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This study aimed at assessing the effects of dietary Pennyroyal essential oil (PE) supplementation on growth
performance, digestive enzymes, and stress, antioxidant, and immunological responses to an acute stress. Four
Feed . experimental diets containing 0 (C), 100 (100PE), 250 (250PE), and 500 (500PE) mg/kg PE were used in this
gre(:ﬁ:mg stress experiment. The fish were fed with these diets for eight weeks, followed by a 3-h crowding stress (40 kg/m>) and
Biochemistry 24-h recovery. Growth performance, intestinal amylase, lipase, and protease activities, plasma total protein,

albumin, and globulin levels were determined before stress, whereas plasma cortisol, glucose, alanine amino-
transferase (ALT), aspartate aminotransferase (AST), lysozyme, alternative complement (ACH50), total immu-
noglobulin (Ig), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and
malondialdehyde (MDA) were measured before and after stress. Dietary PE supplementation significantly
increased growth performance and digestive enzymes of the fish. The highest growth performance was observed
in 250PE treatment. Highest amylase, lipase and protease activities were observed in 500PE, 250PE, and 250PE/
500PE treatments, respectively. Dietary PE significantly increased plasma total protein, albumin, and globulin
and decreased plasma triglyceride and cholesterol levels. Dietary PE supplementation significantly decreased
cortisol, glucose, ALT, AST, and MDA before the crowding stress and mitigated the elevations in these parameters
after stress. On the other hand, dietary PE significantly increased plasma lysozyme, ACH50, total Ig, SOD, CAT,
and GPx before stress and mitigated the alteration in these parameters after stress. In conclusion, dietary PE at
250 mg/kg is recommended for common carp feed, as it improve growth performance, digestive enzymes’ ac-
tivities, and physiological and immunological responses to acute stress in fish.

1. Introduction of fish nutrition has increased in the recent decades, leading to devel-

opment of functional feeds (Lee et al., 2015). However, there are many

Global demand for protein has been increasing along with increase in
the world population. Thus, agriculture sectors have shown a rapid
growth in quantity to meet the protein demand. Aquaculture is one of
the most important sectors in the food production system, which has
shown rapid progress in recent decades (Garlock et al., 2020). Fish and
shellfish are rich sources of high quality protein, fat, and other micro-
nutrients, which guarantee human health (Vianna et al., 2020). This
rapid expansion of aquaculture has arose a need for functional feed to
assure fast growth and high health of aquatic animals. Therefore, study
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gapes in knowledge that arises the need for further researches.

Stress is common in aquaculture and encompasses of series of in-
ternal physiological alterations that help the animal to re-establish ho-
meostasis (Arab-Bafrani et al., 2022). Stress has negative effects in fish
including growth retardation, immunosuppression, oxidative stress, and
tissue damage (Kumar et al., 2020; Roychowdhury et al., 2020; Ciji and
Akhtar, 2021). Increase in aquaculture production has been accompa-
nied by various stresses in aquaculture facilities, for example crowding
stress. Increase in stocking density to have higher yield per unit of area
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Table 1

Ingredients and chemical composition of the basal diet.
Ingredients Percentage Proximate composition Percentage
Fishmeal® 150 Dry matter 86.16
Meat meal? 200 Crude protein 37.35
Soybean meal 210 Crude lipid 6.23
Wheat meal 320 Ash 6.24
Fish oil 7 Energy (kcal/kg) 4103.50
Soybean oil 7
Corn flour 89
L-Lysine® 7
L-Methionine® 5
Vitamin premix* 2.5
Mineral premix® 2.5

1- Pars kilka Co., Mazandaran, Iran (Kilka powder analysis; Protein: 70-72%,
Fat: 8-11%, Ash: 11.6%, Moisture: 7-9%).

2- Makianmehr Co., Golestan, Iran.

3- Morghenojan.Co., Tehran, Iran.

4- Vitamin premix (per kg of diet): vitamin A, 2000 IU; vitamin B1 (thiamin), 5
mg; vitamin B2 (riboflavin), 5 mg; vitamin B6, 5 mg; vitamin B12, 0.025 mg;
vitamin D3, 1200 IU; vitamin E, 63 mg; vitamin K3, 2.5 mg; folic acid, 1.3 mg;
biotin, 0.05 mg; pantothenic acid calcium, 20 mg; inositol, 60 mg; ascorbic acid
(35%), 110 mg; niacinamide, 25 mg.

5- Mineral premix (per kg of diet): MnSO4, 10 mg; MgSO4, 10 mg; KCl, 95 mg;
NacCl, 165 mg; ZnSO4, 20 mg; KI, 1 mg; CuSO4, 12.5 mg; FeSO4, 105 mg; Co, 1.5
mg.

and fish crowding stress due to routine aquaculture practices threaten
the fish health (Santos et al., 2021). Therefore, it worth seeking for
methods to improve fish growth and health and mitigate the negative
effects of stress in aquaculture. Medicinal herbs are a class of feed ad-
ditives with a variety of biological effects. These herbs contain various
phytochemicals that affect physiological pathways in fish (Elumalai
et al., 2021). Dietary supplementation with medicinal herbs and their
bioactive compounds results in improved digestive enzymes’ activity,
growth promotion, stress mitigation, antioxidant capacity and immune
boosting, and disease resistance (Hernandez-Contreras and Hernandez,
2020; Hoseinifar et al., 2020; Taheri Mirghaed et al., 2020). In this re-
gard, various medicinal plants and their bioactive compounds have been
investigated in different fish, but there is a need for further study on new
plants.

Pennyroyal, Mentha pulegium, is a medicinal plant native to Europe,
North Africa, and Middle East (Mahboubi and Haghi, 2008). Leave and
flower of this plant have been traditionally used for medicinal purposes,
because of the antiseptic, antioxidant, and cytotoxic properties (Mah-
boubi and Haghi, 2008). The main ingredient of pennyroyal oil is
pulegone, which is a known antioxidant (El-Ghorab, 2006), antimicro-
bial (Flamini et al., 1999), and anxiolytic (Silveira et al., 2014) agent.
Despite such benefits of pennyroyal, there is information regarding its
application as feed supplement in aquaculture. Therefore, the present
study aimed at investigating the effects of dietary pennyroyal essential
oil (PE) on growth performance, digestive enzymes, and stress, antiox-
idant and immunological responses to an acute stress in common carp,
Cyprinus carpio.

2. Materials and methods
2.1. Experimental diets

Four experimental diets containing 0 (C), 100 (100PE), 250 (250PE),
and 500 (500PE) mg/kg PE were used in this experiment. PE was pur-
chased from Dr. Soleimany Giahessence Co. (Gorgan, Iran), which
contained 80.5% pulegone (analyzed by GC-MS). The feedstuffs were
mixed together and PE was added to this mixture after combining with
the dietary oils. The feedstuffs’ mixture was moisturized by adding 400
g/kg water and the resultant dough was passed through a mesh to form
feed pellets. The pellets were dried against a fan blower overnight. All

Aquaculture Reports 30 (2023) 101574

diets were analyzed for proximate composition according to AOAC
(2005). The ingredients and chemical composition of the basic diet were
presented in Table 1.

2.1.1. Experimental protocol

Common carp juveniles were purchased from a local farm and
transported to our aquaculture laboratory (Gonbad Kavous University).
Four hundred fish (~ 13 g) were stocked in one 1000-L tank and fed a
commercial diet over a 2-week period to acclimatize to the laboratory
conditions. Subsequently, 360 healthy fish of comparable size were
divided into four experimental groups with three replications each, and
placed into 12 tanks of 60 liters capacity. The experimental groups were
fed either C, 100PE, 250PE, or 500PE diet over an 8-week period. The
fish were fed based on 3% of biomass per day, divided into three meals.
The tanks’ biomass was recorded every other week to adjust feed
amount. The tanks’ water was daily renewed by half and all tanks were
continuously aerated. The fish growth parameters including final weight
(FW), feed conversion ratio (FCR), weight gain (WG), and specific
growth rate (SGR) were calculated at the end of the experiment ac-
cording to De Silva and Anderson (1998). Then, intestinal and blood
samples were collected from all treatments. Fish were starved for 24 h
and then exposed to crowding stress for 3 h. Further blood samples were
taken from all treatments after the 3-h stress and 24-h recovery. To
induce the crowding stress, the water level in the tanks were decreased
and the fish density was set at 40 kg/m3 (Adineh et al., 2021b). The fish
were kept at this density for 3 h and allowed to recover by restoring the
water volume. Final sampling was conducted after 24 h recovery.

Weight gain (WG, %) = 100 x (final weight — initial weight)/initial weight

Specific growth rate (SGR, % day_') = 100 x (In final weight — In initial
weight)/days

Feed conversion ratio (FCR, g gfl) = dry feed intake/(final weight —initial
weight)

2.2. Sampling and analysis

Fish were caught from each tank by a dip net and anesthetized in
clove oil bath (100 mg/1) (Yousefi et al., 2021). Then, blood sample was
collected form the caudal vein by heparinized syringe. The plasma of the
blood samples was separated by centrifugation at 4 °C (5000 g; 10 min)
and kept at — 80, to collect the intestinal samples, the whole intestine
was dissected and immediately frozen in liquid nitrogen. After adding
cold distilled water, the samples were homogenized using a homoge-
nizer and then extracted through centrifugation at 4 °C (25,000 g; 20
min) (Yilmaz et al., 2018).

The supernatant was used for digestive enzymes’ analysis (Najde-
gerami et al., 2016). The intestinal amylase activity was determined
using 0.3% soluble starch as substrate (Langlois et al., 1987). The
samples’ lipase activity was determined based on hydrolysis of p-
nitrophenyl myristate as described before (Iijima et al., 1998). AZO-
Casein method was used for the intestinal protease assay, using 1%
casein as substrate (Iversen and Jgrgensen, 1995).

Plasma cortisol levels were measured based on the competitive
ELISA method using a commercial kit provided by IBL Co. (Gesellschaft
fiir Inmunchemie und Immunbiologie). Plasma glucose, total protein,
albumin, triglyceride, and cholesterol levels were determined colori-
metrically, using commercial kits supplied by Pars Azmun Co. (Tehran,
Iran). Plasma ALT and AST activities were determined kinetically, using
Pars Azmun Co. kits.

Plasma lysozyme activity was determined based on lysis rate of
Micrococcus luteus according to Ellis (1990). Phosphate buffer (pH 6.2)
was used as reaction medium and decrease in absorbance was recorded
for 3 min at 450 nm. One unit of lysozyme activity was equal to 0.001
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Table 2
Growth performance of common carp fed PE-supplemented diets over eight
weeks.

C 100PE. 250PE. 500PE
W (g) 13.66 + 0.06  13.40 +0.07  13.45+0.06  13.32 + 0.06
FW (2) 24.79 + 26.96 +0.08°  29.20 + 0.06°  27.78 + 0.07°
0.10°
WG (%) 81.54 + 101.49 + 117.46 + 108.82 +
0.65° 0.82° 1.08¢ 1.03¢
SGR (%/d)  1.06 + 1.24 £0.006>  1.38 +0.009  1.31 + 0.009°
0.006°
FCR 1.89 +£0.02¢  1.57 £0.007°  1.36 + 0.009°  1.46 + 0.010°
Survival 100 100 100 100

(%)

Different letters within a row indicate significant difference among the treat-
ments (n = 3 tank; Duncan). Data are presented as mean + SEM. Data was
analyzed through one-way ANOVA besides Duncan comparisons.

C: control group; 100PE, 250PE, and 500PE mean 100, 250 and 500 mg/kg
pennyroyal essential oil.

unit decrease in absorbance per minute. Plasma alternative complement
activity (ACH50) was determined based on Yano (1992). Hemolysis
rates of the plasma samples were determined against sheep erythrocytes
used for ACH50 calculation. Plasma total immunoglobulin (Ig) levels
were determined after precipitation with polyethylene glycol according
to Siwicki and Anderson (1993).

Plasma catalase (CAT) activity was determined according to Goth
(1991) by measuring the rate of hydrogen peroxide decomposition.
Plasma superoxide dismutase (SOD), glutathione peroxidase (GPx), and
malondialdehyde (MDA) were determined using commercial kits pro-
vided by ZellBio GmbH Co. (Veltinerweg, Germany). SOD activity was
assessed based on the rate of the cytochrome C reduction; whereas, GPx
activity was determined based on the oxidation of glutathione. MDA
level was determined based on the reaction with thiobarbituric acid at
95 °C.

2.3. Statistical analysis

Growth, digestive enzymes, and plasma total protein, albumin,
globulin, triglyceride, and cholesterol levels were analyzed by one way
ANOVA and Duncan tests, after confirmation of normality (Shapiro-
Wilk’s test) and variance homogeneity (Levene’s test). Plasma cortisol,
glucose, ALT, AST, SOD, CAT, GPx, MDA, lysozyme, and total Ig were
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analyzed by two way ANOVA (dietary PE x sampling times), after
confirmation of normality (Shapiro-Wilk’s test) and variance homoge-
neity (Levene’s test). Plasma ACH50 data did not meet the ANOVA
assumption, so log-transformed before running two way ANOVA and
Duncan tests. All analyses were conducted in SPSS v.22 and the data
were presented as mean + SEM.

3. Results

All PE-treated treatments exhibited significantly higher final weight,
weight gain, SGR, and FCR, compared to C treatment. The highest final
weight, weight gain, SGR, and lowest FCR were observed in 250PE
treatment (Table 2). There was no mortality during the study in any
treatments (Table 2).

All PE-treated fish exhibited significantly higher intestinal amylase,
lipase, and protease activities, compared to C treatment. The highest
amylase and lipase activities were observed in 500PE and 250PE treat-
ments, respectively. The highest protease activity was observed in
250PE and 500PE treatments (Fig. 1).

Plasma total protein, albumin, and globulin levels in 250PE and
500PE were significantly higher than C treatment and the highest values
were related to 250PE treatment. All PE-treated fish exhibited

Table 3
Plasma biochemical parameters of common carp fed PE-supplemented diets over
eight weeks.

¢ 100PE 250PE. 500PF. P

Total protein (g/  2.60 2.71 3.16 2.99 < 0.001
dn) +0.01° +0.02° +0.02° +0.02°

Albumin (g/dL)  1.14 1.21 1.39 1.30 < 0.001
+ 0.00° +0.02° +0.02¢ +0.01°

Globulin (g/dL)  1.46 1.50 1.77 1.69 <0.001
+0.01° +0.02° + 0.00° +0.01°

Triglyceride 158 105 131 135 < 0.001
(mg/dL) + 3.07° +1.23° +1.45° +1.14°

Cholesterol 121 109 93.1 97.0 < 0.001
(mg/dL) +0.64¢ +0.39¢ +0.31° +0.80°

Different letters within a row indicate significant difference among the treat-
ments (n =6 fish; Duncan). Data are presented as mean + SEM. Data was
analyzed through one-way ANOVA besides Duncan comparisons.

C: control group; 100PE, 250PE, and 500PE mean 100, 250 and 500 mg/kg
pennyroyal essential oil.

Figure captions
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Fig. 1. Intestinal digestive enzymes’ activity of common carp fed PE-supplemented diets over eight weeks. Different letters above the bars indicate significant
difference among the treatments (n = 6 fish; Duncan). C: control group; 100PE, 250PE, and 500PE mean 100, 250 and 500 mg/kg pennyroyal essential oil.
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Fig. 2. Plasma cortisol (A) and glucose (B) levels of common carp fed PE-supplemented diets over eight weeks and subjected to a 3-h crowding stress. Different
uppercase letters above the bars indicate significant difference among sampling times within each treatment; whereas different lowercase letters above the bars
indicate significant difference among the treatments, within each sampling time (n = 6 fish; Duncan). C: control group; 100PE, 250PE, and 500PE mean 100, 250 and

500 mg/kg pennyroyal essential oil.

significantly lower plasma triglyceride and cholesterol levels, compared
to C treatment. The lowest triglyceride level was observed in 100PE
treatment; whereas, the lowest cholesterol level was observed in 250PE
treatment (Table 3).

Plasma cortisol level in 250PE treatment showed a significant
decrease, compared to C treatment, before the stress. At this time, all PE-
treated fish had similar plasma glucose levels, being significantly lower
than C treatment. Stress resulted significant elevation in the plasma
cortisol and glucose levels in all treatments; however, the PE-treated fish
showed significantly lower plasma cortisol and glucose elevations,
compared to C treatment. The lowest cortisol and glucose levels after
stress (3 and 24 h) were observed in 250PE treatment (Fig. 2A and B).

All PE-treated fish showed similar plasma lysozyme activity and
significantly higher than that of control, before stress. After 3-h
crowding stress, there were significant decreases in the plasma lyso-
zyme activities in all treatments; however, the PE-treated fish exhibited
lower decreases, compared to C treatment. Plasma lysozyme activity
increased in all treatments, 24 h after stress. The lowest and highest
plasma lysozyme activities were related to C and 250PE/500PE treat-
ments at this time, respectively (Fig. 3).

Plasma ACH50 in 250PE and 500PE were significantly higher than C
treatment before stress. After 3-h crowding stress, there were significant
decreases in the plasma ACH50 activities in all treatments; however,
250PE and 500PE treatments exhibited lower decreases, compared to C
treatment. Plasma ACH50 activity in 100PE and 250PE treatments
returned to pre-stress levels, 24 h after the stress (Fig. 3).

Before and after the crowding stress, the PE-treated fish showed
significantly higher plasma total Ig levels, compared to C treatment, and
the highest level was related to 250PE treatment. Plasma total Ig levels
showed significant decrease after 3-h stress with partial recovery after
24 h in all treatments (Fig. 3).

There was no significant difference in plasma ALT activity among the
treatments, before and after 3- stress; however, the stress resulted in
significant increase in plasma ALT activity after 3 h. 24 h after stress,
plasma ALT activity significantly increased in C and 100PE treatments
but decreased 500PE treatment. Both 250PE and 500PE treatments
showed significantly lower plasma ALT activities, compared to C treat-
ment, at this time (Fig. 4).

Before and after the crowding stress, the PE-treated fish showed
significantly lower plasma AST activities, compared to C treatment, and
the lowest activity was related to 250PE treatment. Plasma AST activ-
ities showed significant increase after 3-h stress with partial recovery
after 24 h in all treatments. 250PE and 500PE treatments exhibited
significantly lower plasma AST activities, compared to C treatment 3
and 24 h after stress. At 24-h post stress, the lowest plasma AST activity
was related to 250PE treatment (Fig. 4).

Before the crowding stress, the PE-treated fish showed significantly
higher plasma SOD activity, compared to C treatment, and the highest
level was related to 250PE treatment. After 3-h crowding stress, there
were significant decreases in the plasma SOD activities in all treatments,
except 500PE. At this time, 250PE and 500PE treatments showed
significantly higher plasma SOD activity, compared to C treatment.
Plasma SOD activity in C treatment returned to the pre-stress level,
whereas there was significant elevation in the enzyme’s activity in PE-
treated fish, 24 h after stress (Fig. 5A).

Before and after the crowding stress, the PE-treated fish showed
significantly higher plasma CAT activity, compared to C treatment.
Plasma CAT acidity showed significant elevations in all treatment after 3
and 24 h crowding stress. The highest activity before the stress was
observed in 100PE and 250PE treatments. All PE-treated fish exhibited
similar plasma CAT activity, 3 h after the crowding stress, whereas the
highest activity after 24 h was related to 250PE treatment (Fig. 5B).

Plasma GPx activity in 250PE and 500PE were significantly higher
than C treatment before stress. After 3-h crowding stress, there were
significant decreases in the plasma GPx activities in all treatments;
however, 250PE and 500PE treatments exhibited lower decreases,
compared to C treatment. Plasma GPx activity in 250PE treatments
returned to pre-stress levels, 24 h after the stress. The PE-treated fish had
significantly higher plasma GPx activities than C treatment, both after 3
and 24 h stress (Fig. 5C).

Stress significantly increased the plasma MDA levels in C treatment,
after 3 and 24 h; however, 250PE treatment exhibited no change in the
plasma MDA after stress. At both sampling time, the lowest plasma MDA
level was related to 250PE treatment. The plasma MDA levels in 100PE
and 500PE treatments significantly increased 3 or 24 h after stress
(Fig. 5D).
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Fig. 3. Plasma lysozyme (A), ACH50 (B), and total Ig levels (C) of common carp fed PE-supplemented diets over eight weeks and subjected to a 3-h crowding stress.
Different uppercase letters above the bars indicate significant difference among sampling times within each treatment; whereas different lowercase letters above the
bars indicate significant difference among the treatments, within each sampling time (n = 6 fish; Duncan). C: control group; 100PE, 250PE, and 500PE mean 100,

250 and 500 mg/kg pennyroyal essential oil.

4. Discussion

Fish have shown different growth responses to dietary phytobiotic
supplementation. In common carp, some phytobiotics have presented
growth-promoting effects, such as juniper berry oil (Kesbi¢, 2019),
Malva sylvestris extract (Bilen et al., 2020), and curcumin (Giri et al.,
2019); however, there are other phytobiotics without such benefits in
this species (Paray et al., 2020; Rajabiesterabadi et al., 2020b; Hoseini
et al., 2021a; Hoseini et al., 2021b). The present study have demon-
strated that PE can promote growth performance and feed efficiency in
common carp, particularly in 250PE treatment. Although the exact
mechanisms of such a benefit are not clear, but 250PE treatment
exhibited elevations in digestive enzymes’ activity and stress suppres-
sion. Improve in digestive enzymes’ activity may result in higher
digestion and nutrient retention and previous studies have shown such a
relationship between digestive enzymes’ activity and growth perfor-
mance in fish/shrimp fed phytobiotic supplemented diets (Anand et al.,

2013; Adineh et al., 2021a; Wangkahart et al., 2022). Besides, 250PE
significantly decreased cortisol and glucose levels, suggesting lower
energy expenditure and higher energy available for growth. Such
anti-stress and growth promoting effects have been previously reported
in common carp, fed phytobiotic-supplemented diets (Yousefi et al.,
2021; Hoseini et al., 2022). Additionally, supplementing the diet of ju-
venile pirarucu with 2.0 mL/kg of sweet basil Ocimum basilicum essential
oil led to enhanced growth performance, as evidenced by improvements
in final weight, weight gain, specific growth rate, condition factor, and
feed conversion ratio. Furthermore, this supplementation resulted in
decreased plasma urea levels and increased plasma albumin and total
protein levels. Nevertheless, it did not have any impact on plasma
glucose, cortisol, and acid uric levels (Chung et al., 2020).

Apart from the mentioned cases, the results may be attributed to the
high concentration of Pulegone present in the essential oil of pennyroyal
supplied for this study, which exceeded 80%. Pulegone is a naturally
occurring organic compound found in various plant species, including
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Fig. 4. Plasma alanine aminotransferase (ALT) (A) and aspartate aminotransferase (AST) (B) activity of common carp fed PE-supplemented diets over eight weeks
and subjected to a 3-h crowding stress. Different uppercase letters above the bars indicate significant difference among sampling times within each treatment;
whereas different lowercase letters above the bars indicate significant difference among the treatments, within each sampling time (n = 6 fish; Duncan). C: control
group; 100PE, 250PE, and 500PE mean 100, 250 and 500 mg/kg pennyroyal essential oil.

mint and pennyroyal (El-Ghorab, 2006; Silveira et al., 2014). The
mechanism by which pulegone might increase the growth performance
of common carp is not yet fully understood, as there is limited research
on this topic. However, pulegone has been reported to have antimicro-
bial properties, which could potentially improve the gut health of fish. A
healthy gut microbiota can enhance nutrient absorption and utilization,
leading to improved growth performance. Therefore, it is possible that
pulegone may have improved the gut health of common carp, leading to
increased growth (Ringg et al., 2016; Kaur et al., 2018). Improved
digestive enzymes in this study can confirm this hypothesis. Addition-
ally, pulegone has been reported to have anti-inflammatory properties,
which could reduce the stress response in fish. Stress can negatively
impact fish growth, so reducing stress through the consumption of
pulegone may have led to improved growth performance in common
carp (Nam et al., 2013).

Plasma proteins are mainly synthetized in the liver (Haschek et al.,
2009) and have a variety of physiological roles, including antioxidant,
immunological, carrying, etc. functions. Therefore, plasma proteins are
used as indicators of welfare and hepatic health in fish. According to the
present study, PE is capable to improve the hepatic health in common
carp, particularly at 250 mg/kg diet. Supporting this, plasma ALT and
AST activities in 250PE treatment were significantly lower than the
other treatments. ALT and AST are concentrated in hepatocytes and are
leaked into the blood stream, if the cells are damaged (Ghelichpour
et al., 2017). Similarly, dietary inclusion of Nigella sativa meal (Yousefi
et al., 2020b) and Artemisia absinthium extract (Yousefi et al., 2021) have
increased plasma proteins’ level and decreased ALT and AST activities.

Plasma lipid levels depend on many factors, including dietary fat,
dietary supplements, hepatic health, and cell health (Haschek et al.,
2009). There is a body of evidence suggesting that plasma triglyceride
and cholesterol levels increase, when fish are exposed to toxic substance
(Hoseini et al., 2014; Mazandarani and Hoseini, 2017; Elbialy et al.,
2021) or are reared under unfavorable conditions (Abdel-Tawwab et al.,
2021). Therefore, the decreases in triglyceride and cholesterol levels in
PE-treated fish suggest that dietary PE supplementation favored the
conditions for these fish. On the other hand, phytobiotics are known as
lipid-lowering agents and studies on common carp have shown phyto-
biotic such as licorice (Adineh et al., 2021b) or Rosmarinus officinalis

extract (Chelemal Dezfoulnejad and Molayemraftar, 2022) decrease
plasma cholesterol and triglyceride levels. Studies on non-aquatic ani-
mals have shown that pennyroyal administration lower blood choles-
terol and/or triglyceride levels (Shamlo et al., 2014; Farid and Eddouks,
2020). Therefore, lower triglyceride and cholesterol levels in PE-treated
fish might be due to improved fish health and/or hypolipidemic effects
of PE.

Stress is common in aquaculture, which deteriorates the immune
strength and induces oxidative stress (Yousefi et al., 2016; Fazelan et al.,
2020b). Cortisol is the main stress hormone in fish that secreted from the
interrenal cells, following stimulation by adrenocorticotropic hormone.
This a primary stress response that occurs within a short time after stress
(Barton, 2002). Cortisol stimulates gluconeogenesis in the liver to pro-
vide required glucose and energy source to cope with the stress, so hy-
perglycemia is a secondary responses of fish after stresses (Hoseini et al.,
2011). Elevated energy expenditure is accompanied by higher rate of
cell respiration and production of pro-oxidants, which increase the risk
of oxidative stress. To deal with such conditions, the antioxidant system
should work well to prevent oxidative stress. SOD is the main antioxi-
dant enzymes in cell respiration that prevent oxidative stress derived
from excess superoxide ion accumulation (Perry et al., 2010). SOD
breakdowns superoxide ions to hydrogen peroxide, which is further
broken-down to water and oxygen by CAT and GPx (Burk and Hill, 2010;
Sepasi Tehrani and Moosavi-Movahedi, 2018). A decrease in MDA,
accompanied by increase in the antioxidant enzymes’ activities suggest
the activation of the antioxidant system that mitigated oxidative stress.
Accordingly, the highest antioxidant activity was observed in the 250PE
treatment, which also showed lower stress and energy expenditure.
Therefore, it is suggested that dietary PE supplementation can suppress
stress in common carp, which leads to lower oxidative conditions.
Similarly, previous studies have shown that dietary supplementation
with Mentha sp. such as Mentha piperita (Adel et al., 2015; Adel et al.,
2016; Ribeiro et al., 2018) and Mentha longifolia (Gholamhosseini et al.,
2020) improved antioxidant enzymes’ activities and decreased oxida-
tive stress in fish.

Cortisol has strong immunosuppressive effects, which increase the
risk of disease outbreak (Yousefi et al., 2016). Phytobiotics are known
for their anti-stress, antioxidant, and immunostimulant properties,
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Fig. 5. Plasma superoxide dismutase (SOD) (A), catalase (CAT) (B), glutathione peroxidase (GPx) (C), and malondialdehyde (MDA) (D) levels of common carp fed
PE-supplemented diets over eight weeks and subjected to a 3-h crowding stress. Different uppercase letters above the bars indicate significant difference among
sampling times within each treatment; whereas different lowercase letters above the bars indicate significant difference among the treatments, within each sampling
time (n = 6 fish; Duncan). C: control group; 100PE, 250PE, and 500PE mean 100, 250 and 500 mg/kg pennyroyal essential oil.

which cumulatively favor conditions for the host (Zhu, 2020). The
present results demonstrated that dietary PE supplementation can
reduce stress, and improves the immune strength in common carp,
during an 8-week administration period. According to the results,
250 mg/kg PE maximally reduces cortisol, which is accompanied by
increases in humoral immune parameters. These results suggest that
250PE is efficient to reduce stress in common carp, which may be, at
least in part, responsible for higher immune strength. Similarly,
different essential oils such as Oregano vulgare (Zhang et al., 2020),
Ocimum americanum (Sutili et al., 2016), and thyme (Yousefi et al.,
2022) exhibited immunomodulation in fish, when added to diets.
Moreover, common carp has shown lower stress and higher antioxidant

and immune responses, when fed diets supplemented with different
essential oils, including Lavandula angustifolia extract (Yousefi et al.,
2020a), anthraquinone extract from Rheum officinale (Xie et al., 2008),
licorice (Adineh et al., 2021b), and turmeric (Rajabiesterabadi et al.,
2020a).

Stress prompts consecutive negative effects including immunosup-
pression (Taheri Mirghaed et al., 2018a; Taheri Mirghaed et al., 2018bj;
Mirzargar et al., 2022), oxidative stress (Fazelan et al., 2020a; Adineh
et al., 2021a), and tissue damage (Kumar et al., 2020; Roychowdhury
et al., 2020). The present results showed that a 3-h crowding stress
resulted in significant decrease in humoral immune parameters and
dietary PE supplementation suppressed such changes, particularly at
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250 mg/kg. It has been reported that plasma lysozyme, ACH50, and
total Ig levels decrease in common carp under crowding stress. Never-
theless, PE showed immunostimulant properties in common carp, as it
improved basal and post stress plasma lysozyme, ACH50, and total Ig
levels. There is no study on the effects of dietary PE on fish immune
responses; however, the present results are in line with previous studies
regarding the use of Zingiber officinale (Fazelan et al., 2020a) and Arte-
misia annua (Hoseini et al., 2022) in common carp. As plasma lysozyme,
ACHS50, and total Ig are good indicators of disease resistance of fish, it is
speculated that dietary PE at 250 mg/kg may decrease the risk of disease
outbreak after an acute stress in common carp.

It has been reported that high stocking density increases plasma ALT
and AST activity in fish (Abdel-Tawwab et al., 2014; Onxayvieng et al.,
2021). These enzymes are concentrated in cell cytoplasm, particularly in
hepatocytes; therefore, hepatocyte damage leads to leakage of these
enzymes into circulation (Taheri Mirghaed et al., 2017). The present
results showed that the crowding stress induces oxidative stress and
elevates the cortisol and glucose levels in fish, which is in line with Jia
et al. (2016), Mahmoud et al. (2021), and Sahin et al. (2014). When fish
are exposed to crowding stress, it can cause a decrease in oxygen
availability, accumulation of metabolic waste products, and an increase
in the levels of stress hormones such as cortisol. These physiological
changes can lead to a reduction in liver function, resulting in liver
damage and the release of ALT and AST into the bloodstream (Barton,
2002; Ghelichpour et al., 2020). PE and its main compound (pulegone)
exhibited antioxidant and hepatoprotective properties, both before and
after stress, in fish, which has been previously approved in mammals
(Farid et al., 2019; Farid and Eddouks, 2020).

In conclusion, dietary PE potentiates to improve growth performance
of common carp, which is believed to be related to improvement in
digestive enzymes’ activities. Moreover, PE has anti-stress, hypoglyce-
mic, hypolipidemic, antioxidant, and immunostimulant effects in com-
mon carp, which improves the fish health after an acute crowding stress.
Based on the present study, 250 mg/kg PE is suitable for common carp
feed supplementation. Further research is suggested to evaluate the
mechanism of action of PE at the molecular level as well as its protective
effects in fish exposed to infectious agents.
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