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Abstract: This study aimed to evaluate the supplementation of peppermint essential oil (Men-
tha piperita; PEO) in diets for juvenile Nile tilapia (Oreochromis niloticus). A feeding experiment with
diets containing graded levels (0.0, 0.2, 0.4, 0.6,0.8,and 1.0 g kg_l) of PEO was carried out with
fish of 0.58 £ 0.08 g. The inclusion of graded levels of PEO in the diet improved the weight gain
(0.52 g kg™1), feed intake (0.51 g kg™1), and feed conversion (0.51 g kg?!) of juvenile Nile tilapia
in a quadratic pattern. Increasing levels of PEO also led to a linear decrease in body lipid content.
The gut activity of the digestive enzymes amylase (0.54 g kg~!) and protease (0.39 g kg ') increased
quadratically, whereas lipase activity increased linearly. PEO increased the activity of the antioxidant
enzymes catalase (CAT; 0.52 g kg~!) and superoxide dismutase (SOD; 0.58 g kg~!) while reducing
the production of malonaldehyde (MDA; 0.40 g kg~!) and nitric oxide (NO; 0.63 g kg 1) in the liver.
The results of this study provide evidence of the beneficial effects of PEO on the growth and health of
Nile tilapia and recommend a dose of 0.6 g kg ! as the optimal level of supplementation.

Keywords: essential oil; growth promoter; feed additive; intestinal enzyme; menthol

Key Contribution: Peppermint essential oil (PEO) at 0.6 g kg~! of inclusion in the diet improves
feed efficiency and growth performance of fish.

1. Introduction

Intensive aquaculture plays a critical role in meeting the global demand for fish
production, with Nile tilapia (Oreochromis niloticus) being one of the most cultivated species
due to its rapid growth rate and adaptability to intensive farming systems [1,2]. However,
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challenges related to fish health, such as stress and digestive issues, can have negative
impacts on productivity in these systems. To address these challenges, the use of feed
additives has gained significant attention as a strategy to improve fish growth, health, and
overall productivity [3,4].

Among the wide variety of feed additives, phytoadditives are promising options in
the aquafeed industry [5], as they are plant-derived products with recognized therapeutic
effects [6] and biological safety [7]. Within this category, essential oils have attracted
particular interest due to their complex composition of bioactive compounds, which offer
several benefits for fish health and performance [8,9]. One key aspect of essential oils is
their antimicrobial actions, which can help maintain healthy gut microbiota and reduce
the risk of infections in fish [10,11]. Additionally, their antioxidant activities contribute
to attenuating oxidative stress, often associated with intensive cultivation. Moreover,
certain essential oils improve feed palatability and stimulate feed intake, thereby increasing
nutrient utilization and promoting growth performance in fish [12].

Peppermint (Mentha Piperita) is one such plant that has been extensively studied for its
potential as a phytoadditive in fish nutrition. Widely produced worldwide and commonly
used to treat issues related to poor digestion, peppermint contains active compounds,
including menthol, which promote relaxation of the gastrointestinal mucosa [13]. This
relaxation effect can lead to beneficial changes in intestinal motility and increased secretion
of digestive enzymes [13-15]. Peppermint plant extracts can be found in various forms,
such as powder, aqueous extracts, or essential oil. However, peppermint essential oil
(PEO) is a more concentrated extract, consisting of high proportions of menthol (33-54%),
menthone (7-18%), and menthol acetate (4—13%) [16—19]. Therefore, in addition to im-
proving digestion, peppermint exhibits potent antioxidant [16,17], antifungal [7,18,19], and
antibacterial [7,19-21] properties, which may contribute to enhancing intestinal health
through modulation of microbial activity and reduction in inflammatory processes [22],
thus alleviating stress.

Several studies have demonstrated the potential of peppermint extracts to improve
the digestibility of commercial feeds and promote growth and health in captive-raised
fish. Among these studies, dietary supplementation with peppermint powder or aqueous
extracts improved the growth performance and health of Oreochromis niloticus [15,22],
Lates calcarifer [23], Rutilus frisii kutum [24], Salmo trutta caspius [25], Labeo rohita [26], and
Rutilus caspicus [27]. However, few studies have investigated the use of PEO as a dietary
supplement, leaving optimal levels of PEO supplementation for fish yet to be established
in the literature.

Therefore, this study aims to evaluate the impact of dietary supplementation with
PEO on growth performance, body composition, digestive enzyme activity, biochemical
parameters, and markers of oxidative stress in Nile tilapia to assess its benefits for fish
reared in intensive systems.

2. Materials and Methods
2.1. Ethics Statement

This study was approved by the Ethics Committee on the Use of Production Animals
at the Universidade Federal de Vigosa (CEUAP/UFV—number 38/2016). The experimental
phase was conducted in LaNup (Laboratory of Nutrition and Fish Production) from the
UEPE (Teaching, Research, and Extension in Fish Farming) of the Federal University of
Vicosa, Minas Gerais, Brazil.

2.2. Experimental Design and Diets

A quadruplicate feed trial in a completely randomized design was conducted to
evaluate six diets (315.90 g kg ! of crude protein and 19.09 MJ kg ! of energy) containing
different levels (0.0,0.2,0.4,0.6,0.8,and 1.0 g kg_l) of PEO (Table 1).
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Table 1. Formulation and composition of the basal diet.

Ingredient (g kg1, as-Fed Basis)
Soybean meal ! 565.0

Corn meal ! 264.5

Wheat bran ! 80.0
Aglutinant 2 10.0
L-Lysine 3 1.0
DL-Methionine 3 3.6

Soy oil 4 30.0
Dicalcium phosphate ° 33.2
Limestone © 25

Salt 5.0

Mineral and vitamin mixture ” 5.0
Antioxidant 8 0.2
Analyzed composition (g kg1, dry matter)
Dry matter 892.4

Crude protein 315.90
Energy (MJ kg 1) 19.09

Ether extract 46.50

Crude fiber 56.80

Ash 107.20

1 Supplied by Guabi Alimentos Ltda., Campinas, SP, Brazil. 2 Kaulim, Violani, Curitiba, PR, Brazil. 3 Evonik,
Sao Paulo, SP, Brazil. * Cocamar, Maringa, PR, Brazil. 5 Solo Fértil, Pains, MG, Brazil. ¢ Sarfos, [tumbiara,
Goids, GO, Brazil. 7 Customized mineral and vitamin mixture (IU or mg l<g‘1 diet): Vitamin A (retinyl acetate),
6000 IU; vitamin D3, (cholecalciferol), 1000 IU; vitamin E (DL-o-tocopheryl acetate), 60 mg; vitamin K3 (menadione
Na-bisulphate), 12 mg; vitamin B; (thiamine HCI), 24 mg; vitamin B; (riboflavin), 24 mg; vitamin Bg (pyridoxine
HCI), 20 mg; vitamin By, (cyanocobalamin), 0.05 mg; folic acid, 6 mg; D-calcium pantothenate, 60 mg; ascorbic
acid (ascorbyl polyphosphate), 240 mg; D-biotin, 0.24 mg; choline chloride, 325 mg; niacin, 120 mg; ferrous sulfate
(FeSO4.H,0.7H,0), 50 mg; copper sulfate (CuSO4.7H,0), 3 mg; manganese sulfate (MnSO4.H,0), 20 mg; zinc
sulfate (ZnS0,4.7H,0), 30 mg; potassium iodide (KI), 0.4 mg, cobalt sulfate (CoSO4.4H,0), 0.25 mg; sodium
selenite (NaySeO3), =0.1 mg. 8 BHT, butyl hydroxy toluene, Sygma-Alldrich Brazil Ltda., 99.5%, Sao Paulo, SP,
Brazil.

The macro ingredients were ground with a knife mill (Nogueira®, DPM-Junior M.,
Sao Joao da Boa Vista, SP, Brazil) and manually mixed into the micro-ingredients. Then, the
PEO was previously mixed with soy oil and added to the mixture. Increasing levels of PEO
were added to the diets in replacement of the inert ingredient kaolin. After mixed, the diets
were pelleted in an electric meat grinder (Filizola®, P-22, Sao Paulo, SP, Brazil) and dried in
a forced air circulation oven (Marconi®, MA 035, Piracicaba, SP, Brazil) at 35 °C for 24 h.
The obtained pellets were crushed in a grain mill (Botini®, Botini-1079, Bilac, SP, Brazil)
and sieved (A Bronzinox®, Santo Amaro, SP, Brazil) to obtain smaller pellets with 4 mm.

Diets were analyzed for dry matter (official method 934.01), crude protein Kjeldahl
N x 6.25 (official method 984.13), crude lipid with Soxhlet extractor (official method 920.39),
ash (official method 942.05), and crude fiber (official method 962.09) [28]. The crude energy
was determined with a calorimetric pump (IKA®-Werke, C5003 control, Satufen, BW,
Germany). PEO chemical composition was provided by the manufacturer LASZLO® (Belo
Horizonte, MG, Brazil). The chemical composition of the diets is shown in Table 2.

2.3. Fish and Experimental Conditions

Nile tilapia juveniles (0.58 £ 0.08 g) were distributed in 24 tanks (70 L) at a stocking
density of 20 fish per tank, a total of 480 fish used. The tanks were maintained in a
recirculation system (1.7 L min~!) and equipped with continuous aeration, controlled
temperature, and ultraviolet, mechanical, and biological filters. The laboratory photoperiod
was adjusted to 12 h and controlled with an analogical timer.

The water temperature (26.81 + 048 °C) and dissolved oxygen levels
(6.07 £ 0.84 mg L~!) were measured daily (multiparameter YSI-550A, Yellow Springs, OH,
USA). The water pH (6.85 4 0.30) and total ammonia (0.19 & 0.17 mg L~!) were measured
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weekly with colorimetric kits (LabconTest Alcon®, Camboriu, SC, Brazil). The non-ionized
ammonia (0.001 4 0.001 mg L~!) was calculated according to [29]. The tanks were cleaned
weekly by siphoning with a 10% water change. The fish were fed daily for eight weeks at 8,
11,14, and 17 h.

Table 2. Composition of PEO (Mentha piperita) *.

Item (mg 100 g1 of Essential Oil, as-Fed Basis)
Menthol 46.5
Menthone 26.2
Neomenthol 11.2
Menthyl acetate 5.7
Isomenthol 2.9
-caryophyllene 14
1,8-cineole 0.9
Isomenthone 0.6
Limonene 0.5
a-terpinene 0.2
-pinene 0.1
-pinene 0.1
p-cimene 0.1

Abbreviation: PEO: peppermint essential oil. * Laszlo®, Belo Horizonte, MG, Brazil.

2.4. Sampling Collection

At the end experimental period, all fish were counted to calculate survival. Then, three
fish per tank (n = 12 per treatment) were captured two hours after feeding and euthanized
via immersion in clove oil (400 mg L~!) for gut-collection-containing digesta. Intestine
samples were stored at —80 °C for later determination of the activities of digestive enzymes.

The remaining fish were fasted for 24 h, euthanized in clove oil immersion (400 mg LD,
and weighed to calculate the body weight gain, relative feed intake, feed conversion rate,
and protein efficiency rate (n = 68 per treatment). Blood samples from four fish per tank
(n = 16 per treatment) were collected in the caudal vein using a heparinized syringe to
determine plasmatic levels of glucose, cholesterol, triacylglycerol, high-density lipopro-
tein (HDL), and low-density lipoprotein (LDL). Subsequently, the liver and viscera of the
fish were removed and separately weighed to calculate the viscerosomatic and hepatoso-
matic indexes, respectively. Furthermore, liver samples from two fish per tank (1 = 8 per
treatment) were collected to evaluate oxidative stress biomarkers and glycogen content.
Samples for oxidative stress were preserved at —80 °C until analysis. Samples for glycogen
determination were immediately placed in test tubes with potassium hydroxide solution
(30% KOH). The remaining carcasses of thirteen fish per tank were separated to calculate
the carcass yield (n = 52 per treatment) and polled (n = 1 per treatment) to determine the
bodies’” chemical compositions. Figure 1 shows the experimental setup of the experiment.

2.5. Growth Performance

The growth variables, somatic indices, and survival were calculated using the follow-
ing equations:
e  Body weight gain (g) = final body weight (g) — initial body weight (g);
e  Relative feed intake (% body weight per day~!) = [dry feed intake (g)/average fish
weigh (g)/days fed] x 100;
Feed conversion ratio = body weight gain (g)/dry feed consumed (g);
Protein efficiency ratio (%) = [protein gain (g)/protein intake (g)] x 100;
Hepatosomatic index (%) = [liver weight (g)/final body weight (g)] x 100;
Viscerosomatic index (%) = [viscera weight (g)/final body weight (g)] x 100;
Survival (%) = [final number of fish/initial number of fish] x 100.
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Experimental setup
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Figure 1. Experimental setup and sampling scheme.

2.6. Whole-Body Composition

The carcasses were analyzed for dry matter (official method 934.01), crude protein
Kjeldahl N x 6.25 (official method 984.13), crude lipid by Soxhlet extractor (official method
920.39), and ash (official method 942.05) according to [28]. The crude energy was deter-
mined with a calorimetric pump (IKA®—Werke, C5003 control, Satufen, BW, Germany).

2.7. Digestive Enzymes

The enzymatic extract was obtained by maceration of the intestine using a porcelain
mortar and pistil in baths of liquid nitrogen. Subsequently, 5 mL of water (pH 3.0) was
added to the macerated and the mixture was centrifuged at 10,000 x g for 20 min (4 °C). The
collected supernatant was used to determine the total protein concentration and digestive
enzyme activities. Total protein content was measured according to [30], whose protocol
used bovine serum albumin (BSA) as a standard, and the readings were performed in
a spectrophotometer at 595 nm. Total protease activity was measured according to [31]
in a spectrophotometer at 440 nm. The determination of lipase and amylase activities
was performed using enzymatic kits (Bioclin® Bioclin Quibasa—Basic Chemistry, Belo
Horizonte, MG, Brazil) following the manufacturer recommendations and based on [32,33]
methods, respectively.

2.8. Biochemical Parameters

The blood samples were centrifuged for 15 min at 7000 x ¢ (Nova Técnica®, NT 805,
Piracicaba, SP, Brazil), and the concentrations of glucose, cholesterol, triacylglycerol, HDL,
and LDL were measured in the plasma. The plasma analyses were performed with Bioclin
kits (Quibasa®—Quimica basica, Belo Horizonte, MG, Brazil) and the readings with BS 200
equipment (Mindray®, Clinical Chemistry Analyzer, Shenzhen, China) at the wavelengths
indicated by the manufacturer.

The extraction and quantification of the hepatic glycogen content were measured
according to [34]. After dissolving the samples in 30% KOH, the glycogen extraction phase
was carried out using Na;SOy4 and absolute alcohol. Then, the extracts were centrifuged
(206-R, Fanem®, Sao Paulo, SP, Brazil) at 500x g for 10 min, and the precipitate was
resuspended in distilled water. The anthrone reagent was added to the solution, and the
samples were read in a spectrophotometer at 620 nm to quantify the glycogen content.

2.9. Oxidative Stress Indicators

Liver samples were homogenized in 1.0 M ethylenediamine tetra-acetic acid (EDTA)
and 0.2 M phosphate-buffered potassium (PBS) solution. The pHs of the solutions were
adjusted to 7.4. The homogenate was centrifuged at 15,000 g (4 °C) for 10 min, and the
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supernatant was used for characterizing the activities of antioxidant enzymes (superox-
ide dismutase, catalase, and glutathione-S-transferase) and oxidative stress biomarkers
(malondialdehyde, carbonyl protein, nitric oxide, and hydrogen peroxide). The super-
oxide dismutase (SOD) activity was determined by the pyrogallol method, based on the
ability of this enzyme to catalyze the reaction of superoxide anion (O~2) in hydrogen
peroxide (H,O,) at 570 nm [35]. Catalase (CAT) activity was assessed by measuring the
rate of decomposition of hydrogen peroxide (H,O;) for 60 s at 240 nm [36]. For those
two enzymes, the results were expressed in U of enzyme mg of protein~!. Glutathione S-
transferase activity (GST) was determined through the formation of glutathione-conjugated
2 4-dinitrochlorobenzene (CDNB) at 340 nm for 60 s, as described by [37]. The results
were expressed in pumol min~!g~! of tissue. SOD activity was evaluated in a microplate
reader (Multiskan GO, Thermo Scientific, Waltham, MA, USA) and CAT and GST using a
spectrophotometer (Model Mini 1240 UV-Vis Shimadzu Corporation, Kyoto, Japan).

Malondialdehyde (MDA) levels were estimated according to [38]. The tissue’s super-
natant was homogenized in a solution containing trichloroacetic acid (15%), thiobarbituric
acid (0.375%), and hydrochloric acid (0.6%). Samples were kept in a boiling water bath for
40 min, butyl alcohol was added, and tubes were centrifuged for 10 min at 9000x g. The
supernatant was used to measure the absorbance at 540 nm. The results were expressed
in umol L~! mg protein~!. The carbonyl protein group (CP) was quantified according to
the method described by [39], using 2,4-dinitrophenylhydrazine (DNPH) and the DNPH
molar extinction coefficient €370 = 22 mmol L~! cm™! for the calculation. The reading
was performed on a microplate reader under absorbance at 370 nm, and the results were
expressed as nmol mg protein~!. Nitric oxide (NO) production was measured indirectly
through the nitrite/nitrate content by the standard Griess reaction. The supernatants were
incubated with Griess reagent (1% sulfanilamide, 0.1% N-(1-Naphthyl) ethylenediamine, in
2.5% H3POy4) for 10 min at 37° C in the dark. The absorbance was measured at 570 nm, and
the results were expressed in pmol mg~! protein—!. The H,O, concentration was analyzed
according to [40], adapted for a microplate reader at 374 nm, with the results expressed as
mmol L1, All analyses were performed in triplicates.

2.10. Statistical Analyses

Data were submitted to the Shapiro—Wilk test to verify the normality of the errors
and the Bartlett test to verify the homogeneity of the variances. Effects of PEO dietary
supplementation on different parameters were evaluated by one-way analysis of variance
(ANOVA). A Dunnett test was used to evaluate significant differences of means from fish
fed with PEO compared to fish fed with basal diet (p < 0.05). Orthogonal polynomial
contrasts were performed to verify the linear and quadratic effects of the PEO dietary
supplementation on the different parameters. The best regression models were chosen
based on p-value (p < 0.05). All statistical analyses were performed using SAS® Studio
software (SAS Inst. Inc., Cary, NC, USA).

3. Results
3.1. Growth Performance

Table 3 shows the growth performance of juvenile Nile tilapia fed the experimental
diets. Body weight gain (p < 0.001; R? = 0.676; Ymax. = 0.52 g kg~! diet), relative feed
intake (p < 0.001; R? = 0.423; Ymax. = 0.51 g kg~ ! diet), and feed conversion ratio (p < 0.001;
R? = 0.425; Ymin. = 0.51 g kg~! diet) increased in a quadratic pattern in fish fed graded
levels of PEO. Based on Dunnet's test, fish fed 0.2 to 0.8 g kg~ PEO showed higher body
weight gain and feed conversion ratio and lower feed intake than that fed control diet
(p < 0.05) (Figure 2). Differently, only fish fed the 0.4 g kg~! PEO showed higher (p = 0.027)
protein retention efficiency than those fed the diet control, whereas fish fed the diet
1.0 g kg~! PEO revealed higher (p = 0.025) hepatosomatic indexes than those fed the diet
control. However, the viscerosomatic index and survival rate were not affected (p < 0.05)
by dietary treatments.
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Table 3. Growth performance of juvenile Nile tilapia fed the experimental diets with graded PEO
levels over eight weeks .

PEO (g kg1 Diet) p-Value
Parameter SEM
0 (Control) 0.20 0.40 0.60 0.80 1.00 Linear? Quadratic? Dunnett?

BWG 17.40 20.26* 20.85* 20.03* 19.89* 18.44 0.280 0.577 <0.001 <0.001
RFI 5.56 3.80 * 4.44* 4.18* 4,74 * 497 0.138 0.898 0.001 <0.001
FCR 1.67 1.14* 1.34* 1.26* 143 * 1.50 0.041 0.898 0.001 <0.001
PRE 9.14 7.27 8.75* 791 8.89 8.69 0.195 0.669 0.158 0.027
VSI 10.10 10.50 10.52 9.89 10.66 10.97 0.144 0.158 0.432 3.13
HSI 1.33 1.52 147 1.33 1.45 1.55* 0.026 0.169 0.694 0.025
SUR 100.00 100.00  100.00  100.00  100.00  100.00 0.000 0.147 0.175 0.446

Abbreviations: PEO: peppermint essential oil; BWG, body weight gain (g); RF], relative feed intake (% body
weight per day); FCR, feed conversion ratio; PRE, protein retention (%) efficiency; VSI, viscerosomatic index (%);
HSI, hepatosomatic index (%); SUR, survival (%); SEM, pooled standard error of the means. 1 Data are means of
four replicates (tanks). 2 Orthogonal polynomials were used to evaluate linear and quadratic responses to the
levels of dietary PEO. 3 Means with * superscripts differ significantly from the control diet (PEO =0 g kg~! diet)
by Dunnett’s test (p < 0.05).

A 5. y = -10.928x + 11.399 + 17.785
. - R?=0.6759
* L 4
S *
21 4 *
20 | ]
Q :
S 19 :
) :
18 - '
17 4 ]
E Ymax = 0.52 g kg™ diet
v
T ‘ T T T T
0.0 0.2 04 0.6 0.8 1.0
Peppermint essential oil (g kg™)
B 2.0 4
y = 1.2933x’ ~1.3094x + 1.5695
R? = 0.4234
1.8
xr 1.6
(&)
[T
1.4
1.2 A
$ Ymin = 0.51 g kg™ diet
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Peppermint essential oil (g kg™)

Figure 2. Fitted orthogonal polynomial contrast for quadratic plots of body weight gain (BWG; (A))
and feed conversion ratio (FCR; (B)) as a function of the level of peppermint essential oil in diets
for juvenile Nile tilapia. Each dot point represents the mean of each replicate, and superscripts
(*) indicate significant differences from the control diet (peppermint essential oil =0 g kg_l) by
Dunnett’s test (p < 0.05).
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3.2. Whole-Body Composition

Whole-body compositions of juvenile Nile tilapia fed the experimental diets are shown
in Table 4. Whole-body crude lipids (p < 0.001; R? = 0.658) and gross energy decreased
linearly according to increased PEO inclusion. Considering Dunnet’s test, fish fed 0.20 to
1.0 g kg~! PEO showed lower (p < 0.001) whole-body crude lipids than those fed the diet
control. However, dietary treatments unaffected whole-body moisture, crude protein, and
mineral matter (p > 0.05).

Table 4. Body compositions (g kg~!) of juvenile Nile tilapia fed the experimental diets with graded
PEO levels over eight weeks 1.

PEO (g kg1 Diet) p-Value
Parameter SEM
0 (Control) 0.20 0.40 0.60 0.80 1.00 Linear? Quadratic?  Dunnett3
MO 741.48 74127 73993 73986  746.91 747.81 1.25 0.057 0.142 0.426
CP 163.73 166.13  164.04 168.06  164.56 80.53 14.28 0.140 0.172 0.464
CL 56.04 5208* 52.25* 51.55* 49.07* 49.25* 054  <0.001 0.181 <0.001
MM 42.02 43.58 42.70 43.07 42.06 43.12 0.20 0.760 0.531 0.158
GE 5.72 5.71 5.71 5.64 531 5.39 0.03 0.012 0.928 0.102
Abbreviations: PEO: peppermint essential oil; MO, moisture; CP, crude protein; CL, crude lipids; MM, mineral
matter; GE, gross energy (kcal kgfl); SEM, pooled standard error of the means. 1 Data are means of four replicates
(tanks). 2 Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of dietary
PEO. 3 Means with * superscripts differ significantly from the control diet PEO=0g kg’1 diet) by Dunnet’s test
(p < 0.05).
3.3. Activity of Digestive Enzymes
Table 5 shows the activities of digestive enzymes of juvenile Nile tilapia fed diets with
graded levels of PEO. The activities of the amylase (p < 0.001; R? = 0.686; Ymax. = 0.54 g kg !
diet) and protease (p = 0.003; R? = 0.449; Ymax. = 0.39 g kg~! diet) enzymes increased
in a quadratic manner (Figure 3). However, lipase enzyme activity increased linearly
(p < 0.001; R? = 0.658), with graded levels of dietary PEO inclusion. Based on Dunnett’s
test, fish fed diets with 0.2 to 0.8 g kg ! diets of PEO showed higher (p < 0.001) activities of
lipase, whereas only fish fed the diet with 0.4 g kg ™! of PEO revealed higher (p < 0.001)
activities of protease than those fed the diet control. Differently, fish fed the 0.2 to 1.0 g kg !
diet of PEO showed higher (p < 0.001) than those fed the diet control.
Table 5. The gut activity of the digestive enzyme of juvenile Nile tilapia fed the experimental diets
with graded PEO levels over eight weeks 1.
PEO (g kg~ Diet) p-Value
Parameter SEM
0 (Control) 0.20 0.40 0.60 0.80 1.00 Linear 2 Quadratic 2 Dunnett 3
AML 211.40 316.14*  287.63*  335.81*  319.53* 239.00 10.148 0.356 <0.001 <0.001
PTA 0.74 0.79 1.04 * 0.77 0.66 0.60 0.035 0.051 0.003 <0.001
LPA 87.34 105.93 * 98.19 * 99.34 * 102.78 * 14549 * 4.066 <0.001 0.007 <0.001

Abbreviations: PEO: peppermint essential oil; AML, amylase (U dL~! mg protein~!); PTA, protease
(Umg protein’l); LPA, lipase (U dL! mg proteinfl); SEM, pooled standard error of the means. I Data are
means of four replicates (tanks). 2 Orthogonal polynomials were used to evaluate linear and quadratic responses
to the levels of dietary PEO. 3 Means with * superscripts differ significantly from the control diet (PEO =0 g kg~!
diet) by Dunnett’s test (p < 0.05).

3.4. Biochemical Parameters

Plasma biochemical parameters of juvenile Nile tilapia fed the experimental diets
are shown in Table 6. Plasma glucose (p = 0.013; Ymax. = 0.66 g kg~! diet; R? = 0.463),
triacylglycerol (p < 0.001; Ymax. = 0.47 g kg ! diet; R? = 0.579), cholesterol (p = 0.013; Ymax.
=0.49 g kg~! diet; R? = 0.263), HDL (p = 0.002; Ymax. = 0.42 g kg~! diet; R? = 0.439),
LDL (p = 0.021; Ymax. = 0.64 g kg~ ! diet; R? = 0.332), and hepatic glycogen (p = 0.028;
Ymax. = 0.64 g kg~ ! diet; R? = 0.332) contents increased in a quadratic pattern according
to graded dietary PEO levels. Based on Dunnett’s test, fish fed the diet with 0.6 g kg™!
PEO showed higher plasma triacylglycerides (p < 0.001), total cholesterol (p = 0.007), HDL
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(p <0.001), LDL (p < 0.001), and higher hepatic glycogen (p = 0.010) than those fed diet
control. Conversely, fish fed the 0.6 and 0.8 g kg ~! PEO plasmatic presented lower plasma
glucose than those fed the diet control.
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Figure 3. Fitted orthogonal polynomial contrast for quadratic plots of enzymatic activity of amy-
lase (A) and protease (B) in the gut as a function of the level of peppermint essential oil in diets
of juvenile Nile tilapia. Each dot point represents the mean of each replicate, and superscripts (*)
indicate significant differences from the control diet (peppermint essential oil = 0 g kg~ ') by Dunnett’s
test (p < 0.05).
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Table 6. Plasma biochemical parameters (mg dL ') and hepatic glycogen content (mg 100 mg~!
tissue) of juvenile Nile tilapia fed the experimental diets with graded PEO over eight weeks 1

PEO (g kg~ Diet) p-Value

Parameter

0 (Control)

SEM
0.20 0.40 0.60 0.80 1.00 Linear 2 Quadratic 2 Dunnett 3

GLU
TCG
CHO
HDL
LDL
GLG

71.08
76.13
99.00
16.00
13.25
29.30

69.22 68.00 62.33 * 66.33 * 67.38 0.664 0.018 0.013 0.002
96.07 * 105.95 * 91.50 * 80.63 81.88 2.201 0.489 <0.001 <0.001
113.63 116.20*  117.88* 98.33 106.50 2.198 0.885 0.013 0.007
19.13 % 18.50 * 19.20 * 14.80 16.00 0.395 0.132 0.002 <0.001

10.87 11.50 11.72 11.25 9.38 * 0.927 0.080 0.021 <0.001

33.17 32.56 37.00 * 32.62 33.71 0.642 0.057 0.028 0.010

Abbreviations: PEO: peppermint essential oil; GLU, glucose; TCG, triacylglycerol; CHO, cholesterol; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; GLG, glycogen; SEM, pooled standard error of the means.
1 Data are means of four replicates (tanks). 2 Orthogonal polynomials were used to evaluate linear and quadratic
responses to the levels of dietary PEO. ® Means with * superscripts differ significantly from the control diet
(PEO =0 g kg~ ! diet) by Dunnett’s test (p < 0.05).

3.5. Oxidative Stress Indicators

Data on liver oxidative stress responses of juvenile Nile tilapia fed the experimental
diets are shown in Table 7. The activity of the SOD (p = 0.004; Ymax. = 0.58 g kg~! diet;
R? = 0.390) and CAT (p < 0.001; Ymax. = 0.52 g kg ! diet; R? = 0.499) enzymes increased,
whereas MDA (p = 0.001; Ymax. = 0.40 g kg ! diet; R? = 0.535) and nitric oxide (p = 0.006;
Ymax. = 0.63 g kg~ ! diet; R? = 0.607) contents decreased in a quadratic pattern (Figure 4).
However, the activity of GST CP and H,O; contents was unaffected (p > 0.05) by dietary
treatments. Based on Dunnett’s test, fish fed 0.2 and 0.6 g kg~! PEO showed higher
(p < 0.001) activities of the CAT enzyme than those fed diet control. Additionally, fish fed
the diets of 0.4 and 0.6 g kg~! PEO showed higher activity of SOD (p = 0.011) and lower
(p = 0.020) MDA and nitric oxide (p = 0.044) than those fed diet control. However, there
were no effects of dietary treatments on the activities of the GST (p = 0.890) enzymes and
the CP (p = 0.580) and hydrogen peroxide (p = 0.890) contents.

Table 7. Antioxidant enzyme activity and MDA, CP, NO, and H;O, contents in the liver (mg 100
mg~! tissue) of juvenile Nile tilapia fed the experimental diets with graded PEO levels over eight
weeks 1.

PEO (g kg1 Diet) p-Value

Parameter

0 (Control)

SEM
0.20 0.40 0.60 0.80 1.00 Linear 2 Quadratic 2 Dunnett 3

SOD
CAT

120.03
456.90
0.24
10.18
2.49
18.20
185.94

150.37 217.91* 216.72* 161.23 171.74 11.825 0.161 0.014 0.011
1219.36 * 1315.44 * 1126.86 * 785.04 877.86 92.017 0.650 <0.001 <0.001
0.34 0.14 0.28 0.24 0.25 0.044 0.923 0.861 0.890
9.57 5.89 * 6.71* 12.24 15.20 0.840 0.046 0.001 0.020
1.78 3.14 2.47 2.36 1.62 0.249 0.531 0.298 0.580
12.89 8.12% 6.55 * 8.85* 10.82 1.198 0.036 0.006 0.044
188.19 177.69 181.19 182.43 181.24 2.469 0.474 0.607 0.890

Abbreviations: PEO: peppermint essential oil; SOD, superoxide dismutase (U SOD mg protein'); CAT, catalase
(U CAT mg protein™!); GST, glutathione S-transferase (umol min—! g ~1); MDA, malondialdehyde (umol L1
mg protein™!); CP, carbonyl protein (nmol mg protein—1); NO, nitric oxide (umol mg~"! protein—!); HyO,, hydro-
gen peroxide (mmol L~1); SEM, pooled standard error of the means. ! Data are means of four replicates (tanks).
2 Orthogonal polynomials were used to evaluate linear and quadratic responses to the levels of dietary PEO.
3 Means with * superscripts differ significantly from the control diet (PEO = 0 g kg~! diet) by Dunnett’s test
(p <0.05).
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Figure 4. Fitted orthogonal polynomial contrast for quadratic plots of activity of catalase (A) and
nitric oxide content (B) in the liver as a function of the level of peppermint essential oil in diets of
juvenile Nile tilapia. Each dot point represents the mean of each replicate, and superscripts (*) indicate
significant differences from the control diet (peppermint essential 0il=0g kg*1 diet) by Dunnett’s
test (p < 0.05).

4. Discussion

Dietary supplementation with PEO improved the condition of Nile tilapia juveniles,
as evidenced by increased weight gain, feed conversion, specific growth rate, and protein
efficiency rate. These findings may be related to PEO’s impact on intestinal motility and
digestive enzyme secretion [14,15], as well as on the gut microbiota and morphology,
potentially leading to an improvement in a fish’s digestive and absorptive capacity [25].

Previous studies, with products derived from M. piperita and with the active ingre-
dient menthol, illustrated the beneficial effects of this plant on animal growth. Dietary
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supplementation with 30 g kg~! ethanol extract of M. piperita improved body weight gain,
specific growth rate, and feed conversion rate of R. frisii kutum [24] and S. trutta caspius [25].
Likewise, levels of 2.2 to 3.0 g kg ~! of menthol essential oil in the diets improved weight
gain and feed conversion of Nile tilapia exposed to acute ammonia [15] and weight gain
and specific growth rate when reared in intensive systems [3]. However, few studies
have evaluated PEO as a feed additive. Ref. [21] evaluated dietary supplementation with
levels of 0.75, 1.25, and 2.50 g kg ~! of PEO after challenging Streptococcus agalactiae, but
no effect was observed on the growth performance of Nile tilapia. Therefore, the differ-
ence observed in our results may have been related to the optimal cultivation conditions.
Furthermore, in our study, the active ingredients menthol and menthone were in higher
concentrations (46.5% menthol and 26.2% menthone) compared to the aforementioned
study (33.8% menthol and 15.2% menthone).

Although the inclusion of PEO in the diet altered the hepatosomatic index of juvenile
Nile tilapia fed with 1.0 g kg ! of PEO in this study, higher hepatic glycogen contents were
observed in the organs of fish fed with 0.60 g kg~!. Concomitantly, fish fed this level of
PEO showed reduced plasma glucose levels. This was probably due to the increase in
carbohydrate digestion and glucose absorption by these animals, which promoted increased
energy reserves stored in the liver. This result may have been related to improvements in
glucose metabolism. Ref. [23] correlated the decrease in plasma glucose of L. calcarifer fed
with 4.0 and 5.0 g kg ! of powdered M. piperita leaves, with the increase in insulin activity
induced by peppermint.

The higher plasmatic levels of cholesterol, triglycerides, LDL, and HDL found in
juveniles fed diets containing intermediate levels of PEO (0.4 to 0.6 g kg~!) may have
been related to increased digestion and absorption of nutrients, as there were increased
activities of the total digestive enzymes protease, lipase, and amylase. Greater protease
activity in the intestine of Nile tilapia [15] and greater amylase activity in the intestine of
S. trutta caspius [25] have also been observed when fish were fed with menthol essential
oil and an extract of M. piperita-supplemented diets, respectively. In the gastrointestinal
tract, phytochemicals and other substances are recognized by specialized endocrine cells,
which respond to the stimulus by activating Ca?* channels operated by voltage-gated
receptors [41]. In the case of PEO, menthol activates a cold-sensitive receptor called
transient receptor potential channel (TRPA1) [42], which promotes muscle relaxation and
triggers the release of CCK and digestive enzymes [13]. The muscle relaxation promoted
by menthol decreases intestinal transit, which, when added to the increases in the activities
of digestive enzymes, can improve nutrient digestibility and absorption by the fish’s
gastrointestinal tract [43], which, consequently, could lead to improvements in fish growth
performance. However, it should be taken into account that the effect of menthol on TRPA1
is bimodal, as higher concentrations lead to reversible blockades of this channel, causing
hypersensitivity [42].

The improvement in the assimilation of nutrients, promoted by the greater secretion
of digestive enzymes and the action of PEO on the metabolism of glucose and lipids, could
have led to an improvement in the quality of the fish carcass, especially if we think of the
effect of these nutrients as protein-sparing. However, the only change observed in the body
composition of the fish was a reduction in lipid deposition in the body of the fish. Like
other essential oils, PEO is known for its hypolipidemic effects [44]. Melissa officinalis
essential oil, for example, has some active principles similar to PEO, which increase the
expression of genes that encode lipoprotein lipases and fatty acid transport proteins [41].
Thus, PEO can act by promoting lipid catabolism, improving the growth and quality of fish
carcasses.

The abundance of phenolic acids, flavones, and flavanones with antioxidant activities
in PEO [45] gives this additive the ability to fight radicals and reduce cell damage caused by
lipid peroxidation and inflammation [17,46]. Therefore, given the metabolic improvements
observed through plasma biochemistry and analysis of energy reserves contained in the
liver, in this study, we also observed that PEO also acted to protect the hepatic tissue. This
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was evidenced by the increased activity of antioxidant enzymes SOD and CAT in fish fed
0.4-0.6 g kg 1. SOD and CAT constitute a crucial part of the cellular antioxidant defense
mechanism [47]. SOD catalyzes the conversion of O~2 into molecular oxygen and Hy,O,
and, subsequently, CAT decomposes H,O; into oxygen [48]. Therefore, it is likely that these
enzymes promoted the reduction in oxidative damage and thus reduced lipid peroxidation,
which is corroborated by the lower production of MDA and NO in these groups. These
results indicate that PEO can thereby improve the antioxidant status and contribute to the
growth potential of fish exposed to stressful farming conditions.

This research found some limitations and needed attention in future studies. Firstly,
understanding the response of environmentally challenged Nile tilapia to PEO supplemen-
tation is crucial for improving the precise utilization of essential oils in future aquafeed
formulations. Furthermore, the dynamic nature of the aquatic environment and its inherent
complexity, with various interacting variables and microbial communities, posed challenges
in isolating the specific effects of PEO. Additionally, measuring and quantifying the precise
concentrations of PEO in the diets and the resulting levels within the fish presented specific
difficulties. Finally, diligent efforts to ensure accurate sampling, variations in feed intake,
and digestion rates among individual fish could have influenced the results obtained in
the current study. Despite these limitations, the study provided valuable insights into the
beneficial effects of PEO on the growth and health of juvenile Nile tilapia.

5. Conclusions

In summary, this study identified a promising natural growth promoter in the form of
PEO as an alternative to conventional synthetic growth promoters in aquaculture. Through
its positive effects on digestion, nutrient utilization, and antioxidant status, PEO signif-
icantly improved the growth performance and body composition of Nile tilapia. These
findings highlighted the potential of incorporating a 0.6 g kg~! diet of PEO as a natural
functional additive in Nile tilapia aquafeeds, thereby contributing to a more sustainable
aquaculture industry.
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