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INTRODUCTION

The gastrointestinal tract (GIT) in fish is a 
multifunctional organ, with a leading role in several 
physiological functions (GROSELL et al., 2010). In 
addition to the well-known and described functions in 

diet digestion and nutrient absorption, it has a decisive 
role in endocrine regulation, metabolism, and in the 
defense of the organism against the entry of pathogens 
(SALINAS & PARRA, 2015). In recent years, the 
term “gut health” has been coined to describe an ideal 
state of nutrition, metabolism, immunity, pathogen 
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ABSTRACT: This study examined the intestinal morphology and the oxidative status of different tissues of silver catfish (Rhamdia quelen) 
naturally infected or not by Aeromonas hydrophila and fed diets supplemented with Cymbopogon flexuosus essential oil (EOCF) nanoemulsion 
(0 - control, 0.25, 0.5, and 1.0 mL of EOCF per kg of diet) for 25 days. Dietary EOCF supplementation did not alter thiobarbituric acid reactive 
substances levels in the liver; however, in muscle, reduced superoxide anion production. Regarding muscle, the infected group fed with 0.25 
mL of EOCF per kg of diet showed higher activity of the total antioxidant capacity compared to the uninfected group.  Fish fed 0.25 mL per 
kg of diet had a survival rate of 72.05%, compared to 17.64% for the infected control. The intestinal fold height was significantly lower in the 
0.5 mL EO group compared to the uninfected control group. Fish fed 0.5 and 1 mL per kg of diet presented a lower number of goblet cells than 
uninfected controls. The addition of 0.25 mL of EO per kg of diet is recommended for use as a feed additive since it increases the antioxidant 
responses, survival, and the resistance of silver catfish to A. hydrophila infection.
Key words: antioxidant, bacterial infection, histopathology, immunostimulant, prophylactic.

RESUMO: Este estudo examinou a morfologia intestinal e o estado oxidativo de diferentes tecidos de jundiá (Rhamdia quelen) naturalmente 
infectados ou não por Aeromonas hydrophila e alimentados com dietas suplementadas com nanoemulsão de óleo essencial de Cymbopogon 
flexuosus (EOCF) (0 - controle, 0,25, 0,5 e 1,0 mL de OECF por kg de dieta) por 25 dias. A suplementação dietética de nanoemulsão do OECF não 
alterou os níveis de substâncias reativas ao ácido tiobarbitúrico no fígado; entretanto, no músculo, reduziu a produção de ânions superóxido. Em 
relação ao músculo, o grupo infectado e alimentado com 0,25 mL de OECF por kg de dieta apresentou maior atividade da capacidade antioxidante 
total em comparação com o grupo não infectado. Os peixes alimentados com 0,25 mL por kg de dieta tiveram uma taxa de sobrevivência de 
72,05%, em comparação com 17,64% para o controle infectado. A altura da dobra intestinal foi significativamente menor no grupo OE de 0,5 
mL em comparação com o grupo controle não infectado. Os peixes alimentados com 0,5 e 1,0 mL por kg de dieta apresentaram menor número 
de células caliciformes do que os controles não infectados. A adição de 0,25 mL de OE por kg de dieta é recomendada para uso como aditivo 
alimentar, pois aumenta as respostas antioxidantes, a sobrevivência e a resistência do jundiá à infecção por A. hydrophila.
Palavras-chave: antioxidante, histopatologia, infecção bacteriana, imunoestimulante, profilática.
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control, zootechnical performance, behavior, and 
animal welfare (FIRMINO et al., 2021a). Despite 
the ambiguity of the term, elements such as diet, 
functional mucosal barrier structure, effective 
digestion and absorption of nutrients, appropriate 
and stable microbiota, and effective immunity are 
considered to be key elements in defining good 
gastrointestinal health (CELI et al., 2017).

The plasticity and compartmentalized 
ecology of the GIT is particularly attractive to 
the fish farming industry, since the gut is the main 
source of pathogen entry, allows the entry of drugs 
and supplements incorporated in the feed, modulates 
the colonization of the microbial community from 
the gastrointestinal immune system, contributing 
to the welfare of the host by cooperating in key 
elements such as digestion and pathogen defense 
(SALINAS & PARRA, 2015). Understanding this 
as a multifactorial eco-physiological system will 
allow a better understanding and manipulation of 
it in aquaculture. In this sense, functional additives 
have been postulated as a tool to manipulate these 
factors, given their benefits in regulating metabolism, 
improving nutrient absorption, activating immunity 
by stimulating the innate immune system, promoting 
colonization of specific microorganisms (probiotics), 
inhibiting pathogens in the GIT (HOSEINIFAR 
et al., 2019), or by their antioxidant properties that 
act as free radicals scavengers (LEE et al., 2004). 
This antioxidant property has been associated with 
functional additives such as essential oils (EOs), 
recognized to be biocompatible, biodegradable, 
and safe for the ecosystem, animals, and human 
health, and categorized as eco-friendly products 
(VASEEHARAN & THAYA, 2013). These 
phytochemicals have shown positive results in 
improving survival rates against bacterial infections 
by improving the antioxidant responses of channel 
catfish (Ictalurus punctatus) (ZHENG et al., 2009) 
and juvenile Jian carp (Cyprinus carpio var. Jian) 
(ZHAO et al., 2013). There are also multiple reports 
in which supplementation with these bioactives 
generates improvements in the antioxidant responses 
in several tissues of different species of fish (DOS 
SANTOS et al., 2017; SOUZA et al., 2018a).

Although, many of the EOs meet the 
characteristics to be considered functional additives, 
physicochemical characteristics of these bioactives, 
such as their high volatility, high hydrophobicity, 
highly unsaturated nature, and high content of double 
bonds, make them very sensitive to environmental 
stressors such as light, humidity, and temperature 
(AMEUR et al., 2022; ZHOU et al., 2018). In 

addition to the above, degradation by gastric juices, 
resistance to bile salts, or continuous changes in pH 
and enzyme types are other challenges that EOs must 
face in their transit through the GIT (YANG et al., 
2016). Considering the above, nanoemulsions have 
been used in recent years as a coating and protection 
system against adverse conditions. This transport 
system helps to stabilize and deliver lipophilic 
nutraceuticals (ZHOU et al., 2018), potentiate the 
biological and functional characteristics of the oils 
and enable the bioavailability of the supplement 
throughout the GIT (HWANG et al., 2016). 

In this regard, this study chose the EO 
of Cymbopogon flexuosus (EOCF) in a nanocarrier 
system as a functional additive. The EOCF has been 
previously described for its antimicrobial, antioxidant, 
insecticidal, analgesic, and immunostimulant 
properties (AVOSEH et al., 2015). Studies on EOCF 
nanoemulsions reported how this phytocomponent can 
reduce the adhesion of pathogenic microorganisms to 
surfaces by inhibiting biofilm formation (GÜNDEL 
et al., 2018). Furthermore, incorporating EOCF in 
a nanocarrier system has been shown to enhance its 
antifungal activity compared to the EO in its free 
state form (GÜNDEL et al., 2020). An example 
is the inhibition of growth and biofilm formation 
of the antibiotic-resistant (SEMWAL et al., 2023) 
opportunistic pathogen A. hydrophila by EOs from 
plants of the genus Cymbopogon (FELIX E SILVA 
et al., 2022). This bacterium causes epidemic 
outbreaks of motile Aeromonas septicemia (MAS) 
in species such as carp (Cyprinus carpio), bream 
(Megalobrama amblycephala), and channel catfish 
(Ictalurus punctatus) (HOSSAIN et al., 2014; KHAN 
et al., 2023). The damage caused by this pathogen has 
been linked to the bacteria’s capacity to compromise 
the antioxidant status by inducing protein oxidation 
and inhibiting antioxidant enzymes (TKACHENKO 
et al., 2014). In this context, the present study 
aimed to evaluate the effects of the inclusion of 
EOCF nanoemulsion as a functional ingredient in 
the diet of silver catfish (Rhamdia quelen) naturally 
infected by A. hydrophila. The study assessed its 
impact on oxidative stress biomarkers, intestinal 
histomorphology, and performance indicators.

MATERIALS   AND   METHODS

Fish
The silver catfish juveniles (7.60 ± 3.29 g; 

10.01 ± 1.40 cm) were obtained from a fish farming 
in Cruz Alta, Rio Grande do Sul State, Brazil. The 
experiments were conducted on a recirculation 
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aquaculture system in the Fish Physiology Laboratory 
at the UFSM. The animals were randomly distributed 
in twenty polypropylene boxes (70 L), 17 fish per 
tank, and acclimated to the laboratory conditions for 
one week. Water temperature, pH, dissolved oxygen, 
and mortality were checked daily, while ammonia 
concentrations were measured weekly.

Water parameters
The temperature (23.2 ± 2.24 ºC) and 

dissolved oxygen levels (4.6 ± 1.31 mg L-1) were 
measured with a YSI oxygen meter (Model Y5512; 
YSI Inc., Yellow Springs, OH, USA). The pH (7.2 
± 0.4) was monitored with a DMPH-2 pH meter 
(Digimed, São Paulo, Brazil). Nesslerization was used 
to verify the total ammonia nitrogen levels (0.025 ± 
0.04 mg L-1) according to the method of EATON & 
FRANSON (2005).

Reagents 
The EOCF was obtained from the 

FERQUIMA Indústria e Comércio Ltda (Brazil). 
Polysorbate 80 was acquired from Synth (Brazil), 
sorbitan monooleate was obtained from Sigma 
Aldrich (Brazil), and Crodamol GTCC (triglycerides 
of capric and caprylic acid) from Alpha Chemistry 
(Brazil). The physicochemical description of EOCF 
was made by (GÜNDEL et al., 2018).

Preparation of Nanoemulsions
The nanoemulsions (n = 2) were prepared 

employing the method of homogenization under high 
agitation according to (GÜNDEL et al., 2018) with 
some modifications. The oil phase was composed of 
5% EOCF and 2% sorbitan monooleate (Span 80), and 
the aqueous phase was formed of 2% polysorbate 80 
(Tween 80) and ultrapure water. It was designed as a 
control blank replacing the EO with a saturated medium-
chain triglyceride (CrodamolTM) without antimicrobial 
activity. To ensure reproducibility and confirm the 
stability of the nanoemulsion, key physicochemical 
parameters were assessed. The average droplet size was 
78.46 ± 0.51 d.nm, with a polydispersity index of 0.25 
± 0.002, indicating a homogeneous distribution. The 
zeta potential was -10.2 ± 0.34 mV, and the pH of the 
formulation was 4.02 ± 0.03. These measurements were 
obtained using a Nano-ZS Zetasizer® (model ZEN 3600, 
Malvern, UK) and a DM-22 pH meter (Digimed®, São 
Paulo, Brazil).

Diets and experimental design
Four diets were produced based on the 

formulation of ZEPPENFELD et al. (2016). The 

diet contained 30% soybean meal, 35% meat meal, 
12% rice bran, 15% corn bran, 3% canola oil, 1 % 
salt, 3 % vitamins and minerals (Premix), and 1 % 
phosphate dicalcium. Three different doses of EOCF 
nanoemulsion (0.25, 0.5, and 1.0 mL per kg of diet) 
were added to the mixture together with the canola 
oil (Table 1). The control diet was composed by 
the same formulation with 2 mL of crodamolTM 
nanoemulsion per kg of diet. Water was added to the 
diets, which were then pelletized. A drying process 
was performed in a forced air circulation oven for 24 
h (40 ºC), and finally stored at -18 ºC. The animals 
received experimental feeds until apparent satiation 
twice a day (9 am and 7 pm) for 25 days.

The experimental design resulted in four 
groups, each with four replicates. However, during 
the experiment, fish suffered natural infection by A. 
hydrophila, which led to mortality of all fish from 
the control treatment. Faced with the need to have 
a control to compare the supplemented treatments, 
a new control was implemented. This new control 
complied with all experimental conditions (25 days, 
4 replicates, diet, etc.) with the exception that it did 
not present symptoms of bacterial pathologies during 
and at the end of the experiment (Figure 1). These last 
fish were used in all the posterior analysis, except for 
the mortality. Mortality in groups with bacteria was 
used to calculate the Relative Percentage Survival 
(RPS) following the equation described in (BABA et 
al., 2016).

RPS = 100 - [(Mortality (%) in treated 
group) / (Mortality (%) in control group)] ×100 

After 25 days of the trial, ten fish by 
treatment were anesthetized with 50 μL L-1 of eugenol 
for two minutes (CUNHA et al., 2010) and euthanized 
by sectioning the spinal cord. Muscle and liver were 
removed, frozen, and stored at -80 ºC for further 
analysis. The intestine was removed and placed in 
10% neutral formalin for histological tests.

Microbiology analysis
During the experiment, deceased fish 

were subjected to necropsy. Samples from the 
kidney, gill, and superficial lesions were collected for 
microbiological analysis. An oxidase-positive, Gram-
negative bacterium was isolated from all samples 
and identified as Aeromonas hydrophila  through 
biochemical assays (MARKEY et al., 2013).

Oxidative stress biomarkers
For the oxidative stress biomarkers, tissues 

(muscle and liver) were homogenized according to 
DA ROSA et al. (2019). The following measures were 
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performed in the muscle: superoxide anion (O2
∙-) (WANG 

et al., 1998), total superoxide dismutase (SOD) 
(MISRA & FRIDOVICH, 1972), catalase (CAT) 
(AEBI, 1984), glutathione S-transferase (GST) 
(HABIG et al., 1974) and total antioxidant capacity 
(TAC) (CAMPOS & LISSI, 1997). In the liver, the 
lipid peroxidation was estimated using thiobarbituric 
acid reactive substances (TBARS) technique 
(HERMES-LIMA et al., 1995) and total glutathione 
levels were determined as (ELLMAN, 1959).

Histological examination
The intestine fixed with 10% neutral 

formalin was sliced and dehydrated with alcohol, 

embedded in paraffin, and cut into 6 μm slices with 
a microtome (Easy path®). The slides were stained 
with hematoxylin and eosin (HE), and the PAS and 
Alcian Blue staining were used to identify the goblet 
cells (ZHENG et al., 2021). All the samples were 
viewed and photographed under the light microscope 
Axio Scope.A1 adapted with a photographer 
system Axiocam 105 color (ZEISS®, Germany). 
Gastrointestinal morphometry was analyzed by 
measuring the thickness of the muscle layer, villus 
height, number of goblet cells, number of villi, total 
intestinal area, total area of the muscle layer, area of 
villi, and light area of the intestine (Figure 2). The 
light area of the intestine allowed for determining the 

Table 1 - Formulation of the experimental diets. 
 

Ingredients (g/kg) -----------------------------Diets (mL of EOCF nanoemulsion per kg of diet)----------------------------- 

Control 0.25 0.5 1 
Soybean meal 300 300 300 300 
Meat flour 350 350 350 350 
Rice bran 120 120 120 120 
Corn bran 150 150 150 150 
Canola oil 30 30 30 30 
Salt 10 10 10 10 
Mineral and vitamin (premix) 30 30 30 30 
EOCF nanoemulsion 0 0.25 0.5 1 
Dicalcium phosphate 10 10 10 10 
Analysed proximate composition (%) 
Dry matter content 94.96 
Crude protein 29.55 
Mineral matter 19.80 
Ether Extract 9.95 
Neutral detergent fiber 24.00 
Acid detergent fiber 2.91 

 
1Vitamin and mineral mixture (security levels per kilogram of product) - Pantothenic acid: 5000 mg, antioxidant: 0.60 g, , vitamin B6: 
2485 mg,  vitamin B1: 1250 mg, vitamin B12: 3750 mcg, vitamin A: 1000 000 UI, vitamin B2: 2500 mg, vitamin C: 28000 mg, vitamin K: 
500 mg, vitamin D3: 500000 UI, vitamin E: 20000 UI, , zinc: 17500 mg, biotin: 125 mg, cobalt: 25 mg, copper: 2000 mg, iron: 820 mg, 
iodine: 100 mg, manganese: 3750 mg, niacin: 5000 mg, selenium: 75 mg, folic acid: 250 mg. 
 
 
 
 

Figure 1 - Final experimental design. An uninfected (healthy) control group was added to the experimental design due to total mortality of 
the A. hydrophila-naturally infected group (four replicates by treatment).
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absorption surface. Picture measurements were made 
with the software ZEN and ImageJ v.1.49.

Data analysis
The data are registered as the mean 

± standard deviation (SD). The normality and 
homoscedasticity were tested by the tests of Shapiro-
Wilk, Pearson, Anderson-Darling, and Kolmogorov-
Smirnov. A Kruskal-Wallis non-parametric test 
was performed for non-parametric variables. The 
variables that met the assumption of normality were 
analyzed using a one-way ANOVA test, followed by 
a multiple comparisons post hoc test (Tukey test) to 
find the significant differences of each treatment. 

The survival of fish in each treatment group 
was estimated using Kaplan-Meier analysis, and 
differences between groups were assessed with the 
log-rank (Mantel-Cox) test for pairwise comparisons 
(YILMAZ & ERGÜN, 2014). Differences were 
considered significant at P < 0.05. All statistical 
analyses were performed using GraphPad Prism 
(GraphPad Software, La Jolla, California, USA, 
<www.graphpad.com>).

RESULTS

Survival
All treatment diets were widely consumed 

during the experiment. During the first five days of 
the experiment, animals in the infected control and 
0.5 mL of EOCF per kg of diet treatments exhibited 

dermal lesions. From days 5 to 10, similar symptoms 
appeared in the 0.25 and 1.0 of EOCF mL per kg 
of diet treatments. Subsequently, sporadic mortality 
occurred, and the animals experienced loss of barbels 
and fins until the trial’s conclusion. At the end of the 
25-day experimental essay, the treatment fed with 0.25 
mL nanoemulsion of EOCF per kg of diet exhibited 
significantly lower mortality than the control-infected 
group (P < 0.05) (Figure 3).

Antioxidants analyses
Fish supplemented with the nanoemulsion 

of EOCF exhibited lower O2
●- levels in the muscle 

compared with the uninfected control (P < 0.05). 
Inversely, the activity of SOD in the muscle 
increased significantly in the group fed in 0.25 mL 
nanoemulsion of EOCF per kg of diet (P < 0.05). In 
the same way, the activity of CAT in the muscle was 
significantly higher in the groups receiving diets with 
0.5 and 1.0 mL nanoemulsion of EOCF per kg of feed 
than the uninfected control group (P < 0.05) and 0.25 
mL nanoemulsion of EOCF per kg of diet (P < 0.05). 
GST activity in the muscle was higher in the fish 
receiving 0.25 and 0.5 mL nanoemulsion of EOCF 
per kg of diet than in the uninfected control group (P 
< 0.05) and 1.0 mL nanoemulsion of EOCF per kg of 
diet (P < 0.05). TAC in the muscle was the highest 
in the group fed 1.0 mL nanoemulsion of EOCF per 
kg of diet and fish fed with 0.25 mL nanoemulsion 
of EOCF per kg of diet had higher TAC compared 
to the uninfected control group (P < 0.05) and 0.5 

Figure 2 - Morphophysiological measures of the posterior intestine. All of them are indicated in yellow. 
A. The thickness of the muscle layer, B. Villus height, C. Number of villi, D. Number of Goblet 
cells, E. Total intestinal area, F. Total area of the muscle layer, G. Area of villi, H. Light area of 
the intestine. 20x magnification.

http://www.graphpad
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mL nanoemulsion of EOCF per kg of diet (P < 0.05). 
By contrast, the total glutathione levels in the liver 
were lower in fish from all treatments fed with EOCF 
nanoemulsion than the uninfected control group (P 
< 0.05), whilst TBARS did not differ significantly 
between groups (P > 0.05) (Table 2).

Histology
The supplementation with different doses 

of nanoemulsion of EOCF did not affect the thickness 
of the muscle layer, number of villi, total intestinal 
area, area of the muscle layer, area of the villus, light 
area of the intestine, and absorption surface. However, 
the fish fed 0.5 and 1.0 mL nanoemulsion of EOCF 
per kg of diet had a decrease in the height of villi and 
the number of goblet cells in the intestine compared 
with the uninfected control (P < 0.05) (Table 3).

DISCUSSION

Considering the close relationship between 
diet and “good GIT health” and the impacts this has 
on elements such as oxidative stress, zootechnical 
development, and animal health, it is important 
to determine the relationships between dietary 
ingredients and GIT. This is especially relevant when 
evaluating functional foods that promote animal 
health and nutrition by affecting the physiological 
functions of the gut (MAHMOUD et al., 2017).

It should be noted that the supplemented 
animals with the EOCF nanoemulsion were affected 
by a natural infection of A hydrophila. This infection 
is characterized by symptoms such as internal and 
external hemorrhages, ulcers, changes in swimming 
behavior, septicemia, and red-sore disease. All these 

Figure 3 - Kaplan-Meier survivorship curves (cumulative survival [%] over time [days]) 
for Rhamdia quelen with a natural infection of A. hydrophila.  Survival was 
analyzed using the log-rank (Mantel-Cox) test. Asterisk indicates significant 
difference from the control group (P < 0.05).

 

Table 2 - Oxidative stress biomarkers of Rhamdia quelen fed with feed containing different doses of the nanoemulsion of Cymbopogon 
flexuosus essential oil (EOCF) (mL per kg of feed). 

 

 Healthy control 0.25 mL EOCF kg-1 0.5 mL EOCF kg-1 1.0 mL EOCF kg-1 

--------------------------------------------------------------------------------Muscle------------------------------------------------------------------------------- 
O2

- (µmol min-1 g tissue-1) 48.04 ± 2.31a 22.12 ± 7.75b 26.19 ± 5.36b 26.30 ± 7.96b 

SOD (USOD g tissue-1) 1.23 ± 017a 1.65 ± 0.16b 1.47 ± 0.09a 1.27 ± 0.16a 
CAT (ρmol g tissue -1) 0.28 ± 0.05a 0.41 ± 0.08a 0.63 ± 0.07b 0.57 ± 0.08b 
GST (ρmol min-1 g tissue -1) 1.68 ± 0.40a 3.78 ± 0.35b 3.61 ± 0.42b 2.49 ± 0.38a 
TAC (µmol g tissue-1) 11.22 ± 2.02a 18.16 ± 2.70b 15.12 ± 1.68ab 23.50 ± 2.90c 
---------------------------------------------------------------------------------Liver-------------------------------------------------------------------------------- 

Total glutathione (nmol g tissue-1) 29.60 ± 5.33a 15.26 ± 3.46b 12.28 ± 6.31b 16.79 ± 1.75b 
TBARS (nmol g tissue-1) 1.30 ± 0.35 5.52 ± 4.76 5.52 ± 4.25 4.07 ± 2.25 

 
Values are expressed as mean ± standard deviation (n = 10). Within a row, means with differing letters are significantly different (P < 
0.05). Data were analyzed using one-way ANOVA with Tukey’s post hoc test, except for TBARS, which was evaluated using the 
Kruskal-Wallis test due to non-normal distribution. 
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symptoms can lead to negative impacts on growth 
performance and heavy mortalities (SEMWAL et 
al., 2023). The fact that infected fish supplemented 
with 0.25 mL nanoemulsion of EOCF per kg of 
diet had a lower mortality rate than infected fish 
without supplementation is an indicator that some 
doses of this phytobiotic may be a protective 
factor against bacteriosis. The findings reported in 
juveniles of Colossoma macropomum  confirm that 
supplementation with 0.25 mL of Cymbopogon citratus 
EO (a phytocompound from a plant of the same genus 
as C. flexuosus, with citral as its main component) per 
kg of diet resulted in a higher survival rate following a 
challenge with A. hydrophila, compared to treatments 
with a higher concentration of this EO (COPATTI et 
al., 2022). Although, the antimicrobial potential of 
nanoemulsion of EOCF has been widely described 
(GÜNDEL et al., 2018), this could be discarded as the 
primary reason why EO contributes to the protection 
against Aeromonasis since the lowest minimal 
inhibitory and bactericidal concentration (MIC and 
MBC) of EO reported for bacteria (195.31 μg mL-1) 
for Aeromonas spp. (SOUZA, et al., 2018b), 0.351 mg 
mL-1 for Mycobacterium fortuitum, M. massiliense, 
M. abscessus (ROSSI et al., 2017), 0.288-0.567 mg 
mL-1 for Candida albicans (TYAGI & MALIK, 2010) 
cannot be obtained either in the external or internal 
environment with dietary supplementation alone. In 
addition, LEE et al. (2004) rule out the accumulation 
of EO in tissues due to its rapid metabolic conversion 
and excretion. 

Although, it is not known whether EOCF 
nanoemulsion can reach MBC and MIC in the GIT, 
there are records that citral (0.25 g EO per kg of feed), 
loaded in various nanosystems, significantly decreased 

the bacterial population in the intestine of silver 
catfish (SUTILI et al., 2019). Such changes could 
potentially influence gut homeostasis and contribute to 
dysbiosis. For instance, SUN et al. (2022) described 
how grass carp (Ctenopharyngodon idella) was more 
susceptible to A. hydrophila infection after undergoing 
intestinal dysbiosis. While we did not directly assess 
gut microbiota or pathogen loan in this study, it is 
plausible that doses higher than 0.25 mL of the EOCF 
nanoemulsion per kg of diet may have triggered 
unidentified adverse effects possibly related to intestinal 
alterations, microbial balance, or other physiological 
mechanisms that could have compromised the fish’s 
ability to cope with the infection. This might explain 
why these treatments showed no significant differences 
in mortality compared to unsupplemented infected fish.

Oxidative stress biomarkers of the 
fish were also evaluated in this study, since it is 
affected by dietary supplementation (GAO et al., 
2012; ZHAO et al., 2013). A notable example is 
the study by SACCOL et al. (2013), which found 
that dietary supplementation with Lippia alba EO 
(rich in linalool, β-citral, and α-citral) improved the 
oxidative status of silver catfish. It was correlated 
with a greater survival rate against A. hydrophila 
infections in channel catfish (Ictalurus punctatus) 
(ZHENG et al., 2009), and in juvenile Jian carp 
(Cyprinus carpio var. Jian) (ZHAO et al., 2013). In 
turn, it has been shown that during infections of this 
bacterium in silver catfish, the production of reactive 
oxygen species (ROS) is excessive compared to a 
control treatment (BALDISSERA et al., 2017). These 
changes have been widely described in infections 
of the genus Aeromonas (BANDEIRA JUNIOR & 
BALDISSEROTTO, 2021).

 

Table 3 - Histological parameters of the intestine of Rhamdia quelen fed with diets containing different doses of nanoemulsion of 
Cymbopogon flexuosus essential oil (EOCF) (mL per kg of feed). 

 

 Healthy control 0.25 mL EOCF kg-1 0.5 mL EOCF kg-1 1.0 mL EOCF kg-1 

Thickness of the muscle layer (μm) 178.74 ± 74.76 133.23 ± 61.01 89.78 ± 25.32 104.02 ± 12.88 
Villus height (μm) 606.04 ± 155.84a 481.74 ± 166.39ab 355.06 ± 78.39b 395.49 ± 85.90ab 
Number of villi (n) 21.63 ± 4.85 20.04 ± 4.94 19.88 ± 6.10 19.31 ± 4.92 
Goblet cells (n) 72.63 ± 21.44a 57.59 ± 18.44ab 41.42 ± 8.63b 45.81 ± 9.07b 
The total intestinal area (mm2) 3.70 ± 2.00 3.50 ± 2.59 1.58 ± 0.43 2.19 ± 1.06 
Area of the muscle layer (mm2) 1.19 ± 0.70 0.93 ± 0.78 0.41 ± 0.16 0.54 ± 0.18 
Area villus (mm2) 1.21 ± 0.24 1.57 ± 1.06 0.73 ± 0.19 1.03 ± 0.45 
Light area of the intestine (mm2) 0.41 ± 0.04 0.99 ± 0.76 0.47 ± 0.17 0.61 ± 0.43 
Absorption surface (mm) 2.28 ± 0.13 3.33 ± 1.30 2.40 ± 0.43 2.64 ± 0.96 

 
Values are expressed as mean ± standard deviation (n=10). Within a row, means with differing letters are significantly different (P < 0.05; 
one-way ANOVA followed by Tukey’s test). 
 
 
 
 
 



8

Ciência Rural, v.56, n.5, 2026.

Suarez-Barazeta et al.

In this sense, when evaluating oxidative 
stress through lipid peroxidation (LPO) by TBARS, 
we found no significant differences between the 
uninfected control treatment and the fish fed all three 
diets supplemented with the EOCF nanoemulsion that 
were naturally infected by A. hydrophila. Numerous 
studies on Aeromonas infections in fish have reported 
elevated TBARS levels as a marker of oxidative 
damage induced by the pathogen (BANDEIRA 
JUNIOR & BALDISSEROTTO, 2021). In this 
context, the findings suggested that supplementation 
with this phytobiotic may exert a protective effect on 
hepatic oxidative status in infected fish.

Another biomarker of oxidative stress is 
respiratory burst activity (RBA), indicated directly 
from the production of O2

●- (SUTILI et al., 2014). A. 
hydrophila infections affect this biomarker by increasing 
O2

●- radical production in goldfish Carassius auratus 
(HARIKRISHNAN et al., 2009) and silver catfish 
(DA ROSA et al., 2019), likely as an innate immune 
response (ELUMALAI et al., 2021). The significant 
reduction in muscle O2

●- production in animals treated 
with EOCF nanoemulsion suggests a protective effect 
against oxidation. However, studies reviewed by 
BANDEIRA JUNIOR & BALDISSEROTTO (2021) 
show varying effects of Aeromonas infection on RBA.

To better elucidate the mechanisms by 
which EOCF nanoemulsion alters the oxidative status 
in silver catfish, several enzymes of the antioxidant 
defense system, such as SOD, CAT, and GST activity, 
were evaluated. These enzymes play a key role in 
cellular defense and protection against the damaging 
action of ROS. The importance of SOD (present 
in mitochondria and cytosol) is due to its ability to 
catalyze the reaction of dismutation of the highly 
toxic O2

●- to oxygen and hydrogen peroxide (H2O2) 
(BANDEIRA JUNIOR & BALDISSEROTTO, 2021; 
LOPES et al., 2019; ZHENG et al., 2009). The latter by 
itself can lead to the generation of lipid peroxidation 
by the production of the hydroxyl radical, a potent 
oxidant that can cross cell membranes and affect lipids, 
proteins, and DNA (HALLIWELL & GUTTERIDGE, 
2015), which is why the CAT enzyme (found mainly 
in peroxisomes) takes on special importance in the 
antioxidant defense system, by catalyzing H2O2 
into oxygen and water (BALDISSERA et al., 2017; 
KAUSHAL et al., 2018). Finally, the GST family of 
enzymes detoxifies metabolites such as xenobiotics 
or LPO products, utilizing reduced glutathione (GSH) 
as a cofactor in phase II metabolism, conjugating 
GSH to the electrophilic center of a broad spectrum 
of hydrophilic molecules (BACKOS et al., 2012). 
This GSH-xenobiotic conjugate is more water soluble 

than the parent compound and transforms it into an 
excretable molecule (LUSHCHAK, 2011).

In the present study, EOCF nanoemulsion 
significantly increased SOD (0.25 mL nanoemulsion 
of EOCF per kg of diet), GST (0.25 and 0.5 mL 
nanoemulsion of EOCF per kg of diet), and CAT 
(0.5 and 1.0 mL nanoemulsion of EOCF per kg of 
diet) activity in muscle. Other studies of antioxidant 
supplementation in silver catfish have evidenced that 
SOD and GST activities are susceptible to changes 
in muscle depending on the diet (PÊS et al., 2016). 
Regarding EOs, the results are contrasting. Consistent 
with to findings from the present trial, in silver catfish 
supplementation with A. triphylla EO, a significant 
increase in SOD (DOS SANTOS et al., 2017) and 
with L. alba EO increased GST activity in muscle 
(SACCOL et al., 2013). In contrast, studies in silver 
catfish fed with microencapsulated EOCF showed no 
differences in the enzymatic activity of SOD, GST, 
and CAT at the gonad level (SOUZA et al., 2018a), or 
as reported by LOPES et al. (2019) where the addition 
of Citrus aurantium EO in the diet of silver catfish 
resulted in a decrease of GST activity, an increase of 
SOD, and no alteration of CAT in the liver.

Other research approaches have ventured 
into the use of these functional foods to prevent and 
treat redox imbalance in different fish species affected 
by Aeromonas. This imbalance has been described in 
many fish species, and in most studies, it has been 
recorded that after Aeromonas infection, SOD activity 
is stimulated, GST is depleted, and CAT and TAC do 
not show an apparent pattern (BANDEIRA JUNIOR 
& BALDISSEROTTO, 2021). Total glutathione, 
which encompasses both its reduced (GSH) and 
oxidized (GSSG) forms, is a key biomarker of 
oxidative stress in cells and tissues. The liver, as 
the central organ for detoxification, is particularly 
vulnerable to oxidative damage. Under conditions of 
elevated oxidative stress – such as during bacterial 
infections – hepatic GSH levels can significantly 
decline due to increased consumption and impaired 
regeneration (ZHAO et al., 2011). This has been 
demonstrated in infections caused by Helicobacter 
pylori and Pseudomonas aeruginosa, where a marked 
reduction in hepatic GSH was observed following 
infection (AHMAD et al., 2011; SHIRIN et al., 
2001). This observation is supported by the present 
findings, in which animals naturally infected with 
A. hydrophila exhibited a significant reduction in 
total glutathione levels compared to the uninfected 
control group, indicating a disruption in redox 
homeostasis likely driven by infection-induced 
oxidative stress. 
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Total antioxidant capacity (TAC) reflects 
the cumulative action of all antioxidants present in a 
sample, including both enzymatic and non-enzymatic 
components (APAK et al., 2016). While glutathione 
levels decreased in the liver following A. hydrophila 
infection, TAC values did not show a corresponding 
decline in muscle tissue, suggesting the activation 
of compensatory antioxidant mechanisms or the 
involvement of alternative antioxidant systems. 
This interpretation is supported by SAHREEN et al. 
(2021), who reported increased antioxidant enzyme 
activity in muscle and liver tissues of fish under 
parasitic infection, highlighting tissue-specific redox 
adaptations in response to oxidative stress. In this 
sense, DA ROSA et al. (2019) evidenced a decrease 
in TAC in silver catfish muscle supplemented with a 
flavonoid, after being challenged with A. hydrophila. 
This contrasts with our results, where the 0.25 and 
1.0 mL nanoemulsions of EOCF per kg of diet 
showed the highest TAC compared to uninfected, un-
supplemented fish.

It should be noted that; although, previous 
studies on oxidative stress have been described 
in silver catfish with EO with active components 
similar to EOCF, it is not possible to generate 
deterministic conclusions given that tissues and 
organs have different rates of oxygen consumption, 
metabolic activity and antioxidant concentrations, so 
differences or similarities described may be due to 
different rates of free radical generation, differences 
in susceptibility to oxidative damage or antioxidant 
capacity of the tissue (SACCOL et al., 2013).

To better understand the effects of EOCF 
nanoemulsion at the tissue level, a description of 
the changes in the intestinal morphology was made, 
considering that it is closely linked to nutrient 
assimilation and the health status of the animal 
(BRUM et al., 2018; PIRARAT et al., 2011). The 
intestinal histomorphology showed that the number 
of goblet cells and height of the villi were reduced in 
animals that received a dose of EOCF nanoemulsion 
higher than 0.5 mL of EOCF nanoemulsion per 
kg of diet. A reduction in absorptive surface area 
is directly associated with impaired nutrient and 
electrolyte assimilation (ADEOYE et al., 2016). In 
parallel, secretory goblet cells play a critical role 
by producing the mucus layer that serves as the 
first physicochemical barrier between the host and 
pathogens, being of vital importance in the animal’s 
innate immunity (CORNICK et al., 2015) and in the 
lubrication of the food bolus through the GIT.

Although 0.25 mL/kg was identified 
as the optimal dose, higher concentrations of the 

EOCF nanoemulsion resulted in reduced survival 
and compromised intestinal morphology. This may 
suggest that high doses of EOCF nanoemulsion 
negatively affect intestinal morphology. Similar 
trends have been observed in other studies, such 
as the inverse relationship between Zingiber 
officinale EO concentration and villus thickness in 
juvenile Nile tilapia (CHUNG et al., 2021), and the 
histological damage caused by high concentrations 
of clove basil (Ocimum gratissimum L.) and ginger EO 
in Nile tilapia tissues (BRUM et al., 2018). A plausible 
explanation for these effects lies in the bioactivity of 
citral, the main component of EOCF, which has been 
shown to depolarize the membrane of Caco-2 intestinal 
epithelial cells, likely through interactions with receptor 
channels that alter ionic conductance (CARNESECCHI 
et al., 2002). This depolarization may compromise tight 
junction integrity, increasing epithelial permeability 
ROCHA-DE-SOUZA et al. (2003) demonstrated that 
the adhesion of Aeromonas caviae to Caco-2 cells is 
influenced by the polarization state of the monolayer, 
with depolarized membranes exposing basolateral 
receptors that facilitate bacterial adhesion. This was 
further confirmed in depolarized HEp-2, Caco-2, and 
T-84 cell lines exposed to over 50 Aeromonas strains 
(COUTO et al., 2007; DOS SANTOS et al., 2015), 
suggesting that high doses of EOCF may disrupt 
mucosal integrity and promote pathogen colonization, 
ultimately compromising host survival.

However, prior studies using similar 
doses of EOCF in silver catfish did not report 
histopathological lesions in other tissues. For instance, 
histological evaluations of the gonads (SOUZA et al., 
2018a), liver, skin, and gill (VALÉRIO-JÚNIOR et 
al., 2025) showed no tissue damage associated with 
this EO. Moreover, studies in the same biological 
model, with another EO with similar components 
(β-citral, and α-citral) and doses, reported positive 
effects on the increase in the number of intestinal folds 
(ZEPPENFELD et al., 2016). These findings suggest 
that the adverse effects observed at higher doses may 
be tissue-specific or dose-dependent and highlight the 
importance of evaluating mucosal responses in detail.

Considering the above reports, our results 
appear consistent when considering the effects of 
A. hydrophila infection. It is important to note that 
the observed histological alterations might also be 
influenced by the A. hydrophila infection itself, 
rather than being solely attributable to EOCF dosage. 
Previous research has shown that this pathogen 
can reduce villus length during gastrointestinal 
colonization in blunt snout bream (Megalobrama 
amblycephala) (NGAMKALA et al., 2020), and Nile 



Cymbopogon flexuosus essential oil nanoemulsion added to the diet of silver catfish naturally infected by Aeromonas...

Ciência Rural, v.56, n.5, 2026.

10

tilapia (ZHANG et al., 2022). Therefore, the reduction 
in the adsorption surface area and in the mean number 
of goblet cells in the 0.5 and 1.0 mL nanoemulsion 
of EOCF per kg of diet may be an explanation for 
the recorded mortality and confirms the importance 
of these cells in the resistance to A. hydrophila 
infection. In addition, studies in other biological 
models have demonstrated dose-dependent EO 
deposition (BOTSOGLOU et al., 2002), which would 
explain the positive results associated with the lower 
concentration of the EOCF nanoemulsion (0.25 mL 
per kg of diet). Nevertheless, the lack of an infected, 
un-supplemented control group in the histological 
analysis constrains the ability to distinguish the 
specific effects of the EOCF nanoemulsion from 
those induced by A. hydrophila infection.

It is important to highlight that the 
comparison of the effects caused by phytobiotics 
used as functional foods must be careful, taking into 
account that the composition of these plant extracts 
are mixtures of different biomolecules that may or 
may not have been characterized within the different 
studies, that are administered with different dosages, 
exposure times (FIRMINO et al., 2021b), in biological 
models with different feeding habits (detritivores, 
herbivores, carnivores, or omnivores,  different forms 
of presentation (nanoemulsion, microemulsion, 
powder forms, hydroethanolic extracts or dissolved 
solutions) and in many cases without a follow-up on 
the biodegradation potential in feed storage or during 
traffic through the GIT (FIRMINO et al., 2021b).

CONCLUSION

This study indicated that low concentrations 
of EOCF nanoemulsion (0.25 ml of EO per kg of 
diet) enhance the survival of silver catfish when 
infected by A. hydrophila. This increased resistance 
is attributed to the positive effects of the treatment 
on the antioxidant enzymatic defense system (GST 
and SOD) and the overall increase in total antioxidant 
activity within tissues. However, the lack of a 
concurrent infected control group limits the ability to 
draw strong causal conclusions about the protective 
effects of EOCF nanoemulsion. Therefore, while the 
findings are promising, they should be interpreted 
with caution, and further studies including appropriate 
control groups are needed to confirm these effects.
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