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Abstract
The main objective of the present study is to investigate the protective effect of summer savory (Satureja hortensis)
essential oil (SEO) on growth and survival parameters, liver enzymes, immune serum, mucosal immune system and
biochemical profiles of common carp (Cyprinus carpio) exposed to pretilachlor herbicide. Fish with the mean initial
weight of (25.35 ± 0.13 g) assigned to six treatment groups (T1: control treatment; T2: low concentration of toxin (25%
LC50 pretilachlor herbicide); T3: high concentration of toxin (50% LC50 pretilachlor herbicide); T4: 1% SEO; T5: low
concentration of toxin + 1% SEO; and T6: high concentration of toxin + 1% SEO) were fed with experimental diets
containing 1% SEO for 21 days. The results showed that the SEO-containing treatments significantly increased survival
rate compared to the control group (P<0.05). The highest final weight, specific growth rate and feed conversion ratio were
observed in T4 treatment (P<0.05). Glucose levels decreased in the SEO-containing treatments, and the treatment T4

showed a statistical difference with the control group (P<0.05); in treatments exposed to pretilachlor herbicide, the
glucose levels increased compared to the control and there was a significant difference (P<0.05). The highest total
protein content was observed in the treatment T4 containing SEO, which was significantly different from the control
group (P<0.05). Cholesterol and triglyceride levels decreased in SEO-containing treatments so that the lowest level was
found in the treatment T4 (P<0.05). Alternative complement pathway activity (ACH50) showed an increasing trend in SEO-
containing treatments so that the highest level was seen in the treatment T4 (P<0.05). The results revealed that the
activity levels of antioxidant enzymes of superoxide dismutase (SOD) and glutathione peroxidase (GPX) increased in the
SEO-containing treatments compared to the control group and the treatments containing pretilachlor herbicide, and
malondialdehyde (MDA) had the lowest content in the treatment T4, which showed a significant difference with the
control group (P<0.05). The activity of liver enzymes, which indicates tissue damage, showed the lowest level in the
treatment T4, which was statistically different from other treatments (P<0.05). To conclude, the findings of this study
highlighted that the use of SEO in fish exposed to pretilachlor herbicide improves digestion and absorption of nutrients,
promotes better growth, strengthens the immune system of fish and exerts a protective effect for the common carp
species.

1. Introduction
It is widely accepted that the use of herbicides has increased significantly the crop yield. However, following the
increasing use of herbicides in modern agriculture, a large proportion of these herbicides are accumulated in surface
waters through surface runoff, leaching and drift, and is associated with environmental hazards for aquatic organisms
and human health (Jiang et al. 2016; Suchiang 2021). Changes in the chemical composition of aquatic environments
and exposure of fish to pesticides result in behavioral disorders, physiological disorders, histopathological injuries,
hematological alterations, biochemical changes, suppression of the immune system, hormonal disorders, and thus
effects on fish growth, reproduction, and behavior (Gilliom 2007; Solomon et al. 2008; Xu et al. 2011; Srivastava et al.
2016; Soni and Verma 2018; Kumari 2020; Suchiang 2021). In addition, prolonged exposure to pesticides causes death,
physical and morphological changes in fish (Yogesh et al. 2009). Therefore, in the present era, it is inevitable to use
pesticides in agriculture, although their impact on non-target organisms is greater than their impact on the pests of
interest (Suchiang 2021).

Chloroacetamides are among the most widely used herbicides for pre-emergence control of undesirable weeds and
broadleaf weeds in corn, cotton, soybeans and many other crops (Jiang et al. 2016; Soni and Verma 2018). Among these,
one of the most widely used herbicides is pretilachlor with the chemical formula of 2-chloro-2',6' -diethyl-N-(2
propoxyethyl) acetanilide (Partha et al. 2009; Jiang et al. 2016). The pretilachlor is exploited for rapid control during the
unexpected growth of annual grasses and broadleaf weeds in rice fields (Jiang et al. 2016), which will naturally enter
surface waters (Hladik et al. 2008).
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The pollutants weakened the immune system of fish and increased the susceptibility of fish to pathogens (Abdel-
Tawwab et al. 2010; Abdel-Latif et al. 2020; Yousefi et al. 2021b). Toxins and pesticides are the main causes of poisoning
in fish. Of the thousands of chemicals released, pesticides cause high mortality, even at very low concentrations
(Sanchez-fortun and Barahona 2005).

Plant essential oils, with their abundant antioxidant and antimicrobial properties, can exert positive effects on growth
performance, resistance to environmental stress, infectious diseases, stimulation of nonspecific immune system and
some blood parameters in livestock, poultry and aquaculture (Dugenci et al. 2003; Fallahi Kapoorchali et al. 2009; Awad
and Awaad 2017; Abdel-Latif et al. 2020; Mohammadi et al. 2020; Abdel-Tawwab and El-Araby 2021; Ghafarifarsani et al.
2021a; Yousefi et al. 2021a; Yousefi et al. 2021b; Raissy et al. 2022). Improving the flavor of the diet by plant compounds
stimulate growth, cause weight gain, stimulate the secretion of pancreatic enzymes, help digest and absorb important
nutrients (Frankic et al. 2009; Abdel-Tawwab et al. 2010).

The important role of the immune system in maintaining the health of aquatic animals and ensuring their survival and
proper growth during the breeding period, has led researchers to use a variety of chemical and natural compounds that
stimulate and strengthen the immune system (Galina et al. 2009; Pandey et al. 2012; Reverter et al. 2014; Myszka et al.
2019; Alagawany et al. 2021). Numerous studies have shown that various plant extracts increase immunity, including
increased serum complement levels, plasma protein content, serum globulin and lysozyme, as well as growth (Greathead
2003; Wu et al. 2007; Windisch et al. 2008; Alishahi et al. 2011; Harikrishnan et al. 2011; Abdel-Tawwab and El-Araby
2021; Ghafarifarsani et al. 2021a,b; Alagawany et al. 2021; Ghafarifarsani et al. 2022; Raissy et al. 2022). Therefore, food
additives can affect the physiology of fish, including increasing immune responses and health status, improving growth
rate, as well as protecting fish from harmful factors (Hajirezaee et al. 2019). Medicinal plants, including summer savory
(Satureja hortensis), which contain substances that stimulate growth and appetite, as well as boost the immune system
and many other beneficial properties, are used as a suitable alternative to chemical drugs (Akbarzadeh, 2003). The genus
Satureja belongs to the family Lamiaceae (Hernández-Contreras and Hernández 2020), which is widely used in food
preparation and has a special role in the pharmaceutical industry and traditional medicine (Taherian et al. 2019) and is
rich in thymol and carvacrol (Hernández-Contreras and Hernández 2020). Other plants in this family include Thymus
vulgaris, Origanum majorana and Origanum vulgare, which are known to have growth-promoting, antioxidant and
immune-boosting effects in fish (Yousefi et al. 2021b).

Fish, like many other vertebrates, have defense mechanisms to counteract the harmful effects of reactive oxygen species
(ROS) caused by the metabolism of various chemicals or xenobiotics. The first line of defense includes low molecular
weight antioxidants (such as glutathione and vitamins C and E), and the secondary defense mechanism includes
antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT) and
glutathione S-transferase (GST) (Puangkaew et al. 2005; Blahová et al. 2013). Recent studies have shown that the
toxicity of pesticides in fish may be associated with increased ROS production, which causes oxidative damage to
biological systems (Yonar and Sakin 2011). The oxidative stress refers to an imbalance between the production and
neutralization of ROS by antioxidant mechanisms within an organism (Puangkaew et al. 2005; Valavanidis et al. 2006);
specification of antioxidant enzymes can help identify and highlight this stress.

Vertebrate immune systems, including the immune system of osteichthyes, react with certain sensitivities to xenobiotic
exposure. In addition, many fish diseases are related to the quality of the environment and various environmental
pollutants have immunotoxic potential (Betoulle et al. 2000). Because fish change their metabolic function to adapt to
new conditions during stress, analysis of blood biochemical parameters can reveal the physiological state and health of
fish (Agrahari et al. 2007; Silambarasan and Hemalatha 2015).

One of the most important components of the innate immune system in fish is the mucosal immune system. Fish
epidermal mucus contains a variety of biologically active agents such as lysosomes, flavoenzymes, immunoglobulins
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and antimicrobial peptides. Mucous secretions by trapping high concentrations of toxins prevent their introduction into
the fish body (Magnadottir 2006; Subramanian et al. 2007). Therefore, studying the parameters of the mucosal immune
system will help us to understand the biological conditions of fish and reduce the immune function of fish due to stress
caused by pollutants (Magnadottir 2006).

Common carp (Cyprinus carpio) is an economically important species in the world, accounting for 71.9% of freshwater
production, and its production has increased from 2.9 million tons in 2008 to 4.1 million tons in 2017, with an increase of
almost 30% (Mohammadi et al. 2020).

Despite significant progress, the aquaculture sector is always associated with challenges such as changes in water
quality and pollution by pesticides, as well as nutritional problems. In addition, the importance of common carp and
increasing the resistance and improving the immune system of this fish against environmental factors, as well as in
order to increase growth and survival, it seems necessary to use some additives. Accordingly, the present study aimed to
investigate the protective effect of summer savory (Satureja hortensis) essential oil (SEO) on growth and survival
parameters, liver enzymes, immune serum, mucosal immune system and biochemical profiles of common carp (Cyprinus
carpio) exposed to pretilachlor herbicide.

2. Materials And Methods

2.1. Preparation of herbal extract
The SEO was purchased ready-made from Tabib Daru Company (Kashan-Iran). The chemical composition of SEO was
determined by Gas chromatography-Mass Spectrometry (GC-MS, model- Shimadzu-9A), the results of which confirmed
the presence of Carvacrol (29.6%), gamma-Terpinene (26.3%), Para-Cymene (14.1%), alpha-Terpinene (9.7%), Myrcene
(2.5%), alpha-Pinene (2.1%) and alpha-thujene (1.9%).

The basic diet components used (Faradaneh Company, Iran), respectively, including fish meal (10%), soybean meal
(23%), meat meal (21%), wheat meal (40.8%), fish oil (1%), soybean oil (1%), lysin (0.7%), methionine (0.5%), vitamin mix
(1%) and mineral mix (1%); crude protein (37%), crude lipid (6%), crude fiber (6%), digestible phosphorus (1.25%) and
moisture (7%) were thoroughly mixed while adding SEO and water gradually (Ghafarifarsani et al. 2022). The resulting
mixture was pelletized using a meat grinder and dried in a dark place for 24 hours.

2.2. Experimental design
Carp were purchased from the carp sales center in Hashtgerd (Karaj, Iran) and transferred to Mohammad Shahr (Karaj,
Iran) for further testing. After isothermalization and adaptation of the juveniles to the new conditions and feeding on a
basic diet in the form of pellets for two weeks, the fish were examined to ensure the health and natural structure of the
body. After the initial bioassay, 360 completely healthy fish with an initial weight of 25.35 ± 0.13 g were kept in 18
fiberglass tanks (20 fish per tank) for 21 days in a completely randomized design six treatment groups (T1: control
treatment; T2: low concentration of toxin (25% LC50 pretilachlor herbicide); T3: high concentration of toxin (50% LC50

pretilachlor herbicide); T4: 1% SEO; T5: low concentration of toxin + 1% SEO; and T6: high concentration of toxin + 1%
SEO). The fish were fed with basic food (2% of fish body weight) twice.

During the experimental period, the physicochemical factors of reservoir water were measured daily, so that the water
temperature was measured by a thermometer (22.2 ± 0.7°C), the pH value by a portable pH meter (7.6 ± 0.2), and
dissolved oxygen by a digital oxygen meter (6.1 ± 3 mg/L).

The fish were kept in a 12/12 h light/dark cycle. To maintain water quality and to remove waste products, uneaten foods
were siphoned and water was renewed daily.
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2.3. Determination of lethal concentration (LC50) values of
pretilachlor herbicide
In order to perform the main experiment, there was a need to obtain knowledge of the lethal range and acute
concentration of the contaminant on the fish species to determine the subacute test doses. To determine the LC50 value
for pretilachlor herbicide on common carp using the standard method of O.E.C.D (1994), 180 fish were selected as
resident in six treatment groups of 10, each in triplicate (0, 0.75, 1, 2, 4 and 6 mg/L) and placed in 60-liter tanks. The
lethal concentration test lasted 96 hours and the number of deaths was counted at 24, 48, 72, and 96 hours and
recorded. The number of deaths from the time of pollutant induction till 24 hours was considered as the first day
mortality, the number of deaths from pollutant induction till 48 hours as the second day mortality, the number of deaths
from pollutant induction till 72 hours as the third day mortality and the number of deaths from pollutant induction till 96
hours as the fourth day mortality (Hedayati et al. 2015; Shahbazi Naserabad 2017). The physicochemical properties of
the water were controlled, and all conditions were maintained the same during the test period so that different doses of
contamination were the only variable factor. Finally, the number of fish lost was recorded after 24, 48, 72 and 96 hours.
Then, based on the statistical method of Probit program version 0.16, the values of LC10, LC30, LC50, LC70 and LC90 were
calculated for carp (Table 1).

Table 1
Lethal Concentrations (LC10−90) of Pretilachlor depending on

time (24-96h) for Cyprinus carpio (mean ± SE)
Point Concentration (mg/l) (95% of confidence limits)

24h 48h 72h 96h

LC10 2.78 ± 0.12 2.29 ± 0.1 2.04 ± 0.1 1.61 ± 0.09

LC30 3.68 ± 0.12 3.28 ± 0.1 3.01 ± 0.1 2.58 ± 0.09

LC50 4.30 ± 0.12 3.96 ± 0.1 3.68 ± 0.1 3.26 ± 0.09

LC70 4.92 ± 0.12 4.65 ± 0.1 4.35 ± 0.1 3.93 ± 0.09

LC90 5.82 ± 0.12 5.63 ± 0.1 5.32 ± 0.1 4.90 ± 0.09

2.4. Sampling procedure
As mentioned, after 21 days of diet feeding and exposure to pretilachlor herbicide, the fish were bioassayed to assess
growth performance. Serum biochemical, antioxidant and immune responses were also measured and calculated. To this
end, six fish in each treatment were randomly selected to collect blood samples and anesthetized by clove powder (150
ppm) (Ghafarifarsani et al. 2021a).

Thus, the blood samples were taken from the caudal vein of fish using a sterilized 2-mL syringe. To collect serum to
measure biochemical, immune, and antioxidant parameters, the blood samples were immediately transferred to tubes
and allowed to coagulate at room temperature for 30 min. Skin mucus samples were also collected by an indirect
method (Ross et al. 2000; Ghafarifarsani et al. 2021a).

2.5. Growth performance
After feeding the treatments with the specified feed for 21 days, at the end of the experiment, the number of fish losses, if
any, during the study, the consumed feed and the final weight of the fish were recorded. Then, growth indices were
measured using the following equations:
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Weight gain (WG) (g) = initial weight – final weight

Specific growth rate (SGR) (%/d) = ({ln final wt (g) – ln initial wt (g)} / days) × 100

Feed conversion rate (FCR) = total feed given (g) / weight gain (g)

Survival rate (SR) (%) = (final numbers / initial numbers) × 100

2.6. Measurement of biochemical compounds
At the end of the experimental period, six fish were randomly sampled from each experimental tank to analyze and
determine biochemical indicators. The biochemical parameters included total protein (TP), albumin (ALB), glucose (GLU),
cortisol (CORT), triglyceride (TRIG), cholesterol (CHOL) and lactate dehydrogenase (LDH). After drawing blood from the
caudal vein of the fish, blood was poured into a 2-mL eppendorf tube and after centrifugation with a microcentrifuge at a
speed of 1000 × g at 4°C for 5 minutes to obtain the serum. The obtained serum was stored in a freezer at -20°C until
testing biochemical parameters. The values of these parameters were measured by an automated biochemical analyzer
(Roche Hitachi 911 Chemistry Analyzer, Japan). The serum cortisol (CORT) levels were measured by a commercial ELISA
kit (ZellBio, Germany). Finally, the serum globulin (GLO) was also calculated from the difference between total serum
protein and albumin (Naiel et al. 2021).

2.7. Measurement of liver enzymes and antioxidants in blood serum
Antioxidant enzymes, including glutathione peroxidase (GPx), superoxide dismutase (SOD), catalase (CAT), and
malondialdehyde (MDA), were determined using a commercial kit (Berlin, Germany ، ®Zellbio) according to the
manufacturer's protocol (Hoseinifar et al. 2020; Raissy et al. 2022).

The activity levels of liver enzymes including aspartate aminotransferase (AST), alkaline phosphatase (ALP) and alanine
aminotransferase (ALT) were measured by spectrophotometry using commercial kits (Pars Azmun Co., Iran) (Hoseini et
al. 2012, 2018).

2.8. Assessment of parameters related to the mucosal immune
system
In order to collect mucus samples, six fish were randomly sampled from each tank, anesthetized by clove powder
separately, placed in polyethylene zipper bags containing 10 mL of 50 mM sodium chloride for two minutes and then
removed from the bags. The collected mucus samples were transferred to sterile 15-mL centrifuge tubes and centrifuged
for 10 minutes at 4°C and 1500 g; the resulting supernatant was transferred to a 1.5-cc microtube for further analysis
(Vali et al. 2020).

Immunological parameters were analyzed in samples of serum and mucus by using conventional techniques. According
to the slightly modified method of Demers and Bayne (1997), lysozyme activity was determined in serum and mucus
samples. In brief, 0.2 mg/ml of the bacterium (Micrococcus luteus) suspension was prepared with the sodium phosphate
buffer (0.05 M, pH 6.2). Sixty µL of the sample was mixed with the bacterium suspension (2 ml) and incubated for three
minutes, then the absorbance was read after 3 minutes. One unit of lysozyme was considered a decrease of 0.001 per
min in absorbance. Alternative complement pathway hemolytic activity (ACH50) was measured in samples of serum and
mucus through the method developed by Ortuno et al. (2000), which is based on sheep red blood cells (SRBC) hemolysis.
For the measurement of total immunoglobulin (total Ig), the samples were sedimented with a polyethene glycol solution
(12.5%) (Sigma). The total Ig was then determined after calculating protein concentrations before and after
sedimentation (Siwicki and Anderson, 2000).
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Protease activity in mucus was measured using the azocasein hydrolysis approach explained by Ross et al. (2000).
Mucus alkaline phosphatase (ALP) activity and total protein (TP) level were determined by a commercial kit (Pars Azmun
Co., Iran).

2.9. Statistical analysis
The data related to the studied indices were analyzed by one-way analysis of variance (ANOVA) using SPSS version 20
software. The significance level of statistical tests was considered less than 5%. Prior to analysis of variance, normality
of data distribution and homogeneity of variance of different experimental groups were assessed using Shapiro-Wilk and
Levene's tests, respectively. If the results of analysis of variance were significant, Tukey's post hoc test was used to
compare the means of different treatments. The mean data were reported as Mean ± standard error (SE).

3. Results
The analysis of the growth and nutritional performance of common carp fed with SEO exposed to different
concentrations of pretilachlor herbicide is presented in Table 2.

Table 2
Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal pretilachlor toxicity (1/2 and 1/4

LC50; mg/l) for 21 days on the growth performance and survivability of Cyprinus carpio.

Parameters T1 T2 T3 T4 T5 T6

IW (g) 25.29±0.53 25.26±0.29 25.30±0.41 25.37±0.26 25.61±0.41 25.25±0.31

FW (g) 32.86±1.22c 29.65±1.30ab 28.85±1.48a 34.73±1.12d 30.72±1.44b 30.30±0.92ab

WG (g) 7.57±0.55b 4.38±0.03a 3.55±0.26a 9.36±0.39b 5.10±0.69a 5.04±0.07a

WG (%) 30.03±2.70b 17.37±0.33a 14.06±1.25a 36.91±1.82b 20.03±3.02a 19.98±0.14a

FCR 1.77±0.02bc 1.81±0.01d 1.82±0.01d 1.47±0.02a 1.68±0.01b 1.70±0.01b

SGR (% d−1) 0.43±0.035b 0.26±0.004a 0.21±0.018a 0.52±0.022b 0.30±0.041a 0.30±0.002a

SR (%) 93.33±1.33bc 89.33±1.33b 82.66±1.33a 98.66±1.33c 93.33±1.33bc 90.66±1.33b

*Mean values with different superscripts (a, b, c, d) in the same row are significantly different from each other.
Significance level is defined as p < .05.

*Abbreviations: IW, initial weight; FW final weight; WG, weight gain; WG%, percentage of weight gain; SGR, specific
growth rate; FCR, feed conversion ratio; SR, survival rate.

At the end of the experimental period, the final weight showed a statistically significant difference between the control
treatment and the experimental treatments with SEO and pretilachlor herbicide (P<0.05), so that the highest mean weight
was obtained in the treatment T4 (34.73 ± 1.12 g) and the lowest mean weight was obtained in the treatment T2 (29.65 ±
1.30 g).

In the present study, the feed conversion ratio (FCR) had a statistically significant difference between control and
experimental treatments (P<0.05), so that the lowest and highest values were related to the treatments T4 and T3,
respectively (Table 2).

Concerning the daily growth rate, the control treatment was significantly different from other treatments, except the
treatment T4 (P<0.05), but the other treatments showed no statistically significant difference (P<0.05).
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Table 3 presents the effects of SEO and pretilachlor herbicide on serum biochemical factors separately.

Table 3
Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal Pretilachlor toxicity (1/2 and 1/4

LC50; mg/l) for 21 days on the serum biochemical indices of Cyprinus carpio.

Parameters T1 T2 T3 T4 T5 T6

Total
Protein
(g/dL)

3.19±0.02cd 2.85±0.05b 2.23±0.06a 3.42±0.03d 3.10±0.03c 2.97±0.06bc

Albumin
(g/dL)

2.11±0.032c 1.89±0.031ab 1.80±0.023a 2.13±0.017c 1.93±0.027b 1.84±0.008ab

Globulin
(g/dL)

1.08±0.05bc 0.95±0.05b 0.43±0.08a 1.29±0.05c 0.16±0.05bc 1.12±0.06bc

Triglyceride
(mg/dL)

125.68±1.45b 134.05±1.96c 139.13±1.40c 112.95±1.51a 119.74±1.47ab 123.90±1.18b

Cholesterol
(mg/dL)

180.90±2.14b 197.64±1.79de 204.70±2.41e 159.03±2.95a 184.86±2.43bc 192.56±2.46cd

Glucose
(mg/dL)

62.78±1.36b 70.86±1.47c 71.47±1.06c 55.49±0.91a 64.70±0.74b 64.93±1.47b

Cortisol
(nmol/L)

83.51±0.85b 92.09±1.27d 99.39±1.15e 68.50±1.36a 85.50±0.86bc 90.44±1.09cd

LDH (U/L) 216.84±2.59bc 232.08±1.87cd 241.76±1.77d 196.70±2.52a 213.21±4.58b 215.62±4.72b

*Mean values with different superscripts (a, b, c, d, e) in the same row are significantly different from each other.
Significance level is defined as p < .05.

*Abbreviations: LDH, lactate dehydrogenase.

The total protein content and globulin level were increased with the addition of SEO (treatment T4) (3.42 ± 0.03)
compared to the control treatment (3.19 ± 0.02) and showed a statistically significant difference (P<0.05), but the total
protein content and globulin level in the treatments T2 and T3 decreased compared to the control group and had a
statistically significant difference with the control group (P<0.05).

The levels of TRIG, CORT, GLU, CHOL and LDH parameters decreased with the addition of SEO (treatment T4) compared
to the control group and exhibited a statistically significant difference with the control (P<0.05). The CORT had the
highest level (92.09 ± 1.27) in the treatment T3 (high concentration of pretilachlor herbicide) and the lowest level (68.50 ±
1.36) in treatment T4. The trend of GLU changes was similar to CORT, the lowest level of which was recorded in the
treatment T4 (Table 3).

Table 4 presents the results of liver enzyme assay for the SEO-fed common carp exposed to pretilachlor herbicide.
Addition of SEO to common carp diet caused a significant decrease in ALP enzyme compared to the control treatment
(P<0.05). The activity level of this enzyme increased in treatments T2, T3 and T6 and had a significant difference with the
control group (P<0.05). Addition of SEO caused a significant decrease in the activity level of AST compared to the control
treatment (P<0.05) and the activity level of this enzyme increased in the treatments T2, T3 and T6 and had a significant
difference with the control group (P<0.05). As can be seen in Table 4, the activity level of ALP in the treatment T3 had the
highest value (26.14 ± 0.41) and showed a significant difference (P<0.05) with the control treatment, while this parameter
had the lowest value in the treatment T4 (21.44 ± 0.42).
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Table 4
Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal pretilachlor toxicity (1/2 and 1/4

LC50; mg/l) for 21 days on Liver enzymes (alanine aminotransferase, aspartate aminotransferase and alkaline
phosphatase activities) in the blood plasma of Cyprinus carpio.

Parameters T1 T2 T3 T4 T5 T6

ALT (U/ml) 16.16±0.56abc 18.11±0.33cd 19.21±0.61d 14.33±0.30a 14.70±0.31ab 16.60±0.48bc

AST (U/ml) 10.38±0.48ab 10.86±0.40ab 14.89±0.96c 08.31±0.34a 10.23±0.35ab 12.30±0.52bc

ALP (U/ml) 23.00±0.53ab 24.88±0.50bc 26.14±0.41c 21.44±0.42a 23.61±0.53ab 24.63±0.71bc

*Mean values with different superscripts (a, b, c, d) in the same row are significantly different from each other.
Significance level is defined as p < .05.

*Abbreviations: ALT, Alanine aminotransaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase.

According to Table 5, based on the results obtained from serum antioxidant indices, the levels of CAT, SOD and GPx
indices increased in the treatment T4 and had a statistically significant difference with the control group (P<0.05).
However, the MDA content decreased in this treatment and increased in the treatments T2 and T3.

Table 5
Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal Pretilachlor toxicity (1/2 and 1/4

LC50; mg/l) for 21 days on the serum Antioxidant biomarkers of Cyprinus carpio.

Parameters T1 T2 T3 T4 T5 T6

CAT (U/ml) 21.17±0.70c 16.17±0.22ab 17.62±0.34b 27.23±0.52d 14.82±0.34a 15.91±0.16ab

SOD (U/ml) 39.35±0.90ab 37.30±0.85ab 35.65±0.75a 41.15±1.41b 38.02±0.6ab 37.09±1.54ab

MDA (nmol/ml) 1.64±0.11b 2.15±0.09cd 2.27±0.08d 1.04±0.05a 1.63±0.03b 1.85±0.08bc

GPx (U/ml) 50.09±0.82a 48.17±0.42a 47.09±0.91a 59.85±1.15b 50.63±0.66a 50.67±0.85a

*Mean values with different superscripts (a, b, c, d) in the same row are significantly different from each other.
Significance level is defined as p < .05.

*Abbreviations: CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde; GPx; glutathione peroxidase

As can be seen in Table 6, the serum lysozyme activity did not show a significant difference only in the treatment T5 with
the control treatment (P<0.05), and its level in the treatments T2, T3 and T6 decreased compared to the control group and
exhibited a significant difference (P<0.05). This was while the treatment T4 showed the highest level (17.70 ± 0.45) of
serum lysozyme.
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Table 6
Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal Pretilachlor toxicity (1/2 and 1/4
LC50; mg/l) for 21 days on the Serum Immunological indices (lysozyme activity, alternative complement activity (ACH50)

and total immunoglobulin) of Cyprinus carpio.
Parameters T1 T2 T3 T4 T5 T6

Lysozyme (U/ml) 15.66±0.32b 12.36±0.43a 10.66±0.34a 17.70±0.45c 15.03±0.40b 12.03±0.17a

ACH50 (U/ml) 45.30±1.88ab 43.40±2.67ab 36.77±1.91a 54.14±2.98b 47.50±2.85b 40.96±1.75a

Total Ig (mg/ml) 20.52±0.84b 15.13±0.80a 17.65±0.98ab 26.62±0.84c 18.40±0.86ab 20.43±0.73b

*Mean values with different superscripts (a, b, c) in the same row are significantly different from each other.
Significance level is defined as p < .05.

*Abbreviations: Total Ig, Total immunoglobulin; ACH50, alternative complement activity.

The highest level of serum complement (ACH50) showed that its level increased in the treatments T4 and T5 compared to
the control, which had the highest mean in the treatment T4 (54.14 ± 2.9) (Table 6). As can be seen in Table 6, the ACH50

activity was the highest in the treatment T4 (36.84 ± 1.13) and displayed a significant difference with the control
treatment (33.05 ± 0.86) (P<0.05).

Tables 6 and Fig. 1 present the effect of SEO and pretilachlor herbicide on indicators related to immune serum and
mucosal immune system. The results showed the highest mucosal lysozyme activity in the treatment T4 (29.32 ± 0.64),
which was significantly different from other treatments and the control group (27.07 ± 0.60) (P<0.05). The treatments T2

and T3, which received the low and high concentrations of pretilachlor herbicide, respectively, showed a decrease in
lysozyme level, which was significantly different from the control group (P<0.05).

The highest level of mucosal immunoglobulin was obtained in the treatment T4 (11.22 ± 0.53 mg/L), which showed a
significant difference with the control group.

The protease level increased in the treatment T4 (20.30 ± 0.84) compared to the control treatment (19.15 ± 0.84) and
displayed a statistically significant difference (P<0.05) but its level decreased in the other treatments compared to the
control.

4. Discussion
Special attention has recently been paid to the use of immunostimulants as dietary supplements capable of improving
nonspecific defense and developing resistance to pathogens and toxins during the onset of multiple stresses during the
breeding season (Antache et al. 2014; Jahanjoo et al. 2018; Yousefi et al. 2020; Farag et al. 2021; Ghafarifarsani et al.
2021c; Owolabi and Abdulkareem 2021; Ghafarifarsani et al. 2022; Raissy et al. 2022). Due to the medicinal importance
and many benefits of summer savory, the aim of this study was to investigate the protective effect of essential oil of this
plant (SEO) on various parameters of common carp exposed to pretilachlor herbicide as an important species in
aquaculture. Since measuring the trend of changes in biochemical factors, antioxidant enzymes and immunological
factors of serum and mucus can be considered as a suitable tool for predicting and determining the health of a living
organism, these factors can also be used to determine the drug safety (Subramanian et al. 2007; Mauri et al. 2011;
Harikrishnan et al. 2011; Yonar and Sakin 2011; Hedayati et al. 2019; Bisht et al. 2020; Vali et al. 2020; Farag et al. 2021).
Considering the effect of SEO on various parameters of common carp, it can be said that the use of the essential oil of
this plant is unimpeded to improve the health and growth and strengthen the immune system of fish. According to the
results, the highest survival rate, final weight, daily growth rate and specific growth rate were observed in the SEO-
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containing treatments. Accordingly, all growth parameters were reduced in the treatments T2 and T3, which contained low
and high concentrations of pretilachlor herbicide, compared to the control group. However, the growth parameters
showed better conditions in the treatments T5 and T6, which were co-administered with toxin and SEO, than the
treatments T2 and T3. This was while the best growth performance conditions were recorded in the treatment T4

(recipient of 1%SEO), so the impact of SEO on growth parameters is clearly shown. Mohamadi Saei et al. (2016)
investigated the effects of diet containing different levels of Myrtus communis and Satureja khuzestanica extracts on
growth, survival and nutritional indices of rainbow trout. They reported that the highest feed conversion ratio was
observed in fish fed diets containing M. communis and S. khuzestanica extracts, which is similar to the results of the
present study. Studies have shown that the immunostimulants or antioxidant compounds can improve animal growth by
eliminating inflammatory markers and restoring the integrity of the gastrointestinal wall (Niewold 2014; Celi et al. 2019).
Yousefi et al. (2021b) investigated the effect of different levels of Origanum majorana extract (from Lamiaceae family)
on growth, hematological, immunological and biochemical parameters of common carp (Cyprinus carpio), and observed
that there are significant effects of marjoram extract on fish growth performance. Numerous studies have also shown
that the Labiatae family (which includes several plants such as Thymus vulgaris and Origanum vulgare) are plants
known for their growth-promoting, antioxidant and immunostimulatory properties in fish (Zheng et al. 2009; Diler et al.
2017; Zargar et al. 2019; Abdel-Latif et al. 2020).

In the present study, the use of SEO reduced the level of TRIG and CHOL in the common carp compared to the control
group and showed a significant difference between them. In fact, the extracts of some plants increase the excretion of
CHOL and decrease the synthesis of cellular CHOL by increasing the level of Cholesterol 7α-hydroxylase activity in liver
cells, resulting in a decrease in the levels of CHOL and TRIG in the blood (Asgary et al. 2000). Measuring blood GLU levels
is a common factor in assessing stress levels in fish that are affected by environmental stresses, nutritional status, and
manipulation (Prasad and Charles 2010). The present study showed that the SEO-containing treatments reduced the GLU
levels in fish fed with this essential oil. At the end of the experimental period, the total protein content of SEO-treated fish
increased significantly compared to the control group. The results of the present study on common carp showed that the
use of SEO-containing diets led to an increase in the total protein content of fish serum. Elevated serum albumin and
globulin levels are known to boost immunity in fish. In the present study, the serum globulin and albumin levels in the
SEO-containing treatments increased compared to the control. Asadi et al. (2012) investigated the effect of Nasturtium
nasturtium extract on rainbow trout and found that the extract of this plant increased fish blood globulin.

The AST, ALT, and ALP are important enzymes for exploring tissue and muscle damage, especially liver tissue, which are
secreted into the circulation following liver tissue damage, and an increase in their serum levels indicates liver damage
(Paris-Palacios et al. 2000; Orisakwe et al. 2003). Therefore, liver enzymes as stress indicators can be major players in
monitoring toxicological changes in the environment (Brusle and Anadon 2017; Abdel-Latif et al. 2020). In the present
study, the pretilachlor herbicide increased all three enzymes compared to the control group, but the addition of SEO to the
treatments decreased the levels of these "enzymes" in the blood. This suggests that the SEO improves liver tissue
damage caused by pretilachlor herbicide and reduces liver enzymes in the blood. A similar result was observed in the
study of feeding rainbow trout (Hoseini and Yousefi 2019) and common carp (Ghafarifarsani et al. 2021a) with thyme
extract. In general, the addition of pretilachlor herbicide to experimental treatments caused damage to liver tissue; as a
result, the activity of these enzymes increased at the serum level, and the positive effect of plant extracts on the liver
enzymes of fish exposed to toxins has been reported. The hepatoprotective effects of plants can be attributed to their
antioxidant activity, which is mainly due to their ability to eliminate free radicals or inhibit lipid peroxidation (Farag et al.
1989).

Proper functioning of the antioxidant system is an important and vital factor in the health of fish and plant materials are
useful and beneficial additives due to the presence of natural antioxidants (Yousefi et al. 2021a,b). Numerous studies
have shown that the chemical composition of summer savory contains high amounts of carvacrol along with other
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phenolic compounds, flavonoids, triterpenoids, steroids and tannins (Farsam et al. 2004). Therefore, it has been stated
that savory has effective antioxidant properties. The MDA content is evaluated as an indicator of lipid peroxidation in
fish blood plasma (Yousefi et al. 2021b), which increased in pretilachlor herbicide treatments in the present study and
decreased with the addition of SEO to the treatments. In line with the decrease in MDA content, the activity of SOD and
GPX antioxidant enzymes in SEO-containing treatments increased compared to the control group and treatments
containing pretilachlor herbicide. In fact, the phenolic compounds of savory due to its benzene ring and electron
resonance can trap free radicals and prevent the continuation of chain reactions and the production of other free radicals
(Farahi et al. 2012; Roby et al. 2013). Similarly, such results were reported for MDA and other antioxidant enzymes in the
study of the effect of marjoram (from the Labiatae family) on common carp (Yousefi et al. 2021b), the effect of Shirazi
thyme (Zataria multiflora) on rainbow trout (Mirghaed et al. 2020), as well as the effect of oregano (Origanum vulgare)
on common carp (Abdel-Latif et al. 2020). The lysozyme is one of the most important non-specific immune components
of fish, which destroys the bacterial wall, activates complement and increases phagocytic activity (Sakai 1999; Saurabh
and Sahoo 2008). Increased serum lysozyme activity indicates an improvement in the immune status of fish and its
increase helps to better control the immune system of fish against infectious and pathogenic agents (Ringø et al. 2012;
Li et al. 2018). The present study, the lysozyme levels decreased in treatments containing pretilachlor herbicide and
showed a statistically significant difference compared to the control group, but lysozyme levels increased with the
addition of SEO which seems to be due to the stimulatory ability of active ingredients of SEO (gamma-Terpinene and
carvacrol). Therefore, this practice shows that SEO increases the level of immunity and resistance of common carp
exposed to pretilachlor herbicide. These results were consistent with the study of Khansari et al. (2013) who evaluated
the effect of Khuzestani savory on the parameters of immunity and hematology in the common carp (Cyprinus carpio).
The complement system is a collection of more than 35 types of serum proteins that are very closely related and
controlled to each other and other molecules of the immune system (Sunyer et al. 1997). The most important task of this
system is to kill microorganisms through phagocytic processes, inflammatory reactions, clearance of immune
complexes, induction and improvement of antibody responses (Mauri et al. 2011). In the present study, the highest values
of complement system factors were observed in the treatment containing SEO and showed a significant difference with
the control group. Changes in serum complement are very important in protecting the nonspecific immune system of fish,
and high levels of complement indicate the health of the fish (Yano 1992). Other studies have shown that consumption
of peppermint stimulated the activity of complement system components in rainbow trout (Adel et al. 2015). The ACH50

activity and total Ig level as indicators of immune status may be suppressed in fish exposed to toxins (Wang et al. 2014;
Sharifian et al. 2015). The total Ig level decreased in fish exposed to pretilachlor herbicide compared to the control group,
but increased in the SEO-containing group. Hoseini and Yousefi (2019) investigated the effect of thyme (Thymus
vulgaris) extract on rainbow trout and reported a significant increase in the lysozyme, ACH50 and total Ig levels.

5. Conclusions
To conclude, the results of this study demonstrated that the addition of summer savory (Satureja hortensis) essential oil
to the diets of fish in exposure to stressful conditions and toxin-induced contamination improved digestion and
absorption of nutrients, promoted better growth, increased antioxidant capacity and boosted the immune system of fish,
and thus exerted a protective effect for the common carp species.
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Figures

Figure 1

Effect of dietary supplementation with Satureja hortensis and/or exposure to sub-lethal Pretilachlor toxicity (1/2 and 1/4
LC50; mg/l) for 21 days on the mucus Immunological indices (lysozyme activity, alternative complement activity (ACH50),
Protease, total immunoglobulin levels (Total Ig), protease, alkaline phosphatase (ALP)) of Cyprinus carpio.


