were
administered to the fish through immersion
bath carried out only on the first experimental
day. The control consisted of the presence of
only water. The concentrations used in this study
are in accordance with those used by Rosa et al.
(2019), who detected in vitro antibacterial action
for HEHR. In addition, these concentrations
were determined from long exposure tests on
silver catfish, which did not cause an anesthetic
effect or behavioral side effects (RODRIGUES P,
Unpublished data). Before being added to the
bath water, the HEHR was diluted in 96% ethanol
(1:10). According to Baldissera et al. (2017), the
ethanol concentration used in the present study
did not interfere with the oxidative parameters
of silver catfish, and, for this reason, the
effect of ethanol on the redox profile was not
evaluated. Dead fish were removed daily, and
part of the water was renewed from the second
experimental day without replacing the extract/
antimicrobial. The experimental period was 7
days.

Sample collection and tissue homogenization

After four and seven days post-infection (DPI),
2 fish from each tank (6 fish per treatment)
in both collections, totaling 96 animals, were
anesthetized with eugenol (50 mg/L) and
euthanized byspinalcordsectioningtocollectthe
liverand muscle. Both tissues were subsequently
stored at -80 °C until analysis of OS parameters.
Tissues were individually homogenized in ice-
cold 100 mM sodium phosphate buffer, pH 7.4,
and 1 mM phenylmethylsulfonyl fluoride (PMSF).
The homogenates were centrifuged at 1000 g for
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10 min at 4 °C. These supernatants were used
for all analyses, except for the determination
of lipid peroxidation (LPO). Protein content was
evaluated by the Lowry et al. (1951) method using
bovine serum albumin as standard.

Determination of oxidative stress indicators

Lipid peroxidation

Lipid hydroperoxides (LOOH) were determined to
detect the primary products of lipid peroxidation
using the oxidation of Fe” by LOOH in an acidic
medium with xylenol orange dye, which forms a
complex with Fe*. The liver and muscle tissues
were homogenized with ice-cold 100% methanol
and centrifuged at 2800 g for 10 min at 4 °C.
Aliquots ofthe obtained supernatantwere added
to a working solution containing the following
reagents, which were added in the subsequent
order: 0.25 mM iron sulfate, 0.05 N H,SO,, 0.1 mM
xylenol orange and distilled water. The samples
were incubated for 1 h at room temperature (RT).
The absorbances were read in cuvettes using a
spectrophotometer at 580 nm. Thereafter, 8 UL
of hydrogen peroxide (H,0,) was added. Then,
the samples were incubated again for 40 min at
RT and the absorbance was recorded at 580 nm.
LOOH levels were expressed as nmol/g of tissue
and calculated as (A, sample/A_ 8 nmol
H,0,) x 8 nmol H,0, x 1000 / V1x 6, where V1is the
volume of sample aliquot used in the assay and
the factor “6” presumes a 1:5 (w/v) methanolic
homogenate (Hermes-Lima et al. 1995).

Antioxidant defenses

Catalase (CAT) activity was evaluated by the
decomposition of H,0, following the decrease
in absorbance at 240 nm and was reported
as pmol/min/mg of protein (Aebi 1984).
Glutathione S-transferase (GST) activity was
assayed based on the conjugation reaction
with reduced glutathione (GSH), using
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1-chloro-2,4-dinitrobenzene (CDNB) as substrate
(Habig et al. 1974). Sample aliquots were
added to the assay mixture containing 100 mM
phosphate buffer (pH 6.5), GSH, and CDNB at a
final concentration of 1 mM each. GST activity
was calculated from the changes in absorbance
in 1 min at 340 nm and was expressed as
pmol/min/mg of protein. The total antioxidant
capacity (TAC) assay was carried out as
described by Cao & Prior (1998). Briefly, sample
aliquots were added to a solution containing 20
mM phosphate buffer, pH 7.4, 5 mM 2,2'azobis
(2-amidinopropane) dihydrochloride, and 015
mM 2,2'-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid). The absorbance was recorded for
1min at 734 nm. TAC assay was calibrated against
ascorbic acid standard and was expressed as
umol/mg of protein.

Statistical analysis

Statistical analyses were performed using
the software Statistica” 7.0. The graphs were
obtained using the software Graphpad Prism”.
Levene's test was used to verify whether the
data were parametric. A two-way analysis
of variance followed by the Tukey test was
performed to assess the differences. Results
were expressed as mean + standard error (SEM)
and the minimum significance level was set at
95% (p < 0.05).

RESULTS

At the time of muscle and liver tissue
collection, no clinical signs of aeromonosis
(or other diseases) were observed in healthy
animals. However, among the fish infected by
A. hydrophila, especially in those that were not
treated, characteristic lesions were observed
such as lesions in the caudal peduncle and
barbels, and ulcerative and hemorrhagic
lesions throughout the body. These findings are
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consistent with those described by Barcellos
et al. (2008) in silver catfish infected by this
bacterium. The survival rate of silver catfish
experimentally infected with A. hydrophila and
treated with FLOR, HEHR15, or HEHR30 under the
same conditions as in the present study was
described by Rosa et al. (2019).

Oxidative status in the muscle tissue on the 4"
day post-infection

In this study, lipid hydroperoxide (LOOH) levels
in the muscle tissue were reduced at 4 DPI by
A. hydrophila compared to the healthy control
group, which received only saline injection (p
= 0.012354) (Figure 1a). Although the healthy
animals treated with HEHR30 did not differ
statistically from the healthy control group, they
showed higher values than healthy animals
treated with FLOR (p = 0.000188) and HEHR15
(p = 0.000732). Regarding the groups of infected
animals, there was no statistical difference
between treatments. However, LOOH levels in
the group infected and treated with HEHR30
were significantly reduced (p = 0.00013) when
compared to the levels in its group per se.
Catalase (CAT) activity in control groups was
not affected at 4 DPI by A. hydrophila (Figure
1b). On the other hand, the treatment with FLOR
in healthy animals demonstrated significantly
higher CAT activity (p = 0.029824) compared
to the group treated with HEHR30. Although
there was no statistical difference between
the infected fish, the group treated with FLOR
showed a significant reduction (p = 0.039924) in
CAT activity when compared to its group per se.
As with CAT activity, glutathione S-transferase
(GST) activity was unchanged at 4 DPI, since
controls did not differ from each other (Figure
1c). The healthy fish groups did not differ
statistically from each other, and the same was
verified among the infected animals. However,
the group infected and treated with HEHR15

An Acad Bras Cienc (2024) 96(1) €20230188 51|17



ISADORA A. ROSA et al.

FISH OXIDATIVE STATUS AFTER INFECTION AND THERAPY

Muscle tissue (4 DPI)
@) )
200 =08
£ a
~ b -
% 150 z EM 1
E= Z o
% 2 €S 0.3 ab
S & ab < 2
== a & So2{ 2
= a * A * < =
E s, A A A o E
= = 01
HIAL T -
(=
0 . : ~ 0.0

Healthy Infected
©
za 501 a
.E;
40 a
i a A A
= B3] 2 A N
o o A
< g a
= = 204
U omm
O £
= 10
=
Q
~ 0
Healthy Infected
l:l Control |:| FLOR

Infected

Healthy

d

200+
~~
=
£
[=]
o
(=}
i’t) S
o =]
E
=
=
=
N’

Healthy Infected
B svenris @ HEHR30

Figure 1. (a) Lipid hydroperoxide (LOOH) levels, (b) catalase (CAT) activity, (c) glutathione S-transferase (GST)
activity, and (d) total antioxidant capacity (TAC) of muscle tissue collected on the fourth experimental day with
silver catfish (Rhamdia quelen) healthy or experimentally infected by Aeromonas hydrophila (4 DPI) treated with
florfenicol (FLOR), hexane extract of Hesperozygis ringens 15 mg/L (HEHR15), HEHR30, and control. Different
lowercase letters indicate a significant difference between healthy fish. Different capital letters indicate a
significant difference between infected fish. (*) indicate significant differences from healthy fish in the same
treatment. All the values are expressed as mean * SEM. Two-way ANOVA and Tukey test (p < 0.05).

showed a significant reduction (p = 0.031124)
compared to its group per se. Total antioxidant
capacity (TAC) was unaffected by treatments and
at 4 DPI by A. hydrophila (Figure 1d).

Oxidative status in the muscle tissue on the 7*"
day post-infection

On the seventh day post-infection (7 DPI) by
A. hydrophila, LOOH levels in the silver catfish
muscle tissue did not show any statistical
difference between healthy and infected

controls, as well as between groups referring
to healthy fish (Figure 2a). The groups of
infected animals treated with HEHR15 showed a
significant increase in relation to the control (p =
0.001277) and in relation to its group per se (p =
0.000663), with no statistical difference between
the other treatments. Regarding CAT activity,
there was no statistical difference between
healthy and infected controls, nor between
treatments referring to healthy fish (Figure 2b).
However, the group infected and treated with
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Figure 2. (a) Lipid hydroperoxide (LOOH) levels, (b) catalase (CAT) activity, (c) glutathione S-transferase (GST)
activity and (d) total antioxidant capacity (TAC) of muscle tissue collected on the seventh experimental day with
silver catfish (Rhamdia quelen) healthy or experimentally infected by Aeromonas hydrophila (7 DPI) treated with
florfenicol (FLOR), hexane extract of Hesperozygis ringens 15 mg/L (HEHR15), HEHR30, and control. Different
lowercase letters indicate a significant difference between healthy fish. Different capital letters indicate a
significant difference between infected fish. (*) indicate significant difference from healthy fish in the same
treatment. All the values are expressed as mean + SEM. Two-way ANOVA and Tukey test (p < 0.05).

FLOR showed significantly higher activity (p =
0.019253) when compared to the infected control.
Similar to what was verified for CAT activity,
GST activity showed no significant difference
between healthy and infected controls, as well
as between groups referring to healthy animals
(Figure 2c). On the other hand, between infected
animals, the group treated with HEHR30 showed
asignificantincrease (p = 0.028187) in GST activity
compared to the group treated with HEHR15. The
TAC showed no statistical difference between
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healthy and infected controls, neither between
treatments referring to healthy fish, neither
between treatments referring to infected fish
(Figure 2d). However, the groups infected and
treated with FLOR (p = 0.030499) and HEHR15 (p =
0.000232) showed a significant reduction in TAC
compared to their healthy groups per se.
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Oxidative status in the liver tissue on the 4™
day post-infection

In the liver tissue, at 4 DPI by A. hydrophila,
LOOH levels were unchanged as the infected
control group did not differ statistically from
the healthy control group (Figure 3a). The same
was verified between the groups referring to
healthy fish, which did not differ from each
other. Among the infected fish, the group treated
with HEHR15 showed a significant reduction (p
= 0.047340) in LOOH levels compared to the
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FLOR group; however, there was no statistical
difference compared to the control and HEHR30.
The A. hydrophila infection was not able to
modify CAT activity, as healthy and infected
controls did not show any statistical difference
(Figure 3b). Moreover, there was no statistical
difference between treatments in healthy
fish. However, among the infected fish, those
treated with HEHR30 presented the highest CAT
activity (p = 0.000167, 0.000168, and 0.000170).
HEHR30 also showed an increased CAT activity in
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Figure 3. (a) Lipid hydroperoxide (LOOH) levels, (b) catalase (CAT) activity, (c) glutathione S-transferase (GST)
activity and (d) total antioxidant capacity (TAC) of liver tissue collected on the fourth experimental day with
silver catfish (Rhamdia quelen) healthy or experimentally infected by Aeromonas hydrophila (4 DPI) treated with
florfenicol (FLOR), hexane extract of Hesperozygis ringens 15 mg/L (HEHR15), HEHR30, and control. Different
lowercase letters indicate a significant difference between healthy fish. Different capital letters indicate a
significant difference between infected fish. (*) indicate significant differences from healthy fish in the same
treatment. All the values are expressed as mean + SEM. Two-way ANOVA and Tukey test (p < 0.05).
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infected fish, compared to its group per se (p =
0.000267). GST activity did not differ statistically
between healthy and infected controls, nor
between groups referring to infected fish (Figure
3c). However, between healthy animals, those
treated with HEHR15 demonstrated significantly
lower GST activity (p = 0.042231) compared to
animals treated with FLOR. TAC was unaffected
by treatments and at 4 DPI by A. hydrophila
(Figure 3d).
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Oxidative status in the liver tissue on the 7"
day post-infection

Lipid hydroperoxide (LOOH) levels in the liver
tissue of silver catfish at 7 DPI by A. hydrophila
was significantly reduced (p = 0.031218) in the
infected control group when compared to the
healthy control group (Figure 4a). There was no
statistical difference between healthy animals,
neither between infected animals. The other
oxidative parameters (CAT, GST, and TAC) in liver
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Figure 4. (a) Lipid hydroperoxide (LOOH) levels, (b) catalase (CAT) activity, (c) glutathione S-transferase (GST)
activity and (d) total antioxidant capacity (TAC) of liver tissue collected on the seventh experimental day with
silver catfish (Rhamdia quelen) healthy or experimentally infected by Aeromonas hydrophila (7 DPI) treated with
florfenicol (FLOR), hexane extract of Hesperozygis ringens 15 mg/L (HEHR15), HEHR30, and control. Different
lowercase letters indicate a significant difference between healthy fish. Different capital letters indicate a
significant difference between infected fish. (*) indicate significant differences from healthy fish in the same
treatment. All the values are expressed as mean + SEM. Two-way ANOVA and Tukey test (p < 0.05).
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tissue were not modified at 7 DPI by A. hydrophila
(Figure 4b, ¢, and d, respectively).

DISCUSSION

Inthis study, there was a reduction in LOOH levels
in the muscle tissue of juvenile silver catfish
4 DPI by A. hydrophila. Studies conducted by
Harikrishnan et al. (2010) described a reduction
in the respiratory burst (RBA) and nitric oxide
(NO) levels of blood leukocytes at 3, 6, and 12 h
post-infection (HPI) by A. hydrophila in Carassius
auratus (goldfish). Although previous research
configure assays with non-enzymatic markers
of oxidative status and distinct fish species, the
cited studies detected reduced levels of pro-
oxidant agents after infection by A. hydrophila.

Regarding the levels of LOOH in the muscle
tissue 7 DPI by A. hydrophila in silver catfish,
in this study, there was no statistical difference
between the healthy and infected controls. It is
known that the infected control group showed
a tendency to increase LOOH levels since
infected controls at 4 DPI had a reduced level
of this biomarker. In experiments conducted
with Carassius auratus gibelio (gibel carp) (Yang
et al. 2015a) and Ictalurus punctatus (channel
catfish) (Yang et al. 2015b), the challenge with A.
hydrophila did not provide statistical variation
in plasmatic MDA levels 7 DPI, corroborating the
present study, despite different determinations
for the assessment of oxidative damage and
distinct fish species.

Fish infected and treated with HEHR15
demonstrated an increase in LOOH levels in
muscle tissue 7 DPlI when compared to the
infected control group. This result may be linked
to the fact that fish are producing more ROS
to eliminate microorganisms (Bandeira Junior
& Baldisserotto 2020) since this treatment in
healthy fish did not favor the increase of LPO
levels. At the same time, this treatment may be
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acting as a pro-oxidant agent and promoting,
along with the infection, the increase in LOOH
levels. Lipid peroxidation consists of a chain
reaction of unsaturated or polyunsaturated
fatty acids (UFA or PUFA) in membranes, where
reactive peroxidation products are formed, such
as LOOH, which can change their permeability,
fluidity, and integrity (Monserrat et al. 2007,
Franca et al. 2013, Lushchak 2014).

In the present study, LOOH levels in the
liver tissue of the infected control remained
unchanged at 4 DPI by A. hydrophila. Similarly,
Abasubong et al. (2018) found that & DPI by A.
hydrophila in Megalobrama amblycephala
(blunt snout bream) hepatic MDA levels
remained unchanged. However, in the current
study, a reduction in hepatic LOOH levels was
observed in infected control fish 7 DPI. Tang et
al. (2018) also found a reduction in LPO levels,
but in hepatic MDA content, 24 HPI, whose levels
were reestablished (statistically unchanged)
after 48 and 72 h.

Catalase activity remained unchanged in
the infected control, compared to the healthy
control group. Thus, its activity did not show
an increase or a reduction in muscle and liver
tissue, at 4 and 7 DPI by A. hydrophila. Yang
et al. (2015b) described that infection by this
bacterium in channel catfish did not alter CAT
activity 7 DPI, corroborating the present study.
CAT is responsible for promotingthe degradation
of H,0,, protecting from the resulting cell
damage (Rio et al. 2007). It is worth noting that
CAT activity in fish does not have a defined
pattern after infection by A. hydrophila, which
may be decreased, increased, or unchanged
even considering the organ and collection time
after infection (Bandeira Junior & Baldisserotto
2020).

Hepatic CAT activity in silver catfish infected
and treated with HEHR30 on the 4" day was
significantly higher compared to the other
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treatments. However, for 7 DPI, the activity did
not differ from the other treatments. According
to Rosa et al. (2019), HEHR30 added to fish culture
water through a single therapeutic bath allowed
an increase in the survival rate of juvenile
silver catfish experimentally infected with A.
hydrophila. The increase in hepatic CAT activity
may be directly related to a defense mechanism
that the extract at a concentration of 30 mg/L
can provide in favor of the elimination of this
pathogen, as well as to attenuate scientifically
proven virulence factors of this bacterial species
(Barcellos et al. 2008, Bandeira Junior et al.
2018). Rosa et al. (2019) described that at 4 DPI
by A. hydrophila about 40% of infected and
untreated animals had died, which characterizes
a crucial post-infection period either for disease
evolution or for possible recovery. This report
highlights the present finding regarding CAT
activity on the 4th day for fish that received
HEHR30. Recently, it was found that the dry
extract of Curcuma longa (Motore™) provides an
increase in CAT activity in the liver tissue of silver
catfish experimentally infected by A. hydrophila
(Franco et al. 2021) when it is added to the silver
catfish feed at a concentration of 750 mg/kg.
The combination of bioactive terpenoids
in plant extractives can result in actions on
different pharmacological targets, including
increased solubility of one or more constituents
(Wagner 2011, Elangovan & Mudgil 2023),
inhibition and/or prevention of biofilm
formation (Bandeira Junior et al. 2018, Pernando
et al. 2022), blockage of the bacteria’s efflux
pumping system (Wagner 2011), interference with
membrane permeability, transport processes
and protein synthesis (Pernando et al. 2022,
Sousa et al. 2023) and disruption of the bacterial
cytoplasmic membrane (Sousa et al. 2023). In
this way, HEHR, which has bioactive terpenoids
such as pulegone, the major constituent of its
volatile fraction (Rosa et al. 2019, Shahdadi et
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al. 2023), can favor the survival of silver catfish
affected by A. hydrophila through different
mechanisms of action, as mentioned above, in
conjunction with the increase in hepatic CAT
activity, in addition to others not yet elucidated.
On the other hand, synthetic compounds such
as florfenicol usually have a dominant and, in
this case, well-known mechanism of action,
which is through the inhibition of bacterial
protein synthesis (Schwarz et al. 2004). However,
the increase in the levels of reactive species
in the gills of healthy silver catfish and those
infected by A. hydrophila could be observed for
florfenicol via bath (Bandeira Junior et al. 2021).
These harmful effects corroborate the present
study, which verified that florfenicol favored the
reduction of muscle TAC 7 DPI.

Similar to CAT, GST activity was not directly
influenced by A. hydrophila infection, remaining
unchanged in the control groups of both tissues
analyzed at 4 and 7 DPI. According to Baldissera
et al. (2018), silver catfish infected by A. caviae
demonstrated a 40% decreased hepatic GST
activity at 4 DPIlwhen compared to the uninfected
control group. Fish infected and treated with
HEHR15 demonstrated significantly decreased
GST activity in muscle tissue at 4 DPI in relation
to its group per se, possibly demonstrating to
be acting as a stressor or pro-oxidant in the
presence of the infection. Although this activity
at 7 DPI did not differ significantly from its group
per se, fish infected and treated with HEHR30
had a higher GST activity when compared to fish
infected and treated with HEHR15 suggesting
that it is a concentration-dependent effect of
this extract. GST catalyzes conjugation reactions
between GSH and oxidized molecules, in
addition to being involved in the detoxification
of LPO products (Lushchak & Bagnyukova 2006).
According to Bandeira Junior & Baldisserotto
(2020), the activity or gene expression of fish
antioxidant enzymes, such as GST, can decrease
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after infection by bacteria of the genus
Aeromonas, but it can also be increased or even
remain unchanged.

Total antioxidant capacity (TAC) remained
unchanged at 4 and 7 DPI by A. hydrophila,
both in muscle and liver tissue. The same was
verified by Yang et al. (2015a) and Liu et al. (2013)
in plasma and liver tissue, respectively, of gibel
carp 7 DPI by this pathogen. Zhao et al. (2019)
found that hepatic TAC remained unchanged
at 28 DPI by A. hydrophila and reduced after
56 days in grass carp. In the current study, fish
infected and treated with FLOR and HEHR15 had
significantly lower TAC levels in muscle tissue
at 7 DPI compared to their groups per se. Given
this result, the respective treatments seem to
be acting as pro-oxidants. Such effect was not
verified for HEHR30 treatment.

Infection by A. hydrophila in the current
study did not show to cause a condition
of oxidative stress, characterized by the
imbalance between pro-oxidant and antioxidant
compounds in favor of the former (Sies 2015),
since LPO markers did not increase, nor did
reduce antioxidant defenses (CAT, GST, and
TAC) in infected control groups. Nevertheless,
there was a tendency towards a reduction in
the activity of the enzymes studied, although
there was no detected significant difference.
Additionally, some species of bacteria of the
Aeromonas genus have their own antioxidant
systems, which enable them to overcome the
harmful effects of ROS on their cells and thus
confer greater resistance to the host's immune
defenses (Bandeira Junior & Baldisserotto 2020).

The concentration of bacterial suspension
used, equivalent to that described by Rosa et
al. (2019), was lower when compared to other
studies (Baldissera et al. 2017, Da Rosa et al.
2019). The concentration used in our study
provided mortality of approximately 53% of
silver catfish during the aeromonosis induction
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protocol. As described by Chen et al. (2020), the
oxidative damage and reduction of antioxidant
defenses are dependent on the concentration
of the suspension of A. hydrophila to which the
fish are subjected. These authors found that the
greater the bacterial concentration, the greater
the reduction in defense enzymes, such as
SOD, GSH, and lysozyme, as well as the greater
the level of LPO over time. For this reason, the
concentration of the bacterial suspension used
in the challenge with A. hydrophila seems to be
a key point for the absence of oxidative stress.

In short, it is common to verify a variation
in oxidative stress parameters within the same
experimental infection by A. hydrophila. Several
authors initially describe unchanged levels of
antioxidant defenses and/or LPO biomarkers,
and, over the days, elevated and reduced levels
are observed or vice versa (Zhao et al. 2019,
Chen et al. 2020). Changes in LOOH levels in
muscle and liver tissue were demonstrated on
different days of collection in the current study,
while antioxidant defenses were more affected
in the presence of a secondary stressor. In the
present study, the main stressor for animals
was characterized by bacterial infection. The
addition of a compound to the immersion bath,
FLOR and/or HEHR15, in some cases, favored the
reduction of the activity of some antioxidant
defenses. For this reason, these compounds can
be considered as additional and/or secondary
stressors to the bacterial infection, since this
reduction was not verified by their effect per se.
According to Lushchak (2014), one of the main
problems regarding the activity of antioxidant
enzymes is the complexity of their response.
Moreover, depending on the intensity of the
oxidative stress, their activity can increase,
decrease, or even not change.

To the best of our knowledge, this is the first
study of the effect of HEHR on the redox profile of
healthyorA. hydrophila-infected fish. Thevolatile
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fraction of HEHR has as its main constituent the
monoterpenoid pulegone (content of 47%), with
the other constituents identified as menthone
(5.8%), menthol (3.86%), isopulegone (1.84%),
spathulenol (4.35%), and caryophyllene (219%),
as described by our research group (Rosa et al.
2019). Regarding these terpenoids, menthone,
pulegone, and caryophyllene exhibited low or
almost null antioxidant activity in in vitro assays
(Torres-Martinez et al. 2017). On the other hand,
Hoseini et al. (2020) verified that menthol can
increase the activity of antioxidant enzymes
and reduce the oxidative stress of rainbow trout
(Oncorhynchus mykiss). Other studies found that
isopulegone (Silva et al. 2012) and spathulenol
(Nascimento et al. 2018) have a strong in vitro
antioxidant potential. As this is a follow-up study
of our research group, in the present study, the
same batch of HEHR used by Rosa et al. (2019)
was utilized for the assays, and therefore, it has
the same phytochemical composition. Based
on this, the phytoconstituents present in the
HEHR30 may be acting in a synergistic, additive,
or potentiation way, given their antioxidant
properties described in the literature,
contributing to the increase in the activity of
hepatic CAT, as well as helping to maintain LOOH
levels and antioxidant defenses.

CONCLUSIONS

In conclusion, our results showed that the
presence of a secondary stressor for fish, in
addition to the infection by A. hydrophila,
provided a pro-oxidant effect on the antioxidant
defenses, verified in some cases for FLOR and
HEHR15 treatments. The HEHR30 treatment did
not show a deleterious effect in the absence of
infection. In addition, it was not characterized as
a pro-oxidant agent in the presence of infection,
neither inducing lipid peroxidation nor reducing
antioxidant defenses, which demonstrates that
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it has a beneficial effect on silver catfish when
administered through immersion bath. One of
the possible mechanisms of action of HEHR30
that contribute to the increase in the survival
rate of silver catfish challenged by A. hydrophila
verified in previous studies is via the increase in
hepatic CAT activity, demonstrated in the present
study. For this reason, further investigations
should be conducted to elucidate the effects of
HEHR30 on other fish species, the mechanisms
of action involved, safety, and efficacy for future
applications in aquaculture.
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