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 Aquaculture has a fundamental role in supporting global food security. In response to the 
escalating human requirement for protein, the production of aquatic species is expanding rapidly. 
Conversely, aquatic animals are frequently subjected to a variety of husbandry stress, including 
handling and high stocking densities. They trigger physiological stress responses negatively affecting 
biological processes, such as somatic growth, reproduction, and immune function, ultimately 
resulting in inferior performance and high mortality rates. Although antibiotics are still extensively 
employed, their persistent administration is associated with the emergence of bacterial resistance, 
destabilizes endogenous microbiota, and causes chemical residues accumulation within aquatic 
environments. Therefore, the industry has shifted towards eco-friendly therapeutic strategies. In 
this context, plant essential oils have emerged as promising feed additives. The EOs contain a rich 
array of bioactive compounds, possessing anti-bacterial, anti-oxidant, and immuno-stimulatory 
activities. The administration of EOs has been evaluated in a wide range of aquatic species to 
characterize their therapeutic potential and establish optimal inclusion levels. Research findings 
indicate that plant EOs represent effective substitutes for antibiotics, playing prominent roles in 
growth promotion, oxidative stress mitigation, and immune modulation. The present context 
reviews the beneficial roles of essential oils in modern aquaculture. 
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Introduction 
 

Plant essential oils (EOs) represent one of the most 
promising candidates for replacing synthetic pharma-
ceuticals or serving as adjuvant therapeutic agents. These 
phytochemicals can function as primary active ingredients 
or provide novel molecular scaffolds for the synthesis of 
new drugs with potential applications in livestock and 
companion animals.1 Possessing the potential to constitute 
a new generation of products for animal nutrition and 
health, EOs are increasingly utilized as viable alternatives 
to antibiotic growth promoters in animal nutrition, owing 
to their beneficial modulation of digestion, gut microbial 
assemblages, and growth performance.2 

Phytochemicals are generally recognized as safe for 
animals, consumers, and the environment. These agents 
exhibit substantial potential for application in aquaculture 
systems, attributed to a spectrum of reported beneficial 
biological effects in aquatic species, including growth 
promotion, appetite stimulation, immuno-modulatory, and 
anti-oxidant properties, as well as anti-parasitic, anti-
bacterial, anesthetic, and anti-stress activities.1 Over the 
 

 past two decades, there has been a marked surge in 
research and the utilization of EOs as feed additives for 
non-ruminants.2 However, investigations concerning EOs 
or their isolated constituents as dietary supplements for 
aquatic species remain comparatively limited and are of 
more recent origin. Currently, there is a paucity of 
information regarding the specific benefits of EOs on fish 
health and their potential application as enhancers of 
gastrointestinal (GI) health. Consequently, this review 
synthesizes current knowledge regarding the activity of 
various EOs as fish health promoters, with a specific focus 
on their anti-bacterial mechanisms and potential 
interactions with the GI microbiota. Furthermore, this 
review discusses aspects related to the stability and 
quality of EOs within feed matrices. The EOs are natural 
mixtures of organic substances characterized by a potent 
aroma, synthesized by aromatic plants through secondary 
metabolism. They are typically transparent (rarely colored 
liquids), soluble in lipids and organic solvents (hydro-
phobic), and generally possess a lower density than 
water.3 Since the bio-active compounds in EOs originate 
from plant metabolism, their chemical composition may 
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vary depending on the plant part, growth stage, harvest 
time (diurnal or seasonal), and environmental factors (i.e., 
soil and climate) surrounding the plant. Furthermore, 
processing and extraction methodologies can influence the 
composition and concentration of the EOs.4 

The number of constituents in the EOs generally ranges 
from 20 to 200. Based on their concentration within the 
mixture, they are categorized as follows: (i) Major 
components (20.00 - 95.00%), (ii) secondary compounds 
(1.00 - 20.00%), and (iii) trace components (< 1.00%). 
Over 3,000 distinct chemical entities with a wide diversity 
of structures have been identified in EOs.5 Chemically, they 
are classified as terpene hydrocarbons, simple and terpene 
alcohols, aldehydes, ketones, phenols, esters, ethers, 
oxides, peroxides, furans, organic acids, lactones, 
coumarins, or sulfur-containing compounds (Table 1).6 

Extracted plant EOs constitute one of the most vital 
groups of raw materials for the food, hygiene, cleaning, 
 

 

 pharmaceutical, and perfumery industries. They are 
complex mixtures of low-molecular-weight substances, 
exhibiting a broad variety of chemical properties.7 Several 
studies demonstrate that specific EOs employed as 
anesthetics and/or sedatives reduce plasma cortisol levels 
and mitigate the stress response. Furthermore, certain 
EOs, when added to the therapeutic baths at sub-sedative 
concentrations, can prevent oxidative stress.8 For instance, 
Melaleuca alternifolia EO was able to prevent the disease-
induced inhibition of splenic creatine kinase and pyruvate 
kinase activities,9 thereby highlighting its potential as a 
stress-mitigating agent in aquaculture practices. 

Similarly, anesthesia with Lippia alba EO (citral and 
linalool chemotypes) prevented the surge of plasma 
cortisol in silver catfish (Rhamdia quelen) subjected to the 
air exposure during fish biometry.10 Moreover, it is crucial 
to note that EOs possess lipophilic properties and high 
lipid solubility, facilitating rapid diffusion across biological 
 

Table 1. Major active compounds in the essential oils.11 

Main active ingredients Essential oils 

Alpinia galanga 1,8-cineole (37.40%), 4-allylphenyl acetate (26.00%), and methyl eugenol (1.50%) 
Aloysia gratissima 1,8-cineole (18.50%), guaiol (6.80%), α-pinene (2.70%), and β-pinene (3.70%) 
Aloysia triphylla citral (geranial [29.40%] and neral [20.80%])and limonene (11.90%) 
Aniba parviflora linalool (29.60%) 
Aniba rosaeodora linalool (86.20%) 
Bursera delpechiana linalool (82.70%), geraniol (5.00%), α-terpineol (1.40%), and α-pinene (2.20%) 

Cinnamomum camphora 
1,8-cineole (35.50%), limonene (30.00%), α-pinene (13.00%), p-cymene (10.00%), linalool (91.60%), and 

camphor (1.10%) 
Citrus x aurantium limonene (93.90%), linalool (2.60%), and β-pinene (1.70%) 
Citrus x latifolia limonene (49.70%), γ-terpinene (11.10%), α- and β-citral (9.20%), and β-pinene (9.10%) 
Coriandrum sativum linalool (68.40%), α-pinene (7.30%), and γ-terpinene (5.60%) 
Cunila galioides linalool (33.40%), δ-cadinol (10.90%), and valencene (4.10%) 
Curcuma longa β-phellandrene (31.50%), α-terpinolene (22.50%), and 1,8-cineole (15.20%) 
Cymbopogon flexuosus citral (geranial (50.10%) and neral (40.30%)) 
Cymbopogon nardus citronellol (13.70%), geraniol (29.70%), and geranial (5.70%) 
Hesperozygis ringens polygon (96.60%) 

Hyptis mutabilis 
germacrene D (14.90%), E-caryophyllene (12.40%), bicyclogermacrene (10.90%), α-pinene (7.30%), and β-

pinene (7.90%) 
Lavandula sp. linalool and myrcene 
Lavandula hybrida linalool (37.00%), linalyl acetate (23.20%), and camphor (1.60%) 
Lippia alba linalool (74.70%), β-myrcene (11.00%), and eucalyptol (8.90%) 
Lippia alba hydrolate citral (64.70%) and carvone (9.90%) 
Lippia sidoides thymol (68.40%), p-cymene (7.80%), and β-caryophyllene (9.50%) 
Mentha spicata carvone (42.80%), glycerin (25.00%), and methyl salicylate (4.00%) 
Mentha arvensis L-menthol (37.00%), menthone (3.20%), isomenthone (5.70%), and limonene (8.60%) 
Myrcia sylvatica β-selinene (10.00%), cadalene (4.90%), α-calacorene (2.90%), and Z-calamenene (2.80%) 
Nectandra megapotamica bicyclogermacrene (34.60 – 45.60%), α-pinene (8.26-26.20%), and β-pinene (7.90 – 12.30%) 
Ocimum americanum β-linalool (46.60%), camphor (5.90%), and 1,8-cineole (4.80%) 
Ocimum basilicum linalool (53.40%), methyl chavicol (1.78%), 1,8-cineole (5.30%), and trans-α-bergamotene (3.02%) 
Ocimum canum E-citral (41.00%) and Z-citral (37.00%) 
Ocimum sanctum methyl eugenol (2.46%) and eugenol (6.11%) 
Ocimum gratissimum Eugenol (59.10%) 
Ocotea acutifolia caryophyllene oxide (56.90%), calarene epoxide (11.70%), and τ-elemene (2.80%) 
Origanum majorana terpinen-4-ol (4.20%), Cis-terpinene (1.13%), and Cis-terpineol (7.12%) 
Pelargonium graveolen citronellol (53.30%), geraniol (1.15%), citronellyl formate (1.70%), and linalool (7.40%) 
Piper divaricatum methyl eugenol (47.10%), eugenyl acetate (6.90%), and eugenol (8.80%) 
Rosmarinus officinalis α-pinene (13.50 - 37.70%) and 1,8-cineole (16.10 - 29.30%) 
Syzygium aromaticum eugenol (85.00%) and β-caryophyllene (13.00%) 
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membranes, including the blood-brain barrier in the 
central nervous system, thus modulating brain function. It 
is established that several EOs exert their anesthetic 
effects by modulating the gamma-aminobutyric acid 
receptor complex, the primary inhibitory neuro-
transmitter in the central nervous system.7 

Effects of EOs on fish gut bacterial community and 
health. Colonization of the fish GI tract commences 
immediately post-hatching, influenced by both 
environmental conditions and endogenous factors. 
Variations in this microbial community occur during the 
early developmental stages, coinciding with the ontogeny 
of the immune system. Reflecting their diverse feeding 
habits and habitats (e.g., marine versus freshwater), fish 
harbor a complex and dynamic gut microbiome, 
characterized by distinct bacterial genera profiles. This 
bacterial community and its associated metabolites 
significantly influence host health status through the 
modulation of immune function and other metabolic 
processes.1 The commensal microbiota of the GI tract 
comprise both saprophytic and potentially pathogenic 
species; both can proliferate and infect the host; however, 
environmental conditions should become favorable. Under 
normal physiological conditions, fish maintain a dynamic 
microbial equilibrium by employing a repertoire of innate 
and specific defense mechanisms to neutralize potential 
invaders. This bacterial community is capable of modulating 
gene expression within the GI tract, specifically those 
involved in stimulating epithelial proliferation, enhancing 
nutrient metabolism and regulating innate immune 
responses, thereby preventing intestinal disorders and 
maintaining intestinal homeostasis.12,13 The maintenance 
of GI function and integrity plays a pivotal role in overall 
host performance, including pathogen protection, 
nutrition, host metabolism, and immuno-modulation.14 
Although the fish gut microbiota are influenced by genetic, 
nutritional, microbiological, and environmental factors, 
diet remains a primary driver of shifts in bacterial 
diversity, potentially altering functional host-microbe 
interactions.15 Phytochemicals, such as EOs, can exert 
prebiotic-like effects on the intestinal environment, 
thereby modulating the gut bacterial composition.16 

Generally, EOs have demonstrated higher activity 
against pathogens compared to the commensal bacteria, 
effectively inhibiting specific bacterial groups while 
allowing beneficial strains to proliferate within the GI 
tract. The anti-bacterial mechanisms of EOs and their 
constituents largely involve interactions with biological 
membranes. These interactions result in alterations in cell 
membrane morphology and lipid profiles, increased 
membrane permeability, and subsequent cytoplasmic 
leakage. The cell wall structure of Gram-positive bacteria 
facilitates the penetration of hydrophobic molecules, such 
as EOs, into the cell wall and cytoplasm.17 In contrast, 
Gram-negative bacteria exhibit greater resistance to anti- 
 

 

 bacterial compounds due to the complexity of their 
double-layer cell membrane compared to the single layer 
of Gram-positive bacteria. However, the outer membrane 
of Gram-negative bacteria is not entirely impermeable to 
hydrophobic molecules, as certain compounds can 
traverse slowly via porins.18 

While the major constituents of EOs primarily 
determine their biological properties, their overall efficacy 
is often the result of additive and/or synergistic 
interactions among the diverse molecules present. The 
EOs constituents may interact with one another and with 
bacterial cells to either potentiate or attenuate anti-
bacterial activity. Consequently, the mode of action of EOs 
extends beyond membrane interaction, targeting multiple 
sites within the bacterial cell. These mechanisms may 
involve in the disruption of electron flow, active transport 
systems, and destabilization of the proton motive force, 
leading to ATP depletion and the coagulation of 
cytoplasmic contents.17 

Beyond their bactericidal effects, these molecules can 
inhibit virulence factors and mechanisms conferring 
bacterial resistance. Essential oils have been shown to 
attenuate pathogen motility and invasion, interfere with 
quorum sensing communication processes, suppress 
exotoxin production, and reduce biofilm formation. 
Additionally, they may inhibit extra-cellular protease 
activity and lipopolysaccharide expression.1 

The capacity of EOs and their constituents to suppress 
bacterial resistance mechanisms positions them as 
promising candidates for the development of novel 
therapeutic agents or adjuvants against multi-drug-
resistant strains. To exert inhibitory effects, most anti-
bacterial agents must traverse the cell membrane to 
achieve effective concentrations within the bacterial 
cytoplasm. However, the over-expression of transport 
proteins (efflux pumps) on the bacterial membrane 
facilitates the rapid extrusion of drugs from the cell before 
optimal intra-cellular concentrations are reached. A wide 
array of bacterial efflux pump inhibitors derived from 
natural sources, particularly plants, has been reported.19 

Given their chemical diversity and potential inter-
molecular interactions, EOs may not only modulate gut 
bacterial composition through direct action on bacterial 
cells but also influence the host via alternative pathways, 
primarily by modulating the immune system and other 
physiological responses. Furthermore, EOs have the 
potential to induce beneficial alterations in intestinal 
morphology and exhibit anti-inflammatory and anti-
oxidant activities.2 

Morphometric analysis of intestinal tissue sections in 
the study conducted by Khalafalaa et al.,20 demonstrated 
that dietary supplementation with herbal EOs induces 
positive structural modifications in the mucosal 
architecture of Nile tilapia (Oreochromis niloticus). The 
findings confirmed that the administration of 30.00- and 
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60.00-mL kg-1 doses significantly improved key 
histological indices, including villi height and the villi 
height/crypt depth ratio, without compromising the 
structural integrity of deeper layers, such as the lamina 
propria and Tunica muscularis. According to these 
investigators, the increased branching observed in the 
columnar epithelium following herbal essential oils 
consumption expands the absorptive surface area, thereby 
providing the physiological framework necessary for 
enhanced feed efficiency and growth performance.20 

  
 

 

 Essential oils can also influence the quantity and 
composition of secretions produced by the intestinal 
mucosa, thereby altering the physicochemical properties 
of the gut environment. These bio-activities may 
ultimately lead to enhanced disease resistance and growth 
performance (Table 2).2 

However, Khorshidi et al.21 evaluated the effect of 
dietary curcumin and silver nanoparticles (AgNPs) on gut 
microbiota of common carp (Cyprinus carpio). They 
reported that dietary AgNPs contamination resulted in 
 

Table 2. Observed benefits of plant essential oils in the diet or isolated compounds in different fish species.1 

Plant / Product Fish species Advantages 

Allium sativum and 
Foeniculum vulgare 

Oreochromis niloticus Improved feed conversion ratio and protein efficiency ratio 

Aloysia triphylla Rhamdia quelen 
Anti-oxidant activity 

↑ Growth and positive changes in intestinal morphology 
Cinnamomum sp. O. niloticus Immuno-modulatory effect 

Citrus limon Oreochromis mossambicus 
↑ Growth, immuno-modulatory effect, and ↑ resistance against 

Edwardsiella tarda infection 

Citrus sinensis O. mossambicus 
↑ Growth, immuno-modulatory effect, and increased resistance 

against Streptococcus iniae infection 
Lippia alba R. quelen Anti-oxidant activity 
Mentha piperita Colossoma macropomum ↑ Blood hemoglobin 
Ocimum americanum Sciaenops ocellatus ↑ Stomach pH and immuno-modulatory effect 
Ocimum gratissimum and 
Zingiber officinale 

O. niloticus ↑ Growth and immuno-modulatory effect 

Origanum heracleoticum† Ictalurus punctatus 
↑ Growth, anti-oxidant activity, muscle protein deposition, and  

↑ resistance against Aeromonas hydrophila infection 
Origanum onites Oncorhynchus mykiss ↑ Growth and ↑ resistance to Lactococcus garviae infection 
Origanum vulgare Astyanax altiparanae ↑ Growth, ↓ fat, and ↑ carcass protein content 
Syzygium aromaticum O. niloticus ↑ Resistance against Lactococcus garviae infection 
Thymus vulgaris and 
Salvia officinalis 

O. mykiss ↑ Growth and anti-oxidant activity 

T. vulgaris and Salvia sp. O. mykiss ↑ Growth and positive effect on fatty acid utilization 
Zataria multiflora Cyprinus carpio Immuno-modulatory effect 
Z. multiflora and 
Eucalyptus globolus 

C. carpio Immuno-modulatory effect 

Carvacrol 
O. mykiss 

Dicentrarchus labrax 
O. niloticus 

Enhanced trace element (mineral) retention and  
immuno-modulatory effects 

Immuno-modulatory effect and ↑ resistance to  
Listonella anguillarum 

↑ Resistance against Edwardsiella tarda infection 

Commercial product‡ 
Sparus aurata 

Huso huso 
O. mykiss 

Induction of an anti-inflammatory and anti-proliferative state in the 
intestine 

↑ Growth and immuno-modulatory effect 
↑ Growth, ↑ body protein deposition, and an increase in blood 

lymphocyte percentage 

Commercial product§ 
I. punctatus 

 
O. mykiss 

↓ Lipid content and ↑ protein content of the fillet, and ↑ resistance 
to Edwardsiella ictalurid infection 

↑ Resistance to Aeromonas salmonicida infection 

Commercial product* O. mykiss 
↑ Growth, modulation of the gut microbiota, and  

immuno-modulatory effect 
Commercial product** O. niloticus ↑ Inclusion of liver protein in females 

↑ Indicates an increase; and ↓ Indicates a decrease.  
† Orego-Stim (a commercial product, containing natural essential oil from Origanum heracleoticum). 
‡ Next Enhance NE.150 (an encapsulated blend of carvacrol and thymol). 
§ Digestarom P.E.P. MGE (a blend of carvacrol, thymol, anethole, and limonene). 
* Biomin (commercial products, containing carvacrol and thymol). 
** Saluto (a micro-encapsulated blend of carvacrol, cinnamaldehyde, 1,8-cineole, and pepper oleoresin). 
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reduced intestinal bacterial count in a dose dependent 
manner, however, curcumin inclusion at 0.75 g kg-1 
remarkably reduced the toxicity of AgNPs to intestinal 
microflora of fish. Additionally, Lactobacillus loads were 
lower in the thymol group compared to the carvacrol and 
control groups. Similarly, Ran et al.22 investigated the 
effects of a commercial mixture of thymol and carvacrol on 
hybrid tilapia (O. niloticus × Oreochromis aureus). After six 
weeks of feeding, substantial alterations in the fish gut 
microbiota were reported. It is crucial to recognize that the 
susceptibility of bacterial species to EOs compounds 
within a mixed bacterial population may differ from that 
observed in pure cultures.23 

Moreover, there is limited information regarding the 
fate and interactions of EOs within the animal GI tract. 
Certain bio-active compounds are generally sensitive to 
acidity and digestive enzymes during transit through the 
stomach.24 Depending on the specific EO composition, 
degradation and/or absorption may occur at different 
parts within GI tract, suggesting site-specific mechanisms 
of action. The EO compounds may be absorbed in the 
upper GI tract and metabolized before reaching their 
optimal site of action. Consequently, they may become 
ineffective, necessitating encapsulation or other strategies 
to protect against gastric absorption.24 The potential lack 
of in vivo effects on fish gut bacterial composition may be 
attributed, at least in part, to insufficient EO concentrations 
(falling below the threshold is required to inhibit bacterial 
populations). Alternatively, it may stem from the 
instability of EOs or their interactions with environmental 
factors, dietary components, and the host matrix. 

Plant EOs as immuno-stimulants. The immune 
system comprises various humoral and cellular 
components defending the host against exogenous toxins 
and pathogens. Immuno-stimulation is a phenomenon 
characterized by the pre-emptive enhancement of an 
organism immune response; consequently, upon 
exposure to the foreign agent, the invading pathogen 
encounters a primed and more potent immune defense. 
The innate immune response constitutes the primary line 
of defense and a critical component of the immune 
system. It encompasses processes, such as phagocytosis, 
cytokine production, the release of inflammatory 
mediators, and antigen presentation, mediated by 
monocytes, macro-phages, basophils, neutrophils, 
eosinophils, mast cells, natural killer cells, and dendritic 
cells. Phagocytosis represents a non-specific line of 
defense in fish, utilizing bactericidal activities and 
lysozyme to combat and withstand infections. 
Conversely, the adaptive (acquired) immune response 
relies on antibodies/immunoglobulins, B cells (plasma 
cells), and T cells. Lymphocytes mediate both cellular and 
humoral immune responses in fish, with the kidney 
(specifically the head of kidney), spleen, thymus, and 
liver serving as the principal lymphoid organs.25 

 

 Beyond phytochemicals, studies have demonstrated 
that a wide array of substances can successfully augment 
the immune response in fish.25 Phytochemicals are 
generally considered safe and non-toxic for fish, humans, 
and the environment. Consequently, immuno-stimulation 
via phytochemicals is of paramount importance, offering 
the potential to replace or reduce the reliance on 
antibiotics and pharmaceutical agents associated with 
adverse side effects. Researches concerning the 
immunity of fish fed dietary phytochemicals are 
summarized in Table 3. 

A study conducted on rainbow trout demonstrated 
that dietary contamination with aflatoxin B1 (AFB1) 
significantly compromised growth performance and led to 
the up-regulation of pro-inflammatory genes expressions, 
specifically tumor necrosis factor-alpha, transforming 
growth factor-beta, and interleukin-8, indicating an 
induction of inflammatory status and immune suppression. 
However, the inclusion of 1.00% TEO as a dietary 
supplement effectively mitigated these detrimental effects. 
Fish receiving the TEO supplement showed significant 
improvements in growth parameters, including weight 
gain and feed conversion ratio, and enhanced innate 
plasma immune indices, such as lysozyme and Alternative 
hemolytic complement activity (ACH50). Furthermore, 
TEO improved the inflammatory status by down-
regulating the AFB1-induced expression of inflammatory 
genes. These findings collectively affirm the high potential 
of TEO in counteracting AFB1 toxicity and maintaining the 
health and performance of rainbow trout.26 

In a study conducted by Tafi et al.,27 the therapeutic 
and histopathological potentials of hydro-ethanolic 
extracts from Aloe vera and Salvia officinalis were 
evaluated as a substitute for antibiotics against 
Streptococcus iniae in rainbow trout. Phytochemical 
analysis revealed the presence of potent anti-bacterial 
compounds, notably cineole, within these extracts. The in 
vivo findings demonstrated that dietary supplementation 
with 1.50% A. vera extract significantly reduced 
mortality rates in infected fish, showing no significant 
difference in therapeutic efficacy compared to the 
erythromycin. Furthermore, histopathological 
assessments confirmed that the 1.50% A. vera treatment 
was the most effective in mitigating and recovering tissue 
lesions in the liver and gills. Consequently, the authors 
suggested that A. vera extract serves as a viable phytogenic 
candidate for treating streptococcosis and improving 
tissue integrity in aquaculture.27 

A factorial study aimed at investigating the protective 
effects of a mycotoxin binding agent alongside cinnamon 
oil against AFB1 toxicity in rainbow trout fingerlings 
yielded varied results. Although AFB1 pathologically 
elevated the activity of digestive enzymes (protease, lipase, 
and amylase), and the mycotoxin binder successfully 
improved weight gain and regulated lipase activity, the 
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1.00% cinnamon oil supplement presented mixed 
outcomes. The inclusion of cinnamon oil in the diet 
significantly led to reduced growth performance and 
nutritional indices, as well as decreased body lipid content. 
However, similar to the binder, cinnamon oil also 
demonstrated the potential to correct the AFB1-induced 
elevated activities of digestive enzymes. These findings 
 

 

 suggest that while certain phytogenics, such as 
cinnamon oil, may be effective in mitigating some 
physiological damage caused by AFB1, they may, at the 
tested dose, negatively impact crucial performance 
parameters, like growth, underscoring the necessity for 
careful dose-optimization and investigation of specific 
mechanisms of action.28 

Table 3. Effects of dietary plant essential oil supplementation on fish immune response and serum biochemistry.30 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and 

duration 
Pathogen 
challenge 

Significant immunological 
and physiological results 

Encapsulated blend of carvacrol  
and thymol 

Rainbow trout (Oncorhynchus 
mykiss; 8.40 ± 0.10 g) 

2.00 and 3.00 g 
kg-1 for 45 days 

— 
↑ Lymphocytes 
↔ Survival rate 

Canola oil 
Yellowtail kingfish (Seriola 

lalandi; 95.60 ± 0.10 g) 
100 and 50.00% 

for 34 days 
— ↓ Plasma cholesterol 

Carvacrol and thymol 
Rainbow trout (O. mykiss;  

113.00 ± 10.40 g) 
1.00 g kg-1  

for 8 weeks 
— 

↑ Lysozyme activity 
↑ Total complement activity 

Lippia alba 
Silver catfish (Rhamdia quelen; 

22.93 ± 0.75 g) 

0.25, 0.50, 1.00, 
or 2.00 mL kg-1 

for 60 days 
— 

↔ Blood parameters 
↓ Glucose parameters 

Black cumin (Nigella sativa) oil  
Rainbow trout (O. mykiss;  

18.00 ± 0.20 g) 

0.10, 0.50, and 
1.00%  

for 14 days 
— 

↑ Lysozyme 
↑ Anti-protease 
↑ Total protein 

↑ MPO 
↑ Bactericidal activity 

↑ IgM titers 

Peanut oil 
Mozambique tilapia (Oreochromis 

mossambicus;  
6.36 ± 0.19 g) 

50.00 and 100% 
for 60 days 

— 
↔ Hematological 

parameters 
↔ Immune parameters 

Oregano 
Yellow tetra (Astyanax 

altiparanae; 1.46 ± 0.09 g) 

0.00, 0.50, 1.00, 
1.50, 2.00, and 

2.50 g kg-1 

for 90 days 

— 
↔ Blood glucose 
↔ Liver glycogen 

Carvacrol and thymol 
Beluga sturgeon  

(Huso huso; 43.60 ± 1.60 g) 

1.00, 2.00, and 
3.00 g kg-1  
for 60 days 

— 
↑ Lymphocytes 

↔ RBC and WBC 
↔ Survival rate 

Oregano (Origanum vulgare) 
Nile tilapia (Oreochromis niloticus; 

50.00 ± 5.00 g) 

2.50, 5.00, and 
10.00%  

for 8 weeks 

Vibrio 
alginolyticus 

↑ Immune response 
↑ Survival rate 

Linseed oil 
Darkbarbel catfish (Pelteobagrus 

vachelli; 0.99 ± 0.01 g) 

0.00, 2.00, and 
4.00%  

for 46 days 

Edwardsiella 
ictaluri 

↔ Immune response 

Sweet orange (Citrus sinensis) 
peel  

Mozambique tilapia (O. 
mossambicus; 0.91 ± 0.03 g) 

0.10, 0.30, and 
0.50%  

for 90 days 

Streptococcus 
iniae 

↑ Immune response 

1,8-Cineole, carvacrol, or 
pulegone 

Rainbow trout (O. mykiss) 
0.50, 1.00, and 

1.50%  
for 60 days 

— 
↔ Liver and kidney 

histology 

Lemon basil 
Red drum (Sciaenops ocellatus; 

17.75 ± 0.10 g) 

0.00, 0.25, 0.50, 
1.00, and 2.00 g 
kg-1 for 7 weeks 

— 
↑ Lysozyme 

↓ NBT 

Peanut oil 
Common two-banded seabream 

(Diplodus vulgaris; 10.37 ± 0.25 g) 
50.00 and 100% 

for 8 weeks 
— 

↔ Hb, MCH, total protein, 
albumin, and globulin  

Lemon peel essential oil 
Mozambique tilapia (O. 

mossambicus; 12.87 ± 0.18 g) 

0.50, 0.75, and 
1.00%  

for 60 days 

Edwardsiella 
tarda 

↑ NBT 
↑ WBC 

↑ Lysozyme 
↑ MPO  
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   Table 3. Continued. 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and 

duration 
Pathogen 
challenge 

Significant immunological 
and physiological results 

Ocimum gratissimum and ginger 
(Zingiber officinale) 

GIFT tilapia 
(1.84 ± 0.52 g) 

0.50, 1.00, and 
1.50%  

for 55 days 

Streptococcus 
agalactiae 

↑ Thrombocytes, total 
leukocytes, lymphocytes, 

and neutrophils 
↑ Phagocytic activity  

Oregano (Origanum onites) 
essential oil 

Rainbow trout (O. mykiss;  
26.05 ± 0.15 g) 

0.125, 1.50, 2.50, 
 1-and 3.00 mL kg

for 90 days 

Lactococcus 
garvieae 

↑ Lysozyme 
↓ Mortality  

Lemon peel essential oil 
Victoria Labeo (Labeo 

victorianus) fingerlings 
(21.00 ± 2.40 g) 

10.00, 20.00, 
50.00, and 80.00 

for 14 days 1-g kg 

Aeromonas 
hydrophila 

↑ Hemato-immunological 
parameters 

↑ Resistance to A. hydrophila  

Basil (Ocimum basilicum) oil  
Nile tilapia (O. niloticus;  

20.00 ± 2.00 g) 

0.25, 0.50, and 
1.00% 

for 42 days 
A. hydrophila 

↑ Non-specific immune 
response  

Grape (Vitis vinifera) seed oil 
Rainbow trout (O. mykiss;  

30.00 g) 

250, 500, and 
1-1,000 mg kg 

for 60 days 
— 

↑ Immune response 
↑ Survival rate  

Lemongrass (Cymbopogon 
citratus) and geranium 
(Pelargonium graveolens) 

Nile tilapia (O. niloticus;  
3.04 ± 0.003 g) 

200 and 400 mg 
1-kg 

for 12 weeks 
A. hydrophila 

↑ Lysozyme 
↑ Total Ig 

↑ IgM resistance to A. 
hydrophila  

Marjoram essential oil  
Redbelly tilapia (Tilapia zillii; 

180.00 ± 10.20 g) 

1-1.00 g kg 

for 15 days 
Vibrio 

anguillarum 
↑ Immune response 

↑ Survival rate  

St. John's Wort (Hypericum 
perforatum) 

Common carp (Cyprinus carpio; 
3.07 ± 0.02 g) 

5.00 and 10.00 g 
for 60 days 1-kg 

— 
↑ Serum biochemical 

parameters  

Peppermint (Mentha piperita) 
essential oil  

Tambaqui (Colossoma 
macropomum; 36.00 ± 7.70 g) 

0.50, 1.00, and 
 1-1.50% kg 

for 30 days 
A. hydrophila 

↑ Respiratory burst activity 
↔ Leukocytes 
↔ Lysozyme  

Soybean oil 
Nile tilapia (O. niloticus;  

425.33 ± 32.37 g) 

15.00, 30.00, 
45.00, and 60.00 

for 50 days 1-g kg 
— 

↑ Survival 
↑ Hematological variables  

Basil (Ocimum basilicum) 
essential oil 

Nile tilapia (O. niloticus;  
12.13 ± 0.11 g) 

0.25, 0.50, 1.00, 
 1-and 2.00 g kg

for 45 days 
A. hydrophila 

↑ Hematological variables 
↓ Plasma triglyceride, 

glucose, liver glycogen, and 
ALT 

↑ Plasma total protein 
↑ Lysozyme (post-infection) 

↔ Survival  

Mentha piperita Nile tilapia (O. niloticus; 5.00 g) 
0.075, 0.125, and 

0.25%  
for 50 days 

S. agalactiae 
↔ Blood parameters 

↑ Total plasma protein  

Thyme (Thymus vulgaris) 
essential oil 

Rainbow trout (O. mykiss;  
10.00 g) 

for 2  1-0.50 mg kg
months 

A. hydrophila 
↑ Immune responses 
↑ Disease resistance  

Basil (O. basilicum) essential oil 
Pirarucu juveniles (Arapaima 

gigas; 7.56 kg m⁻³) 

0.50, 1.00-, and 
for  1-mL kg-2.00

48 days 
— 

↓ Plasma urea 
↑ Albumin and total protein 
↔ Glucose, cortisol, and uric 

acid  

Rose geranium (Pelargonium 
graveolens) essential oil 

Common carp (C. carpio;  
35.24 ± 0.20 g) 

for  1-400 mg kg
60 days 

— ↑ Immune responses  

Aloysia triphylla 
Nile tilapia (O. niloticus;  

10.79 ± 0.02 g) 

0.25, 0.50, 1.00, 
 1-mL kg-and 2.00

for 45 days 
— 

↑ Hematocrit, RBC, 
intestinal lipase, ALP, 
protease, plasma ALT, 
albumin, globulin, and 

lysozyme 
↓ Intestinal amylase, plasma 

triglycerides, and glucose  
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   Table 3. Continued. 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and 

duration 
Pathogen 
challenge 

Significant immunological 
and physiological results 

Rosemary essential oil 
Beluga sturgeon (H. huso;  

130.94 ± 5.28 g) 

0.01, 0.10, 1.00, 
and 2.00% 
for 8 weeks 

— 
↑ Immune response 

↓ Hemoglobin  

Bitter lemon (Citrus limon) peel  
Nile tilapia (O. niloticus;  

16.42 ± 0.059 g) 
0.75 and 1.00% 

for 60 days 
— ↓ Immune response  

Oregano (O. vulgare) essential oil 
Koi carp (C. carpio;  

15.60 ± 3.30 g) 

500, 1500, and 
1-4500 mg kg 

for 8 weeks 
A. hydrophila 

↑ Lysozyme, complement C3 
and C4, and resistance to A. 

hydrophila 
↓ TNF-α and TGF-β  

Clove oil 
Nile tilapia (O. niloticus;  

35.00 ± 1.32 g) 
1.50 and 3.00% 

for 4 weeks 
Streptococcus 

iniae 

↑ Blood phagocytic activity 
↑ Bactericidal activity 

↑ Lysozyme 
↑ Respiratory burst  

Bergamot (Citrus bergamia) oil 
Nile tilapia (O. niloticus;  

2.57 ± 0.06 g) 

0.50, 1.00, and 
2.00%  

for 8 weeks 
— ↑ Hemoglobin and hematocrit  

Oregano (O. vulgare) essential oil 

Common carp (C. carpio;  
20.30 ± 0.80 g) 

Sea bass (Dicentrarchus 
labrax; 80.83 ± 2.11 g) 

5.00, 10.00, 
15.00, and 20.00 

 1-g kg 
for 2 months 
100 and 200 

ppm for 60 days 

A. hydrophila 

↑ Lysozyme 
↑ Phagocytic activity 

↑ IL-1β and IL-10 
↑ Serum biochemical indices  

Menthol essential oil 
Nile tilapia (O. niloticus;  

31.11 ± 1.14 g) 
0.25%  

for 30 days 
— 

↑ Hb, hematocrit, RBC, and 
WBCs 

↑ Total protein, albumin, and 
globulin 
↑ IFN-γ 

↓ IL-8 and IL-1β 
↓ Lysozyme and phagocytic 

activity  

Corn, tea, olive, rice, and sunflower oils 
Hybrid grouper (Epinephelus 
fuscoguttatus × Epinephelus 
lanceolatus; 15.09 ± 0.01 g) 

5.00% 
for 8 weeks 

— 

↑ Serum lipoproteins, 
cholesterol, and triglycerides 

↑ Liver lipid metabolism 
enzymes  

Hot pepper (Capsicum sp.) oil  
Rainbow trout (O. mykiss;  

7.20 ± 0.57 g) 

1.00, 2.00, 4.00, 
and 6.00% 
for 60 days 

— 

↑ Serum biochemical 
parameters 

↓ Serum liver enzymes, 
glucose, cholesterol, and 

triglycerides40 

Oregano (O. vulgare) essential oil 
Nile tilapia (O. niloticus; 

11.50 ± 0.40 g) 

1.00 or 2.00 mL 
 1-kg 

for 12 weeks 
— 

↑ Hb, RBC, and WBCs 
↑ MPO 

↓ Lysozyme 
↓ Phagocytic activity  

Black cumin (N. sativa) oil  
Nile tilapia (O. niloticus;  

50.00 ± 0.20 g) 

1-7.00 mL kg 

for 14 days 

A. hydrophila 
and 

Pseudomonas 
fluorescens 

↑ IL-1β 
↓ CYP1A  

Ginger (Z. officinale) essential oil 
Nile tilapia (O. niloticus;  

7.78 ± 0.10 g) 

0.50, 1.00, 1.50, 
 1-and 2.00 mL kg

for 60 days 
— 

↑ Leukocytes 
↑ Blood values 

↑ Plasma cholesterol  

Rapeseed oil 
Large yellow croaker 
(Larimichthys crocea;  

36.02 ± 0.58 g) 

50.00% and 
100%  

for 2 weeks 
— —  

Lippia sidoides, O. gratissimum, and Z. 
officinale 

Black Pacu (C. macropomum; 
14.02 ± 1.00 g) 

0.625 and 1.25 g 
; 1.25 and 1-kg

; 1.25 1-5.00 g kg
1-and 5.00 g kg 

for 60 days 

A. hydrophila 
↑ Leukocyte respiratory burst 
↔ Immune system response  
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   Table 3. Continued. 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and 

duration 
Pathogen 
challenge 

Significant immunological 
and physiological results 

Thyme essential oil 
Rainbow trout (O. mykiss;  

20.77 ± 0.08 g) 
1.00%  

for 30 days 
— 

↑ Lysozyme; ↑ ACH50 
↑ TNF-α; ↑ TGF-β  

Thymol and carvacrol 
Nile tilapia (O. niloticus;  

8.00 ± 0.01 g) 
 1-300 mg kg 

for 8 weeks 
S. agalactiae ↑ Anti-bacterial effect  

Sweet orange and lemon essential oil 
Nile tilapia (O. niloticus;  

16.42 ± 0.059 g) 

1.00, 3.00, and 
0.75%  

for 60 days 
— 

↑ Phagocytic activity 
↑ Phagocytic index 

↑ Lysozyme  

Bitter orange (Citrus aurantium) 
essential oil 

Common carp  
(C. carpio) juveniles 

(1.94 ± 0.05 g) 

0.25, 0.50, 1.00, 
and 1.50%  
for 60 days 

— 
↑ Immune response genes 

levels (TNF-α, IL-8, and IL-1β)  

Neem oil 
Labeo bata 

(48.47 ± 1.09 g) 
0.50 and 1.00% 

for 90 days 
— 

↓ Serum glucose 
↓ Plasma protein 

↓ Lipid profile  

Essential oil blend (carvacrol, oregano, 
1,8-cineole, thymol, etc.) 

Nile tilapia  
(O. niloticus;  

19.60 ± 0.51 g) 

0.25, 0.50, and 
1-00 mL kg1. 

for 60 days 
— 

↑ Lysozyme activity 
↑ Phagocytic activity  

Date palm (Phoenix dactylifera) seed 
essential oil  

Rainbow trout  
(O. mykiss;  

5.77 ± 0.01 g) 

0.50, 1.00, and 
2.00%  

for 45 days 
— 

↑ Phagocytic activity 
↑ NBT; ↑ MPO  

Black mustard (Brassica nigra) seed oil 
and nettle (Urtica dioica) seed oil 

Rainbow trout  
(O. mykiss;  

22.39 ± 0.10 g) 

0.50, 1.00, and 
2.00%  

for 60 days 
A. hydrophila 

↑ Lysozyme 
↑ Potential killing activity 

↑ MPO 
↑ IL gene expression 

↑ Survival rate  

White mustard (Sinapis alba) oil and 
linseed (Linum usitatissimum) oil  

Rainbow trout  
(O. mykiss;  

25.77 ± 0.13 g) 

0.50, 1.00, and 
1.50%  

for 9 weeks 

A. hydrophila 
and Yersinia 

ruckeri 

↓ Respiratory burst (A. 
hydrophila) 

↓ Potential killing activity (A. 
hydrophila) 

↑ Lysozyme and MPO 
↑ Cytokine gene expression 
↔ Survival (A. hydrophila) 

↑ Survival (Y. ruckeri) 
↑ Respiratory burst  

(Y. ruckeri)  

Savory (Satureja hortensis) essential oil 
Caspian roach  

(Rutilus caspicus;  
2.29 ± 0.07 g) 

100, 200, or 400 
 1-mg kg 

for 60 days 
— 

↑ Serum total Ig, lysozyme, 
and ACH50  

Thyme essential oil 
Common carp 

(C. carpio; 2 
0.46 ± 0.07 g) 

10.00 g and 
20.00 g 

 for 60 days 
— ↑ WBC, Hb, and MCHC  

Dracocephalum kotschyi essential oil 
Rainbow trout (O. mykiss;  

55.00 ± 5.60 g) 

0.20, 0.25, and 
 1-30 mg kg0. 

for 60 days 
A. hydrophila 

↑ Plasma ACH50, IgM, 
lysozyme, total protein, and 

albumin 
↑ Mucus parameters 

(protease activity, IgM, and 
lysozyme)  

Summer savory (S. hortensis) oil 
Common carp (C. carpio;  

(25.35 ± 0.13 g) 
1.00%  

for 21 days 
— 

↑ ACH50 
↑ Lysozyme; ↑ Ig  

Thyme essential oil 
Rainbow trout (O. mykiss;  

20.77 ± 0.08 g) 
1.00% 

 for 30 days 
— 

↑ Lysozyme 
↑ ACH50 

↑ TNF-α; ↑ TGF-β  

↑ Indicates an increase; ↓ Indicates a decrease; ↔ Indicates no change. 
ALP: alkaline phosphatase; ALT: alanine aminotransferase; ACH50: alternative hemolytic complement activity; C3: 
complement component 3; C4: complement component 4; CYP1A: cytochrome P450 1A; GIFT: genetically improved farmed 
tilapia; Ig: immunoglobulin; MPO: myeloperoxidase; WBC: white blood cell; RBC: red blood cell; NBT: nitro blue tetrazolium; 
TNF-α: tumor necrosis factor-alpha; TGF-β: transforming growth factor-beta; IFN-γ: interferon gamma; Hb: hemoglobin; 
MCHC: mean corpuscular hemoglobin concentration; MCH: mean corpuscular hemoglobin; IL: interleukin. 
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In a related evaluation, Khani et al.29 assessed the 
efficacy of a 1.00% cinnamon (Cinnamomum verum) EO 
supplement in mitigating the toxic effects of AFB1 on 
rainbow trout fingerlings. The study demonstrated that 
AFB1 contamination induced severe, dose-dependent 
pathological changes, notably reducing the hepato-somatic 
index and causing significant liver histopathological 
damage, including cytoplasmic degeneration and necrosis. 
Moreover, AFB1 exposure elevated the serum activity of 
liver enzymes, including alkaline phosphatase and alanine 
aminotransferase. However, the supplementary cinnamon 
EO significantly attenuated these adverse effects. Its 
inclusion resulted in an improvement in key hematological 
indices (e.g., hematocrit, RBC count, and hemoglobin) and 
a reduction in serum alkaline phosphatase activity in the 
AFB1 challenged fish. The oil was also observed to reduce 
the severity of the hepatic tissue changes induced by AFB1, 
particularly at the 25.00 ppb contamination level.29 This 
evidence confirms the high potential of cinnamon EO for 
safeguarding the blood health and liver integrity of 
rainbow trout exposed to the AFB1 toxicity. 

Plant EO as anti-stress and anti-oxidant agents in 
aquaculture. The survival of aquatic organisms is 
contingent upon the maintenance of internal homeostasis 
and successful environmental adaptation. Stress, defined 
as the organism's physiological response to abnormal or 
adverse conditions, disrupts this stability. In fish, stressors 
prevalent in aquaculture, such as handling, transportation, 
high stocking density, and sub-optimal water quality, 
induce multi-faceted physiological alterations across the 
metabolic, immunological, behavioral, genetic, and 
endocrine systems.31 These systemic disruptions 
precipitate adverse outcomes, including heightened 
disease susceptibility, impaired growth, and reproductive 
dysfunction. Consequently, plant EOs have emerged as 
potent dietary supplements for stress mitigation in farmed 
fish, owing to their capacity to confer direct anti-oxidant 
effects and potentiate the endogenous anti-oxidant 
defense system. Reactive oxygen species function as pro-
oxidant compounds, primarily generated through the 
partial reduction of oxygen within mitochondria during 
oxidative metabolism, or in response to cellular stimuli, 
such as microbial challenge, enzyme deficits, xenobiotics, 
and cytokines. Key examples of reactive oxygen species 
include the superoxide anion, hydrogen peroxide, and 
highly reactive hydroxyl radical. These species render 
essential bio-molecules, including DNA, proteins, and 
lipids, vulnerable to peroxidative damage. Oxidative stress 
is specifically defined as a perturbation in the balance 
between the production/elimination of reactive oxygen 
species and anti-oxidant defense mechanisms.32 The 
biological anti-oxidant system encompasses both 
enzymatic components , including catalase, glutathione S-
transferase, glutathione peroxidase, and superoxide 
dismutase, and non-enzymatic components, such as non- 
 

 protein thiols.33 The intrinsic anti-oxidant efficacy of plant 
EOs is chemically ascribed to their reducing structures, 
often characterized by aromatic rings, phenolic 
compounds, and high densities of hydroxyl groups. 
Empirical evidence demonstrates that natural anti-
oxidants, including various plant EOs, significantly 
enhance the overall health and performance parameters of 
aquatic organisms.34 For instance, oregano EO (rich in 
carvacrol and thymol) was shown to elevate anti-oxidant 
indices in koi carp,35 Nile tilapia,36 rainbow trout,37 and 
channel catfish.38 Similarly, the dietary inclusion of Aloysia 
triphylla EO improved the anti-oxidant status of silver 
catfish.39 Significant modulations in anti-oxidant activity 
were also documented in rainbow trout fingerlings fed 
diets supplemented with sage, thyme, and mint EOs. 
Furthermore, L. alba EO supplementation effectively 
mitigated lipid peroxidation and augmented tissue anti-
oxidant responses in silver catfish, while bio-flavonoids 
extracted from Toona sinensis exhibited potent anti-stress 
and anti-oxidant properties in white shrimp (Litopenaeus 
vannamei), (Table 4).40 

Essential oils and nanotechnology: advancing 
sustainable anesthesia in aquaculture. The increasing 
necessity for sustainable aquaculture practices has 
catalyzed extensive research into effective, 
environmentally friendly, and economically viable 
anesthetic and sedative agents (Table 5). Essential oils 
have emerged as highly promising alternatives to 
conventional agents, such as 2-phenoxyethanol and 
tricaine methane-sulfonate (MS-222), owing to their 
natural efficacy, low toxicity, abundance, and favorable 
environmental compatibility. Historically, clove EO 
(derived from Eugenia aromatica and Eugenia 
caryophyllata) has been the subject of the most 
comprehensive study, confirming its safety and 
effectiveness across numerous fish species.41 Its economic 
feasibility and reduced risk profile make it particularly 
valuable for large-scale hatchery operations, notably for 
species, like Pterophyllum scalare. Nonetheless, studies 
have also documented potential adverse effects associated 
with clove EO exposure, including blood lymphocyte 
reduction, neutrophilia, ventilatory failure, medullary 
collapse, and partial lamellar fusion.11 

Beyond clove, the anesthetic properties of other EOs 
are under active investigation. For instance, peppermint 
(Menta piperita) EO demonstrated a clear anesthetic effect 
on O. mykiss at a concentration of 200 mg L-1. In contrast, 
lavender (Lavandula angustifolia) EO at the same 
concentration exhibited primarily a sedative effect with 
only mild anesthesia on O. mykiss.42 Peppermint EO 
effectively anesthetized Cyprinus carpio at 3.00 – 7.00 mL 
L-1 and Amphiprion ocellaris at a significantly lower dose of 
50.00 - 100 mu L L-1.11 The effectiveness of EOs is 
intrinsically linked to their diverse array of active chemical 
constituents, including key compounds, such as eugenol, 
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menthol, myrcene, 1,8-cineole, linalool, limonene, 
citronellal, thymol, carvacrol, spathulenol, alpha-pinene, 
beta-pinene, 4-allylphenyl acetate, globulol, and 1-
terpinen-4-ol.11 

Moreover, research has highlighted the role of EOs as 
anesthetics in improving anti-oxidant activity. Saccol et 
al.43 found that rapid and prolonged sedation using Myrcia 
sylvatica and Curcuma longa oils reduced lipid 
peroxidation and increased superoxide dismutase, 
catalase, and glutathione S-transferase levels in Brycon  
 

 amazonicus. Barbas et al.,44 demonstrated that the use of 
Nectandra grandiflora and Spilanthes acmella EOs as 
anesthetics enhanced protection against oxidative damage 
in the muscles and gills of Colossoma macropomum. Silver 
catfish sedated with A. triphylla EO exhibited lower levels 
of hepatic lipid peroxides and higher catalase and 
glutathione S-transferase activities. Additionally, 
Baldissera et al.,45 found that M. alternifolia EO helped 
protect against oxidative damage in R. quelen infected with 
Aeromonas hydrophila. 

 
Table 4. Effects of dietary plant essential oil (EO) supplementation on the anti-oxidant status of fish.30 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and  

duration 
Stress / toxicity 

challenge 
Significant 

results 

Lippia alba 
Silver catfish  

(Rhamdia quelen) 
10.00 μL L-1 (in water) 

for 5, 6, and 7 hr 
Hyperoxia 

Brain: ↑ LPO and ↓ 
GST 

Liver: ↓ LPO, GST, 
CAT, and SOD 

Gills: ↓ LPO 

Carvacrol and thymol 
Rainbow trout 

(Oncorhynchus mykiss; 
113.00 ± 10.40 g) 

1.00 g kg-1  
for 8 weeks 

— 
↑ NO 
↑ CAT 

L. alba Silver catfish (R. quelen) 
0.25, 0.50, 1.00, or 

2.00 mL kg-1  
for 60 days 

— 
↔ LPO 

↑ SOD, CAT, GPx, 
and GST 

Linseed oil 
Darkbarbel catfish 

(Pelteobagrus vachelli) 
0.00, 2.00, and 4.00% 

for 46 days 
Ammonia stress 

↔ SOD, CAT, GPx, 
and MDA 

Sage (Salvia officinalis), spearmint 
(Mentha spicata), and thyme (Thymus 
vulgaris) oils 

Rainbow trout (O. mykiss) 
500, 1,000, and 1,500 

mg kg-1  
for 60 days 

— 

↑ SOD, G6PD, and 
GPx 

↓ CAT, GST, and 
GR 

Oregano (Origanum onites) EO 
Rainbow trout (O. mykiss; 

26.05 ± 0.15 g) 

0.125, 1.50, 2.50, and 
3.00 mL kg-1 for 90 

days 

Lactococcus 
garvieae 

↔ CAT 
↑ SOD 

Peppermint (Mentha piperita) EO 
Tambaqui (Colossoma 

macropomum) 
0.50, 1.00, and 1.50% 

kg-1 for 30 days 
— 

↑ CAT and LPO 
↓ SOD and GPx 

Grape (Vitis vinifera) seed oil Rainbow trout (O. mykiss) 
250, 500, and 1,000 
mg kg-1 for 60 days 

— 
↑ Anti-oxidant 

enzyme activity 

Oregano 
Nile tilapia (Oreochromis 
niloticus; 13.21 - 14.24 g) 

1.00  and 2.00 mL kg-1 
for 10 weeks 

High stocking 
density 

↑ TAC 

Lemongrass (Cymbopogon citratus) and 
geranium (Pelargonium graveolens) 
essential oil 

Nile tilapia (O. niloticus;  
3.04 ± 0.003 g) 

200 and 400 mg kg-1 
for 12 weeks 

Aeromonas 
hydrophila 

↑ CAT 
↓ MDA 

Geranium (P. graveolens) essential oil 
Common carp  

(Cyprinus carpio) 
400 mg kg-1  
for 60 days 

Profenofos 
(hepato-renal 

toxicity) 

↑ MDA 
↓ CAT, SOD, and 

GSH 

Oregano (Origanum vulgare) EO Koi carp (C. carpio) 
500, 1500, and 4,500 
mg kg-1 for 8 weeks 

— 
↑ SOD and GPx 

↓ MDA 

Clove oil Nile tilapia (O. niloticus) 
1.50 and 3.00%  

for 4 weeks 
— 

↑ MDA and GPx 
↔ SOD 

Rapeseed oil 
Large yellow croaker 
(Larimichthys crocea) 

50.00 and 100%  
for 2 weeks 

— ↓ TAC 

Oregano (O. vulgare) EO 
Common carp (C. carpio) 

European seabass 
(Dicentrarchus labrax) 

5.00 - 20.00 g kg-1  
for 2 months 

100 - 200 ppm  
for 60 days 

— 
↑ SOD, CAT, and 

TAC 
↓ MDA 

Sweet orange (Citrus sinensis) and 
lemon (Citrus limon) EOs 

Nile tilapia (O. niloticus) 
1.00, 3.00, and 0.75% 

for 60 days 
— ↑ SOD and CAT 

Oregano (O. vulgare) EO Nile tilapia (O. niloticus) 
1.00 or 2.00 mL kg-1 

for 12 weeks 
High stocking 

density 
↑ GR and NO 

↓ SOD 
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Comparative studies on these isolated compounds 

reveal varying profiles of efficacy and side effects. Linalool 
was found to be less effective than myrcene and eugenol 
for rapid blood sampling in C. carpio due to the longer 
induction time.46 Citronellal is suitable for general fish 
handling but inadequate for rapid procedures, like 
surgery, as it failed to induce deep anesthesia in C. carpio 
within 60 sec.47 Regarding safety, thymol and its 
analogues, citronellal and linalool, were associated with 
fewer adverse effects, including lower oxidative stress and 
tissue damage, compared to the eugenol.47 However, the 
use of certain effective compounds requires careful 
consideration; carvacrol is contraindicated in silver catfish 
due to causing strong muscle contractions and mortality. 
Furthermore, concentration optimization is critical; 1,8-
cineole required high doses of 300 - 800 ppm to achieve 
deep anesthesia in C. carpio and was deemed unsuitable 
for surgery due to the inadequate muscle tone loss.48  

Interestingly, the formulation of EOs can result in 
modified effects; a combination of 1,8-cineole and methyl 
eugenol yielded a synergistic enhancement of the 
anesthetic response in C. carpio, whereas 4-allylphenyl 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

acetate and methyl eugenol exhibited an antagonistic 
effect, resulting in shallower anesthesia.12 These findings 
collectively highlight the complex yet promising role of 
EOs and their constituents in refining anesthetic protocols 
for sustainable aquaculture. 

A significant challenge in the practical application of 
EOs in aquatic systems is their poor water solubility, often 
necessitating the use of potentially problematic solvent 
vehicles, like ethanol, and can limit bioa-vailability. This 
challenge is being addressed by nano-science and nano-
technology. Nano-science, the research and application of 
matter at the nano-metric scale, has already played a 
pivotal role in aquaculture development, enhancing 
nutrition, breeding, fish health, and meat quality.49 

The implementation of novel technologies to identify 
water-soluble anesthetics and optimize the applicability of 
hydrophobic EOs is paramount. One study utilized nano-
technology to enhance clove EO by converting the poorly 
water-soluble oil into lipid-based nano-particles, resulting 
in a significant reduction in the anesthesia induction time 
for Nile tilapia (O. niloticus).50 Similarly, another study 
demonstrated the potential of nano-emulsions to improve 
 

Table 4. Continued. 

Plant essential oil / source 
Fish species  

(initial weight) 
Dosage and 

duration 
Stress / toxicity 

challenge 
Significant results 

Menthol EO 
Nile tilapia  

(O. niloticus) 
0.10, 0.20, 0.30, and 
0.40% for 8 weeks 

Ammonia 
challenge 

↑ SOD, CAT and GPx 
↓ MDA  

Thymol and carvacrol 
Nile tilapia  

(O. niloticus) 
300 mg kg-1  
for 8 weeks 

— 
↑ SOD 
↓ MDA  

Menthol EO 
Nile tilapia  

(O. niloticus) 
0.25% for 60 days — ↑ SOD, CAT, and GPx  

Bitter lemon (C. limon) peel  
Nile tilapia  

(O. niloticus;  
16.42 ± 0.059 g) 

0.75 and 1.00%  
for 60 days 

— ↓ SOD and CAT  

Neem oil Labeo bata 
0.50 and 1.00%  

for 90 days 
— ↓ SOD and CAT  

Essential oil blend (carvacrol, 
oregano, 1,8-cineole, thymol, etc.) 

Nile tilapia  
(O. niloticus;  

19.60 ± 0.51 g) 

0.25, 0.50, and 
1.00mL kg-1  
for 60 days 

— ↑ SOD and CAT  

Thyme EO 
Common carp (C. 

carpio; 20.46 ± 0.07 g) 
10.00 g and 20.00 g 

for 60 days 
— 

↑ Serum and liver CAT, 
SOD, GPx, GR, and MDA  

Thyme EO 
Rainbow trout (O. 

mykiss; 11.92 ± 0.06 g) 
1.00 and 2.00%  

for 60 days 
— 

↑ CAT, GR, GPx, and SOD 
↓ MDA 

Savory (Satureja hortensis) EO 
Caspian roach (Rutilus 
caspicus; 2.29 ± 0.07 g) 

100, 200, or 400  
mg kg-1 for 60 days 

Salinity stress ↑ SOD, CAT, and MDA  

Cinnamon (Cinnamomum cassia) EO 
Silver catfish (R. 

quelen; 6.62 ± 0.28 g) 
1.00 mL for 60 days — ↑ SOD  

Summer savory (S. hortensis) oil 
Common carp (C. 

carpio; 25.35 ± 0.13 g) 
1.00% for 21 days 

Pretilachlor 
herbicide exposure 

↑ SOD and GPx  

Date palm (Phoenix dactylifera) 
seed EO 

Rainbow trout (O. 
mykiss; 5.77 ± 0.01 g) 

0.50, 1.00, and 
2.00% for 45 days 

— ↔ SOD  

White mustard (Sinapis alba) oil and 
linseed (Linum usitatissimum) oil 

Rainbow trout (O. 
mykiss; 25.77 ± 0.13 g) 

0.50, 1.00, and 
1.50% for 9 weeks 

— 
↑ SOD, CAT, and GST 

↓ LPO  

↑ Indicates an increase; ↓ Indicates a decrease; ↔ Indicates no change. 
CAT: catalase; G6PD: glucose-6-phosphate dehydrogenase; GPx: glutathione peroxidase; GR: glutathione reductase; GSH: 
glutathione; GST: glutathione S-transferase; LPO: lipid peroxidation; MDA: malondialdehyde; SOD: superoxide dismutase; 
NO: nitric oxide; TAC: total anti-oxidant capacity. 
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the aqueous miscibility of clove EO, thereby enhancing the 
bio-availability of eugenol without requiring ethanol as a 
solvent vehicle. The anesthesia induction time for O. 
niloticus exposed to the clove EO nano-emulsion was 
shorter than that for fish exposed to the ethanolic solution, 
despite both containing an identical eugenol concentration 
(40.00 mg L-1).51 A lecithin-based nano-emulsion of clove 
EO induced faster anesthesia and recovery times in 
goldfish (Carassius auratus). Furthermore, oil nano-
emulsions of Alpinia galanga and Syzygium aromaticum, as  
 

 

 well as formulations of self-micro-emulsifying drug 
delivery systems, produced faster anesthesia compared to 
their corresponding ethanolic solutions in C. carpio and C. 
auratus.52 These studies confirm the utility of various 
nano-formulations in overcoming the inherent solubility 
issues of EOs and mitigating the potential side effects 
associated with ethanol. Integrating nano-science and 
nano-technology into anesthesia research holds significant 
promise for benefiting both fish welfare and 
environmental sustainability in aquaculture. 

Table 5. Sedative and anesthetic effects of essential oils in fish species.41 

Essential oil Fish species 
Sedative 

concentration 
Anesthetic 

concentration 
Best concentration-response 

effect (induction time < 3 min) 

Aloysia gratissima 
Rhamdia quelen 

Paralichthys orbignyanus 
- 

- 
300 - 900 mg L-1 

270 - 900 mg L-1 
900 mg L-1 

900 mg L-1 

Aloysia triphylla 

R. quelen 

R. quelen 
Lophiosilurusalexandri 
Oreochromis niloticus 

25.00 μL L-1 

30.00 - 50.00 μL L-1 

25.00 μL L-1 

10.00 - 40.00 μL L-1 

150 - 300 μL L-1 

100 - 800 μL L-1 

200 - 400 μL L-1 

80.00 - 450 μL L-1 

300 μL L-1 

200 μL L-1 

400 μL L-1 

300 μL L-1 
Alpinia galanga O. niloticus 100 - 600 mg L-1 700 - 900 mg L-1 700 mg L-1 

Aniba rosaeodora 
Colossoma macropomum 

Carassius auratus 
25.00 μL L-1 

- 
50.00 - 200 μL L-1 

250 - 300 μL L-1 
100 – 200 μL L-1 

250 μL L-1 
Aniba parviflora C. macropomum 50.00 μL L-1 100 - 300 μL L-1 200 - 300 μL L-1 
Bursera delpechiana Amatitlania nigrofasciata - 125 - 300 μL L-1 125 μL L-1 

Cinnamomum camphora 
Amphiprion ocellaris 

C. auratus 
- 

- 
400 - 600 μL L-1 

250 - 300 μL L-1 
500 - 550 μL L-1 

250 μL L-1 
Citrus x aurantium R. quelen - 400 - 800 μL L-1 800 μL L-1 
Citrus x latifolia R. quelen - 300 - 500 μL L-1 500 μL L-1 
Coriandrum sativum A. nigrofasciata - 150 - 300 μL L-1 150 μL L-1 
Cunila galioides R. quelen 25.00 - 50.00 μL L-1 200 - 300 μL L-1 200 - 300 μL L−1 
Curcuma longa C. macropomum - 200 - 500 μL L-1 - 
Cymbopogon nardus C. macropomum 200 μL L-1 400 - 1600 μL L-1 600 μL L-1 

Cymbopogum flexuosus 
R. quelen 

O. niloticus 
25.00 μL L-1 

10.00 - 25.00 μL L-1 
150 - 300 μL L-1 

200 - 600 mL L-1 
300 μL L-1 

600 mL L-1 

Hesperozygis ringens R. quelen - 
111 - 554 μL L-1 

- 
- 

- 

Lavandula angustifolia 
Oncorhynchus mykiss 

Cyrtocara moorii 
200 μL L-1 

100 μL L-1 
200 - 400 μL L-1 

200 - 300 μL L-1 
300 μL L-1 

200 μL L-1 
Lavandula hybrida A. nigrofasciata - 100 - 500 mg L-1 300 - 500 mg L-1 

Lippia alba 

R. quelen 
 

R. quelen 

Argyrosomus regius 
 

Sparus aurata 
 

O. niloticus 
C. macropomum 

R. quelen 

5.00 - 20.00 mg L-1 

- 

12.00 mg L-1 

 

< 35.00 μL L-1 

20.00 μL L-1 

- 

10.00 - 20.00 μL L-1 

100 - 300 μL L-1 

96.00 - 160 mg L-1 

100 - 300 μL L-1 

 

- 

200 - 300 mg L-1 

- 

150 - 600 μL L-1 

300 - 500 mg L-1 

300 μL L-1 

160 mg L-1 

 

- 

- 

300 mg L-1 

- 

Lippia sidoides R. quelen - 150 - 600 μL L-1 - 

Melaleuca alternifolia 
Cyprinus carpio 

Amphiprion clarkii 
- 

- 
200 - 600 μL L-1 

200 - 600 μL L-1 
400 - 600 μL L-1 

500 μL L-1 

Mentha piperita 
O. mykiss 

C. moori 
- 

10.00 - 30.00 μL L-1 
200 μL L-1 

100 - 400 μL L-1 
- 

100 μL L-1 
Mentha arvensis A. ocellaris - 50.00 - 100 μL L-1 70.00 μL L-1 
Mentha spicata C. carpio - - 5.00 ml L-1 
Myrcia sylvatica C. macropomum - 100 - 300 μL L-1 300 μL L-1 
Ocimum americanum R. quelen 25.00 - 50.00 mg L-1 200 - 500 mg L-1 - 
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Edible coating technology enriched with EOs: 
controlling microbial and oxidative spoilage in 
seafood products. Seafood and aquatic products are 
categorized among the most highly perishable food 
commodities due to their protein-rich muscle structure, 
high free amino acid content, elevated moisture levels, and 
significant proportions of poly-unsaturated fatty acids. 
Post-harvest, the cessation of the immune system and 
blood circulation triggers a cascade of degradative 
reactions, including enzymatic autolysis, the proliferation 
of psychrotrophic bacteria, and rapid lipid oxidation. 
These processes not only result in the rapid deterioration 
of organoleptic attributes manifesting as changes in color, 
texture, and the development of off-flavors but also pose 
substantial public health risks through the accumulation of 
biogenic amines. For decades, the food industry’s reliance 
on synthetic chemical preservatives and petrochemical-
derived plastic packaging has raised numerous 
environmental and health concerns.53 Recent research has 
demonstrated that the application of bio-polymeric 
coatings, such as chitosan, gelatin, alginate, and Persian 
gum, functionalized with botanical EOs, including 
oregano, clove, cinnamon, thyme, and dill, effectively 
extends the shelf life of rainbow trout, tilapia, and shrimp 
fillets by providing a potent anti-microbial and anti-
oxidant barrier.53 

Farhadi et al.,54 evaluated the efficacy of an active 
packaging system based on a chitosan matrix (2.00%) 
enriched with Eryngium caucasicum extract at various 
concentrations (1.00 and 2.00%) for preserving Nile 
tilapia (O. niloticus) fillets under refrigerated storage. Their 
findings demonstrated that the incorporation of the 
extract significantly suppressed microbial spoilage 
kinetics, specifically targeting psychrotrophic bacteria and 
Enterobacteriaceae. Furthermore, the active coating 
effectively retarded chemical deterioration, as evidenced 
by lower total volatile basic nitrogen and thiobarbituric 
acid values compared to the control group. The synergistic 
effect of the chitosan coating and 2.00% extract resulted in 
a 100% extension of the product's shelf life (up to 14 days) 
while maintaining optimal organoleptic properties. In a 
 

 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
related study, Saeid Asr et al.55 investigated the synergistic 
effects of a carboxymethyl cellulose coating incorporated 
with sodium acetate and rosemary EO on the quality of 
rainbow trout (O. mykiss) fillets during refrigerated 
storage. Their results revealed that the combination of 
sodium acetate and rosemary EO (0.50 and 1.00%) 
significantly inhibited the growth of spoilage micro-
organisms, including Pseudomonas spp. and 
Enterobacteriaceae. Furthermore, the active coating acted 
as a potent anti-oxidant barrier, effectively reducing lipid 
oxidation indices (peroxide value and thiobarbituric acid 
reactive substances) and nitrogenous decay total volatile 
basic nitrogen. This functional coating not only preserved 
the sensory and physicochemical attributes, such as water-
holding capacity, but also extended the shelf life of the 
fillets for up to 16 days at 4.00 ˚C. 

Drawbacks of plant EOs applications in aqua-
culture. Palatability is of particular importance for 
carnivorous fish, as their natural diets typically do not 
contain plant-based compounds. Consequently, certain 
plant EOs may limit feed intake.30 Phytogenics or plant-
derived additives, particularly EOs, have emerged as 
leading candidates for antibiotic substitution. Essential oils 
are complex mixtures of volatile, lipophilic, and aromatic 
secondary metabolites produced by plants for defense 
against herbivores and pathogens.30 The scientific 
literature is replete with reports confirming the anti-
microbial, anti-oxidant, immuno-stimulatory, and even 
anesthetic properties of these compounds across various 
aquatic species.34 Many active constituents found in EOs, 
especially phenolic monoterpenes, such as thymol and 
carvacrol, as well as ketones, like camphor, possess 
pungent, bitter, and astringent organoleptic profiles. From 
an evolutionary perspective, type 2 taste receptors (T2Rs), 
i.e., bitter taste receptors, in vertebrates, including fish, 
have evolved as a warning system to identify and avoid 
plant toxins and harmful compounds.7 When these 
compounds are added to feed at high concentrations being 
often required to achieve therapeutic anti-microbial or 
anti-parasitic effects, they can stimulate fish gustatory 
receptors and trigger avoidance behavioral responses. 
 

Table 5. Continued. 

Essential oil Fish species 
Sedative 

concentration 
Anesthetic 

concentration 
Best concentration-response 

effect (induction time < 3 min) 

Ocimum basilicum 
O. niloticus 

A. clarkia 

C. carpio 

10.00 - 25.00 μL L-1 

- 
- 

200 - 600 μL L-1 

200 - 600 μl L-1 

100 - 300 mg L-1 

400 μL L-1 

500 μl L-1 

300 mg L-1 
Ocimum canum C. carpio - 100 - 300 mg L-1 200 mg L-1 

Ocimum gratissimum 
P. orbignyanus 

Brycon amazonicus 
10.00 mg L-1 

10.00 mg L-1 
50.00 -100 mg L-1 

20.00 - 60.00 mg L-1 
100 mg L-1 

60.00 mg L-1 
Ocimum sanctum C. carpio - 100 - 300 mg L-1 100 mg L-1 
Ocotea acutifolia R. quelen - 300 - 600 μL L-1 - 
Origanum majorana R. quelen 100 μL L-1 200 - 500 μL L-1 400 - 500 μL L-1 

Pelargonium graveolens 
Sciaenochromis fryeri 

Labidochromis caeruleus 
50.00 μL L-1 

50.00 μL L-1 
75.00 - 300 μL L-1 

75.00 - 300 μL L-1 
150 - 300 μl L-1 

125 - 300 μl L-1 
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This phenomenon leads to reduced palatability, the direct 
consequence of which is decreased feed intake. In 
aquaculture, even a marginal reduction in feed 
consumption directly results in a lower specific growth 
rate, an increased feed conversion ratio, and ultimately, 
economic loss.56 

A detailed study on rainbow trout (O. mykiss) 
demonstrated that supplementing the diet with spearmint 
(Mentha spicata) EO had significant negative impacts on 
growth performance. In this experiment, groups fed diets, 
containing high levels of spearmint EO, experienced lower 
growth rates compared to the control group. Further 
analysis revealed that this growth reduction was not 
caused by direct toxic effects, but primarily by the fish's 
refusal to consume the mint-aromatized feed. These 
observations confirm that even if an EO possesses potent 
anti-oxidant or anti-microbial properties, it is practically 
rendered useless if the fish refuse to ingest it. Beyond taste 
and odor, evidence exists that EOs may directly influence 
physiological mechanisms regulating appetite. Certain 
terpene compounds may induce a sense of early satiety or 
suppress appetite by affecting the secretion of GI 
hormones, such as cholecystokinin or ghrelin, or 
influencing appetite control centers in the central nervous 
system (hypothalamus). Although low doses of certain EOs 
are promoted as appetizers, a fine line exists between 
appetite stimulation and suppression, making dietary 
formulation difficult.57 

Furthermore, the therapeutic index, being the ratio 
between the toxic and effective doses, is very narrow for 
many EOs. The concentration required to inhibit 
pathogens in the fish gut (minimum inhibitory 
concentration) is often very close to the concentration 
causing cellular damage to the fish tissues. Additionally, 
environmental factors, such as soil type, altitude, climate, 
and harvest time (seasonal or circadian), have a significant 
impact on the concentration of active compounds. An EO 
harvested during the rainy season may have a completely 
different chemical profile compared to one harvested 
during the dry season. Also, the extraction method 
(steam distillation, solvent extraction, and supercritical 
fluid) affects the purity and yield of the EO. These 
variations cause the reproducibility of research results 
and performance of commercial products to face 
serious challenges.58 

Although EOs are introduced as alternatives to 
antibiotics, they are often more expensive economically. 
The extraction yield of Eos from medicinal plants is 
typically very low (0.10 - 2.00%). To produce one 
kilogram of pure EO, hundreds of kilograms of plant 
material are needed, raising the final price. The use of 
raw EO is often inefficient due to the instability. The need 
for advanced stabilization technologies, such as micro-
encapsulation, significantly increases the cost per ton of 
feed.59 For species with high economic value, such as 
 

 salmon or shrimp, these costs may be absorbable. 
However, for species with low profit margins, such as 
carp or tilapia, the inclusion of expensive phytogenics is 
justified only if the improvement in growth or survival is 
very significant and guaranteed.59 

In summary, the utilization of phytochemicals as feed 
additives represents a burgeoning field within 
aquaculture and has garnered significant attention in 
recent years. It has been reported that dietary 
phytochemical supplementation enhances fish growth, 
augments immune responses, and improves anti-oxidant 
status. However, further research is necessary to 
evaluate the potential synergistic effects of 
phytochemical combinations. Also, extensive research is 
required to assess the industrial scalability of 
phytochemical applications. It is evident that plant EOs 
and their constituents can influence physiological 
functions and modulate the gut microbiota of various 
animal species, demonstrating their potential utility as 
growth- and health-promoting agents in fish 
production. Moreover, the observed effects are heavily 
contingent upon various factors, ranging from the 
production process to concentration and method of 
administration, as well as storage conditions prior to 
feeding. Further studies are needed to gain deeper 
insights into the mechanisms of action of various EOs 
on both pathogenic micro-organisms and the 
commensal gut microbiota, as well as evaluate their 
impact on the host and environment. Additionally, due 
to their chemical diversity and the interactions among 
individual constituents, the use of whole EOs or 
complex mixtures may exert greater effects than 
isolated molecules, owing to the multiplicity of potential 
sites of action. Feed ingredients and the dietary 
manufacturing process may interfere with the stability 
and quality of EOs, thereby potentially influencing their 
effects on fish health and their activity within the GI 
microbiota. Consequently, en-capsulation or similar 
protective processes may represent a viable strategy to 
enhance stability, shield EOs from interactions with the 
host, feed matrix, and environment and therefore, 
potentially ensure their efficacy as agents for GI health 
management. Finally, this review elucidates the sedative 
and anesthetic effects of EOs and their active compounds 
on the modulation of fish behavior, physiology, and 
biochemistry. Such comprehensive data are valuable for 
the aquaculture industry, as natural anesthetics offer a 
potentially eco-friendly, cost-effective, and safer 
alternative to synthetic drugs for the management and 
welfare of aquatic organisms. 
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