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The present study assessed the impact of Panax ginseng essential oil (GEO) supplementation on physiological parameters related to productive performance and health status in Nile tilapia reared under standard conditions and exposed to a sub-lethal atrazine (ATZ) concentration. Fish were allocated into 6 groups: the control group was reared in clean water and fed with a commercial basal diet (CNT), two groups were fed with the basal diet supplemented with two different levels of GEO (GEO1 and GEO2, respectively), one group was intoxicated with 1/5 of ATZ 96-h lethal concentration 50 (1.39 mg/L) (ATZ group), and the remaining two groups were fed with the GEO-supplemented diets and concurrently exposed to 1.39 mg ATZ/L (GEO1+ATZ and GEO2+ATZ, respectively). The experiment lasted for 60 days. GEO supplementation exerted a significantly positive influence on fish growth, feed utilization, and hepatic antioxidant defense systems at both levels of supplementation. ATZ exposure significantly reduced fish survival rates and impaired fish growth and feed utilization, with the lowest final weights, weight gain, total feed intake, and the highest feed conversion ratio being recorded in the ATZ-intoxicated group. ATZ exposure caused significant changes in intestinal digestive enzyme activity (decreased lipase activity), hematological indices (decreased hemoglobin, packed cell volume, erythrocytes, and leukocytes), blood biochemical variables (decreased total proteins, albumin, globulins, and immunoglobulin M; increased total cholesterol, triglycerides, and cortisol), and hepatic oxidative/antioxidant indices (decreased glutathione level, superoxide dismutase and catalase enzyme activity and mRNA expression levels, and increased malondialdehyde content). Moreover, in the hepatic tissue of ATZ-intoxicated Nile tilapia, histopathological alterations and upregulated mRNA expression levels of stress- and apoptosis-related genes (Hsp70, caspase 3, and p53) were observed. GEO supplementation in ATZ-treated groups significantly attenuated the aforementioned negative effects, though some parameters did not reach the CNT values. These findings provide further and partly new evidence that sub-lethal ATZ toxicity induces reduced survivability, growth retardation, impaired digestive function, anemia, immunosuppression, hepatic oxidative stress damage, and overall increased stress level in Nile tilapia, and suggest that GEO supplementation may be useful for mitigating this toxicity and provide more general support to the productive performance and health status of this fish species.
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1 Introduction

In recent years, the use of essential oils (EOs) derived from medicinal herbs or plants as feed supplements in aquafeed showed a significant increase. EOs contain a high amount of functional bioactive phytochemicals, which offer some unique health benefits for fishes and shrimps farming (Chakraborty and Hancz, 2011; Chakraborty et al., 2014; Ahmadifar et al., 2021). Indeed, EOs have been shown to exert several important activities, including antimicrobial and antiparasitic (Iseppi et al., 2020; Dawood et al., 2021), immunostimulating (Dawood et al., 2020) anti-stress (Souza et al., 2019), and growth promoting (Magouz et al., 2021). Consistently, several studies provided evidence supporting the dietary use of EOs in aquaculture as possible alternative strategies for improving disease resistance, antioxidant capacity, growth performance, and the overall welfare of farmed fishes. Among EOs investigated for potential applications in fish diet were those prepared from menthol (Dawood et al., 2020; Magouz et al., 2021), Origanum vulgare (Abdel-Latif et al., 2020a; Abdel-Latif et al., 2020b; Khafaga et al., 2020), Petroselinum crispum (Farag et al., 2021; Farag et al., 2022), Thymus vulgaris (El Euony et al., 2020; Ghafarifarsani et al., 2021), Lippia alba (Sena et al., 2016; de Freitas Souza et al., 2019), Ocimum basilicum (de Souza et al., 2019), Geranium (Mohamed et al., 2020), and Aloysia triphylla (Zeppenfeld et al., 2014; de Souza et al., 2020). Recently, plant-derived essential oils and lipid-soluble bioactive compounds gained attention due to their higher bioavailability compared to water-soluble bioactive compounds. Moreover, to the best of our knowledge, no study concerning the use of P. ginseng essential oil (GEO) in aquafeed has been proposed so far.

Ginseng has long been used as a traditional remedy in several territories worldwide. Panax ginseng (known as Asian ginseng), Panax notoginseng, and Panax quinquefolius (known as North American ginseng) are the three ginseng species most commonly used for medical purposes, particularly as immunostimulating, antioxidant, cardioprotective, anti-aging, and anti-tumor agents (Yuan et al., 2010). P. ginseng is the main source of a wide range of functional bioactive compounds such as alkaloids, phenolics, vitamins, amino acids, proteins, ginsenosides, and polysaccharides (Zhao et al., 2019). The ginsenosides found in P. ginseng have powerful antioxidant, anti-inflammatory, anti-allergic, and anti-diabetic activities (Bahukhandi et al., 2021). In this sense, the use of ginseng appears promising in aquaculture. For instance, it was reported that dietary P. ginseng polysaccharides could improve the immunity of white shrimp (Liu et al., 2011). Moreover, ginseng extract was found to modulate aflatoxin-induced toxicity in Clarias lazera (Zaki et al., 2011) and positively impact on the growth and immunity of Nile tilapia (Oreochromis niloticus) (El-Sayed et al., 2014). Dietary ginseng has also been shown to enhance the reproductive efficiency of African catfish (Mehrim et al., 2022).

Atrazine (ATZ) is a highly water-soluble herbicide that is used in agriculture worldwide to control broadleaf weeds, especially for corn, sugarcane, pineapple, sorghum, and soybean crop fields (Nwani et al., 2010). Reports showed that up to 20 µg/L of ATZ are frequently detected on surface water runoff, while higher ATZ concentrations may be found in water bodies because of its repeated applications to the crop fields (Graymore et al., 2001; Selim, 2003). Indeed, it is well known that the indiscriminate, frequent and incautious use of herbicides, and/or their accidental discharge from the unhygienically treated effluents into the water flow may reach the aquatic organisms and induce harmful effects, with a long-term negative impact on the surrounding environment (Farag et al., 2021). It has been observed that the 50% lethal concentration (LC50) of ATZ varies greatly among different fish species, ranging from 3 to 100 mg/L (Solomon et al., 2008) and its exposure was able to induce various signs of toxicity in the African catfish (Michael et al., 2018), the Channa Punctatus (Nwani et al., 2010), the snow trout (Schizothorax plagiostomus) (Akhtar et al., 2021), the zebrafish (Danio rerio) (Zhu et al., 2011; Zhu et al., 2011), the common carp (Cyprinus carpio) (Neskovic et al., 1993; Paulino et al., 2012; Xing et al., 2013; Blahova et al., 2014; Wang et al., 2019), the Prochilodus lineatus (Santos and Martinez, 2012), and also in the Nile tilapia (Neamat Allah et al., 2020; Abdel-Warith et al., 2021; Ali et al., 2022).

Signs of ATZ-induced toxicity in aquatic organisms comprise growth retardation (Abdel-Warith et al., 2021; Ali et al., 2022), histopathological changes (Paulino et al., 2012; Blahova et al., 2014; Michael et al., 2018), serum biochemical alterations (Michael et al., 2018), hematological alterations (Akhtar et al., 2021; Abdel-Warith et al., 2021), disruption of the antioxidant system and oxidative stress damage (Nwani et al., 2010; Zhu et al., 2011; Zhu et al., 2011; Santos and Martinez, 2012), changes in liver function enzymes (Neskovic et al., 1993), induction of heat shock protein 70 (Hsp70), apoptotic changes in tissues and/or blood cells (Xing et al., 2013; Wang et al., 2019), and genotoxicity (Santos and Martinez, 2012; Akhtar et al., 2021).

Numerous natural feed supplements have been reported to be useful for mitigating sub-lethal ATZ toxicity in various fish species, such as vitamin E in African catfish (Kadry et al., 2012), Spirulina platensis in common carp (Khalil et al., 2017), fucoidan (Abdel-Warith et al., 2021), beta-glucans (Neamat Allah et al., 2020) and Isatis phytogenic diet in Nile tilapia (Ali et al., 2022), and herbal extracts in Labeo rohita (Pugazhendy, 2014) and Clarias gariepinus (Owolabi and Abdulkareem, 2021). However, no information is available regarding the suitability of GEO for this specific application.

Based on the above premises, this study was planned to assess the impact of a dietary supplementation with GEO on the productive performance and health/welfare status of healthy Nile tilapia, as well as its efficacy in mitigating the negative influence exerted by ATZ on such fishes.

An array of physiological parameters was selected to retrieve information regarding (a) the productivity performance of the farmed animals (assessed by measuring the growth parameters Wt60 and WG, the feed utilization parameters FI and FCR, and survival rate) and (b) particular aspects of the animal health and welfare status that are known to be important for optimal efficiency in the use of feed energy and/or affected by exposure to ATZ and other adverse environmental challenges. More specifically, such aspects included:

	the digestive functionality (assessed by measuring the activity of the digestive enzymes α-amylase, protease, and lipase);

	the health of erythrocytes, namely the blood cells involved in oxygen transport (assessed by measuring their abundance, along with their content of hemoglobin);

	the immune functionality (assessed by measuring the number of circulating leukocytes and serum levels of total globulins and immunoglobulin M);

	the liver structural integrity (assessed by a histomorphological evaluation), functionality (with particular regard to its involvement in protein synthesis, assessed by measuring the blood levels of total proteins, albumin, and globulin, in lipid metabolism, assessed by measuring total cholesterol and triglycerides, and in carbohydrate metabolism, assessed by measuring glucose levels) and oxidative status (assessed by measuring both the activity of the antioxidant enzymes superoxide dismutase and catalase and expression levels of their respective coding genes, as well as tissue contents of the non-enzymatic antioxidant GSH and of the lipid peroxidation product malondialdehyde), along with more in-depth evaluation of hepatocyte pathophysiological reactivity to stressful conditions (assessed by measuring expression levels of the stress-related gene Hsp70 and of the apoptosis-related genes caspase 3 and p53);

	the whole body’s stress level (assessed by measuring serum cortisol levels).





2 Materials and Methods


2.1 Atrazine and Panax ginseng Essential Oil

Atrazine (ATZ; 98.0% purity, molecular weight: 215.68, CAS Number: 1912-24-9) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The required exposure dose used in the present study was obtained by dissolving ATZ in dimethyl sulfoxide (DMSO; SERVA Electrophoresis GmbH, De69115 Heidelberg, Germany) so that the final concentration of DMSO did not exceed 0.02%. Panax ginseng essential oil (GEO) was purchased from Elhawag Company for Natural Oils, Nasr City, Cairo, Egypt. The bioactive constituents present in GEO used in the present study were identified by gas chromatography-mass spectroscopy (GC–MS) analysis (Smigielski et al., 2006) and are reported in Figure S1 and Table S1 (Supplementary Files). The main identified compounds were 9,12-octadecadienoic acid (Z,Z) (36.16%), 2,4-decadienal, (E,E)- (CAS) (13.48%), hexadecanoic acid (CAS) (11.46%) and oleic acid (6.39%) followed by isoalantolactone (3.39%), cis-asarone (3.32%), octadecanoic acid (CAS) (3.23%), furoscrobiculin B (2.97%), and eugenol (1.91%).



2.2 Ethical Statement

All experiments have been performed in accordance with the Local Experimental Animal Care Committee guidelines. Experiments have also been approved by the Institutional Ethics Committee (IEC) of the Faculty of Veterinary Medicine, Zagazig University, Egypt (ZU-IACUC/2F/189/2019).



2.3 Fish Procurement, Acclimation, and Husbandry

One hundred eighty Nile tilapia (Oreochromis niloticus) (mean weight ± SD, 40 ± 0.5 g) were enrolled in this study. Fishes were obtained from Abbassa Fish Hatchery, Sharkia, Egypt and allowed to acclimate for 14 days in fiberglass tanks. During the acclimation period, fishes were fed with a basal diet (Aller Aqua Co., Egypt). Ration ingredients and proximate chemical composition are illustrated in Table S2 (Supplementary Files). Fishes were fed thrice daily with 5% of the total fish biomass per tank. The water parameters were kept constant at 26.5–27.5°C, 6.4–7.5 mg/L of dissolved oxygen, pH 7.6–8.0, 0.02–0.04 mg/L of nitrites, 0.02–0.03 mg/L of nitrates, and 0.01–0.03 mg/L of un-ionized ammonia. The photoperiod was adjusted to be 10:14 h light and dark cycles.



2.4 Fish Grouping and Experimental Procedures

The tested GEO was added to the ingredients of the basal ration at two supplementation levels (1.0 and 2.0 mL/kg diet), thoroughly mixed to form a paste, and defined as GEO1 and GEO2 diets, respectively. The prepared paste was passed through a meat mincer to form 1.5-mm pelleted diets, allowed to dry at room temperature for 24 h and then refrigerated at 4°C until the use. After the acclimation period, 180 fishes were grouped into 6 equal groups (30 fish per group); each group was divided into 3 replicates of 10 fishes. Each replicate was allocated in a glass aquaria whose size was 0.8 m × 0.8 m × 1.0 m with a water capacity of 100 L. Fishes were reared in these aquaria for 60 days. The groups were:

	Group 1, which was used as control, reared in clean water and fed with the basal diet (CNT group).

	Groups 2 and 3, which were fed with the freshly prepared GEO1 and GEO2 diets (GEO1 and GEO2 group).

	Group 4, which was fed with the basal diet and exposed to a sub-lethal concentration of ATZ (1.39 mg/L, equal to ⅕ of the previously calculated 96-h LC50 of ATZ for Nile tilapia), based on literature findings (ATZ group) (Neamat Allah et al., 2020).

	Groups 5 and 6, which were fed with GEO1 and GEO2 diets and concomitantly exposed to 1.39 mg ATZ/L (GEO1+ATZ and GEO2+ATZ groups).



About 35% of the water in each aquarium was daily exchanged, and metabolic wastes were removed by siphoning. Due to the occurrence of ATZ degradation in the rearing water, the required exposure concentration was preserved by substituting the ATZ dose every 24 h after water siphoning. Moreover, the feed was adjusted every two weeks according to the new fishes’ weight.



2.5 Growth Parameters, Feed Utilization Parameters, and Survivability

At the end of the feeding experiment (60 days), the fishes’ productive performance was assessed by recording the fishes’ final weight (Wt60) and by estimating weight gain (WG), feed intake (FI), feed conversion ratio (FCR), and survival rate (SR, %) according to the following equations:

	



2.6 Sampling Procedures

For the assessment of the physiological parameters related to fish health/welfare status, different kinds of biological samples were collected from the animals at the end of the feeding experiment. The specific sampling procedures are detailed below.


2.6.1 Blood and Serum Samples

Fishes were fasted for one day after the feeding trial and before blood sampling. Fishes were sampled from the experimental aquaria and then sedated with tricaine methanesulfonate (100 μg/mL) to decrease the handling stress. Whole blood samples for the hematobiochemical analyses were collected from the caudal vessel of nine fishes per group (3 fishes/replicate) and pooled from each replicate into sterile EDTA-coated test tubes. Further nine blood samples were collected without anticoagulant, left at room temperature, and then centrifuged (2500 ×g for 15 min) to retrieve the serum. All sera were then refrigerated at - 20°C and subsequently used in the hematobiochemical analyses.



2.6.2 Intestinal and Liver Specimens for Tissue Homogenates

Fishes were aseptically necropsied after blood sampling, and intestinal and liver specimens were sampled. Such tissues were kept on ice-cold plates, cleaned with cold sterile saline, dried by filter paper, divided, and then stored frozen at - 20°C. Then 100 mg of each tissue was placed in a tube with 1 ml of a buffer (10 mM phosphate/20 mM tris-pH 7.0) and homogenated at 6000 ×g for 5 min at 4°C. After centrifugation, the supernatants were assembled and then preserved at - 80°C until use. Hepatic homogenates were used to determine oxidative stress markers, while the intestinal ones to evaluate digestive enzymes’ activity.



2.6.3 Liver Specimens for Histopathology and Gene Expression Analysis

A set of liver specimens (n = 9) were sampled, washed with cold physiological buffer saline, and then transferred in 10% buffered formalin for further histopathological studies. Another set of 100 mg of liver specimens was quickly frozen in a liquid nitrogen tank, transferred to the lab, and preserved at - 80°C for gene expression analysis.




2.7 Sample Processing and Analysis for the Assessment of Health/Welfare-Related Parameters


2.7.1 Hematological Parameters

Hematological analysis was performed on whole blood samples for determination of red blood cell (RBC) count, hemoglobin (Hb) concentration, packed cell volume (PCV, %), and white blood cell (WBC) count, using an automatic cell counter (Hospitex Hema screen 18, Italy) (Dacie and Lewis, 1991).



2.7.2 Serum Biochemical Parameters

Total protein (TP; g/dL) and albumin (ALB; g/dL) in sera samples obtained from the different experimental groups were assessed using colorimetric diagnostic kits (Biomed Diagnostic EgyChem kits, Egypt) following the manufacturer’s instructions and a method reported in the literature (Doumas et al., 1981). Globulin (GLO; g/dL) levels were calculated by the differences of TP and ALB levels. The total immunoglobulin M (IgM) level was measured in sera samples using diagnostic kits (Cusabio Biotech Co. Ltd., Wuhan, Hubei, China) (Siwicki and Anderson, 1993; Cuesta et al., 2004). Total cholesterol (mg/dL) and triglycerides (mg/dL) levels in sera samples were quantified by commercial diagnostic kits (Bio diagnostic Co., Giza, Egypt). Moreover, glucose (mg/dL) and cortisol (ng/mL) levels were assessed in sera samples by using diagnostic kits (Cayman Chemical Company, Ellsworth, Ann Arbor, USA).



2.7.3 Intestinal Digestive Enzyme Assays

The α-amylase, protease, and lipase enzymes’ activity in the intestinal homogenates from the different experimental groups were analyzed using commercial colorimetric kits (Spectrum Diagnostic Company, Egypt) following the manufacturer’s instructions.



2.7.4 Oxidative Stress Assays

The superoxide dismutase (SOD) and catalase (CAT) (U/g tissue) activity as well as the concentration of the reduced glutathione (GSH) and malondialdehyde (MDA) (nmol/g tissue) were assessed in the liver homogenates using specific Bio diagnostic kits (Giza, Egypt). Hepatic SOD, CAT, and GSH were analyzed according to the colorimetric methods reported by the literature (Beutler et al., 1963; Nishikimi et al., 1972; Aebi, 1984), while MDA concentrations were assayed using the thiobarbituric acid method reported in the literature (Mihara and Uchiyama, 1978; Ohkawa et al., 1979).



2.7.5 Histopathology

Formalin-fixed liver specimens were dehydrated in ethanol, cleared in xylene, embedded and blocked in paraffin wax, cut into numerous 5-μm sections, and then stained with hematoxylin and eosin stain according to the standard procedures (Suvarna et al., 2013). Several photomicrographs were captured using a digital camera (Leica EC3, Leica, Germany) connected to a microscope (Leica DM500).



2.7.6 Gene Expression Levels

Total RNA was extracted from the liver specimens collected from different experimental groups using TRIzol reagent (iNtRON Biotechnology, Korea) following the manufacturer’s instructions. The cDNA synthesis was performed by Quantitect® Reverse Transcription kit (Qiagen, Germany) following the manufacturer’s directions. The primer sequences of the target genes were obtained from O. niloticus specific NCBI GenBank accession number, and their efficiency was tested before RT-PCR. The primers of SOD, CAT, Hsp70, caspase 3, tumor suppressor protein p53 (p53), and the housekeeping gene beta-actin (β-actin) are illustrated in Table 1. RT-PCR analysis was performed by a Rotor-Gene Q instrument with a QuantiTect® SYBR® Green PCR kit (Qiagen, Germany). The thermocycling conditions were adjusted in the thermocycler as follows: 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Melting curve analysis was done to confirm the PCR specificity. The mRNA expression for each tested gene was evaluated using the comparative 2-ΔΔCt method (Livak and Schmittgen, 2001) and expressed relatively to the β-actin mRNA normalizer control.


Table 1 | Primers sequences of Oreochromis niloticus target genes used in the real-time quantitative PCR study.






2.8 Statistical Analysis

Data were analyzed using GraphPad Prism™ 8 (GraphPad Software, San Diego, CA, USA). All data are presented as the means ± standard error of mean (S.E.M.) and were first checked for normality using the D’Agostino-Pearson normality test. Intergroup differences in the various physiological parameters evaluated were analyzed using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. A P < 0.05 was considered significant.




3 Results


3.1 Growth Parameters, Feed Utilization Parameters, and Survivability

As presented in Table 2, the survival rate percentages of the CNT and GEO1- and GEO2-supplemented groups were the highest among all groups and reached 99.47%, 99.51%, and 99.60%, respectively. ATZ exposure induced a significant decrease in the fish survival rates, reaching 80.51%, while GEO1- and GEO2 supplementation combined with ATZ (GEO1+ATZ and GEO2+ATZ) mitigated the negative effects of ATZ on fish survival rates in a dose-dependent manner, becoming significantly more elevated than those of the ATZ group.


Table 2 | Growth parameters, feed utilization parameters, and survival rates of Nile tilapia in response to sub-lethal atrazine (ATZ) exposure and/or dietary supplementation with Panax ginseng essential oil (GEO) for 60 days.



In GEO1- and GEO2-supplemented groups, there was a significant increase in WG and FI compared to the CNT group (P < 0.05), while Wt60 and FCR values were comparable to the CNT. No differences were observed between GEO1 and GEO2 on fishes’ growth performance. ATZ exposure for 60 days caused a depression in fishes’ growth significantly decreasing WG and FI values compared to the CNT group, while FCR was the highest value among the experimental groups. Interestingly, GEO1+ATZ and GEO2+ATZ groups elicited a significant and similar improvement in Wt60, WG, FI, and FCR values compared with the ATZ group (Table 2).



3.2 Hematological Parameters

Changes occurring in the hematological measurements of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days are summarized in Table 3. The WBC count was significantly elevated both in GEO1 and GEO2 groups compared to the CNT group. ATZ exposure elicited a significant decrease in RBC count, Hb concentration, PCV, and WBC count compared to all experimental groups. In the GEO1+ATZ and GEO2+ATZ groups, there were significant, although non-dose-dependent, improvements in the hematological variables compared to the ATZ group.


Table 3 | Hematological parameters of Nile tilapia in response to sub-lethal atrazine (ATZ) exposure and/or dietary supplementation with Panax ginseng essential oil (GEO) for 60 days.





3.3 Serum Biochemical Parameters

Blood protein profiles (TP, ALB, and GLO) and total IgM levels of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days are shown in Figure 1.




Figure 1 | Blood proteins (A–C) and immunoglobulin M (D) levels of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days. Values are expressed as means ± S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.



ATZ exposure induced significant hypoproteinemia, hypoalbuminemia, hypoglobulinemia, and decreased total IgM levels (P < 0.05) compared to the CNT, GEO1, and GEO2 groups. Dietary GEO supplementation in GEO1+ATZ and GEO2+ATZ groups significantly improved the blood protein and IgM levels compared to the ATZ group and in a dose-dependent manner for TP, GLO, and IgM, but not for ALB (P < 0.05).

As for total cholesterol, triglycerides, and cortisol, all values were significantly elevated in the ATZ group compared to CNT, GEO1, and GEO2 groups (P < 0.05; Figure 2).




Figure 2 | Serum biochemical parameters [total cholesterol (A), triglycerides (B), glucose (C) and cortisol (D)] of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days. Values are expressed as means ± S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.



Conversely, the GEO2+ATZ group showed improved values of these parameters compared to the ATZ group. Blood glucose levels were not significantly affected among all experimental groups.



3.4 Intestinal Digestive Enzymes’ Activity

Figure 3 shows the changes that occurred in the intestinal digestive enzymes’ activity of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days.




Figure 3 | Intestinal digestive enzymes’ activity [Lipase (A), α-amylase (B), and protease (C)] of Nile tilapia in response to sub-lethal ATZ exposure, and/or dietary supplementation with GEO for 60 days. Values are expressed as means ± S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.



ATZ exposure caused a significant decrease in the intestinal lipase activity compared to CNT, GEO1, and GEO2 groups. Dietary GEO supplementation in GEO1+ATZ and GEO2+ATZ groups significantly attenuated, although non-dose-dependently, the decreased lipase activity compared to the ATZ group (P < 0.05). On the other hand, intestinal α-amylase and protease activities did not significantly differ among all groups.



3.5 Oxidative Stress Biomarkers in Liver Tissue

Changes occurring in the hepatic oxidative stress markers of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days are presented in Table 4. Dietary GEO supplementation positively influenced the hepatic antioxidant defense system of the fishes. GEO1 and GEO2 groups showed the highest antioxidant markers (SOD and CAT) activity and the lowest GSH levels. Further, CNT, GEO1, and GEO2 showed the lowest hepatic levels of MDA, with no significant differences among them.


Table 4 | Hepatic oxidative status biomarkers of Nile tilapia in response to sub-lethal atrazine (ATZ) exposure and/or dietary supplementation with Panax ginseng essential oil (GEO) for 60 days.



Conversely, the only ATZ exposure triggered a significant decrease in SOD and CAT activity, as well as in GSH levels (P < 0.05), while hepatic MDA levels were the highest among all experimental groups. GEO1+ATZ and GEO2+ATZ groups significantly attenuated the changes occurring in hepatic CAT activity and GSH levels and, in a dose-dependent manner, MDA levels compared to the ATZ group, although not reaching the CNT group levels (Table 4).

Moreover, SOD activity did not improve in GEO1+ATZ and GEO2+ATZ groups, remaining similar to that observed in the ATZ group.



3.6 Liver Histopathology

The hepatic tissues of Nile tilapia in the CNT group (Figure 4A) and GEO1 and GEO2 groups (Figures 4B and 4C, respectively) showed normal hepatocyte architecture with normal hepatic cords around central veins.




Figure 4 | Photomicrographs of the hepatic tissues of Nile tilapia in the CNT group (A), and in the GEO1 and GEO2 groups for 60 days (B, C) showing normal hepatocyte architecture with normal hepatic cords around central veins. The AZT group (D) showed multi-hepatic lesions and regular condensation of hepatic tissue as a result of hypertrophy or hepatoma (dash lines). ATZ+GEO1 and ATZ+GEO2 groups (E, F) showed fewer hepatic lesions in the form of mild hepatic cholestasis with dilated bile canaliculi (thick arrows) and the trapped bile plugs diffused in the hepatic tissue (thin arrows). H&E staining, scale bar = 25 µm, C.V., central vein; B.D., bile duct.



Conversely, specimens from the ATZ group showed multi-hepatic lesions and regular condensation of hepatic tissue as a result of hypertrophy or hepatoma (Figure 4D). On the other hand, the hepatic tissues of fishes belonging to the ATZ+GEO1 and ATZ+GEO2 groups showed fewer hepatic lesions such as mild hepatic cholestasis accompanied with dilated bile canaliculi (Figures 4E, F, respectively).



3.7 Gene Expression Levels in Liver

The expression levels of stress- and apoptosis-related genes such as Hsp70, caspase 3, and p53 in the hepatic tissues of Nile tilapia was significantly upregulated in the AZT group by 4.8-, 3.85-, and 4.1-fold, respectively (Figure 5).




Figure 5 | mRNA expression levels of heat shock protein 70 hsp70 (A), caspase 3 (B), and tumor suppressor protein p53 (C) genes relative to β-actin gene in the hepatic tissues of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60. Values are expressed as means ± S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.



Such change was significantly and, for some parameters, dose-dependently mitigated by dietary GEO supplementation, with expression levels of the aforementioned genes being significantly decreased in GEO1+ATZ and GEO2+ATZ groups compared to the ATZ group, although not reaching the levels measured in CNT, GEO1, and GEO2 groups (P < 0.05). Conversely, the mRNA expression values of the antioxidant enzyme (sod and cat) genes were significantly downregulated in the ATZ group compared to the CNT, GEO1, and GEO2 groups and, additionally, GEO-2 diet significantly increased sod and cat mRNA expression levels in healthy fishes (P < 0.05; Figure 6).




Figure 6 | mRNA expression levels of sod (A) and cat (B) genes relative to β-actin gene in the hepatic tissues of Nile tilapia in response to sub-lethal ATZ exposure and/or dietary supplementation with GEO for 60 days. Values are expressed as means ± S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.



However, the expression of the aforementioned genes significantly, but non-dose-dependently, increased in GEO1+ATZ and GEO2+ATZ groups compared to the ATZ group, although not reaching the values of CNT, GEO1, and GEO2 groups (P < 0.05).




4 Discussion

The present paper describes for the first time the effects that dietary supplementation with Panax ginseng, in the form of an essential oil, exerts on an array of physiological parameters of Nile tilapia reared under standard conditions or under sub-chronic ATZ intoxication over a 60-day feeding period.


4.1 Effects of GEO on Physiological Parameters of Healthy Nile Tilapia

In the present study, dietary supplementation with GEO for 60 days was found to exert a positive influence on the productivity performance of Nile tilapia. Indeed, all growth and feed utilization parameters were significantly improved in both GEO1 and GEO2 groups compared with the CNT group. A dose dependency was not observed, which may suggest either that the two tested supplementation levels triggered the maximal attainable response (ceiling effect), or that the difference occurring in the two supplementation levels was not great enough to elicit distinctly different effect magnitudes.

Similar to our study, previous studies showed that dietary supplementation with Panax ginseng or other ginseng species (American and Thai ginseng), in the form of herbs or extracts, is able to enhance the growth performance of Nile tilapia (Goda, 2008; Abdel-Tawwab, 2012; El-Sayed et al., 2014; Van Doan et al., 2019). Therefore, it appears that the use of Panax ginseng as an EO in fish diets can be a good option, alternative to other forms of dietary ginseng supplementation already tested, for promoting the production of Nile tilapia. Moreover, our findings revealed that in both GEO1 and GEO2 groups, most of the health and welfare parameters investigated did not differ from those of the CNT group (including the histoarchitecture of the hepatic tissue), suggesting that GEO is also safe as a feed supplement for the Nile tilapia farming.

The positive influence exerted by dietary GEO supplementation on the productive performance of Nile tilapia cannot be explained in light of the same physiological changes reported by other studies in Nile tilapia after administration of other forms of P. ginseng or other EOs. For instance, Goda found that diet supplementation with P. ginseng herb significantly improved hematological parameters of Nile tilapia such as RBC count, hematocrit, and Hb content (Goda, 2008); however, these effects were not observed in our study in response to dietary GEO supplementation. Furthermore, dietary supplementation with Ocimum basilicum EO reduced triglycerides and increased TP levels in Nile tilapia plasma samples (de Souza et al., 2019). Further, dietary Aloysia triphylla and Petroselinum crispum EOs had a positive impact on intestinal digestive enzymes such as lipase and protease in Nile tilapia (de Souza et al., 2020; Farag et al., 2022). In the present study, none of these blood characters and intestinal parameters showed significant changes in response to dietary GEO supplementation. Rather, a possible explanation for our productive performance findings may rely on an overall positive influence on the defense systems of Nile tilapia, as suggested by the significant increases that GEO diets produced in the WBC count (namely in the number of the circulating cells involved in immune response), as well as in the antioxidant equipment of the liver (SOD and CAT activities and expression levels, and GSH content).



4.2 Effects of GEO on Physiological Parameters of ATZ-Intoxicated Nile Tilapia

A further interesting finding of the present study is that dietary GEO supplementation was able to mitigate almost all of the negative effects exerted by sub-lethal ATZ toxicity in Nile tilapia over 60 days of concomitant exposure.


4.2.1 ATZ-Induced Toxicity

In this respect, it is worth mentioning that the significant ATZ-induced changes that we observed in many physiological parameters related to the productive performance and health/welfare of Nile tilapia were in agreement to those reported in the literature for this fish species (Neamat Allah et al., 2020; Abdel-Warith et al., 2021; Ali et al., 2022).

According to the literature, sub-lethal ATZ exposure significantly depressed the survival and growth rates of Nile tilapia (Abdel-Warith et al., 2021; Ali et al., 2022). This impaired productive performance in the ATZ group and is likely attributable to the negative impact exerted by ATZ on the health and welfare status of the exposed fishes in comparison with the CNT group.

Particularly, ATZ exposure impaired digestive functionality, as indicated by the significant decline in intestinal lipase enzyme activity. A similar effect has been also described for lead and bifenthrin toxicity in Nile tilapia (Alvarez-Gonzalez et al., 2020; Farag et al., 2022), although the latter pollutant also caused a significant decrease in the activity of α-amylase and protease enzymes (Farag et al., 2022), which were not affected by ATZ in our study.

ATZ exposure induced anemia and leukocytopenia (as indicated by the significant decline in RBC and WBC counts, as well as in PCV and Hb concentration). Similar alterations in hematological parameters have been reported for the ATZ-intoxicated Nile tilapia (Abdel-Warith et al., 2021) but also in several other ATZ-exposed fish species, such as common carp (Blahova et al., 2014) and Acipenser nudiventris (Naji et al., 2019).

The reduced WBC count, along with the significant decrease recorded in blood total GLO and IgM levels, suggests that sub-lethal ATZ exposure exerted immunosuppressive effects in the intoxicated Nile tilapia. Likewise, a significant decrease in α1-globulin, α2-globulin, ɤ-globulin, and IgM levels has been reported by other authors in Nile tilapia (Neamat Allah et al., 2020).

ATZ exposure induced further significant alterations in the blood protein profile of Nile tilapia, as well as in the fish blood lipid profile, as indicated by the decreased levels of TP, ALB, and GLO (hypoproteinemia), and increased levels of total cholesterol and triglycerides (hypercholesterolemia, hypertriglyceridemia). Overall, these findings suggest an impaired functionality of the fish liver, with particular regard to its ability to synthesize blood proteins and regulate lipid metabolism. Similar declines in blood TP levels were reported for ATZ-intoxicated Nile tilapia (Neamat Allah et al., 2020; Abdel-Warith et al., 2021). Moreover, significant alterations in blood protein and lipid profiles were observed to also occur in other ATZ-intoxicated fish species, such as grass carp (decreased TP, ALB, cholesterol, and triglycerides) (Soorena et al., 2011), African catfish (decreased TP, GLO and ALB levels) (Sing, 2020), and snow trout (decreased TP and cholesterol levels) (Akhtar et al., 2021).

The most likely cause for the impaired liver functionality in ATZ-intoxicated Nile tilapia was the occurrence of oxidative stress damage, as suggested by the results of the various assays performed to evaluate the liver oxidative status. Oxidative stress usually happens because of free radicals and reactive oxygen species overproduction, together with the inability of the endogenous antioxidant mechanisms such as SOD, CAT, glutathione-S-transferase (GST), and glutathione peroxidase (GPx) to counteract the negative effect of these free radicals (Lackner, 1998; Nordberg and Arner, 2001; Le Bras et al., 2005). Our study showed that ATZ exposure caused a significant decrease in hepatic SOD and CAT activity, as well as in the liver content of reduced GSH. Additionally, the hepatic MDA levels (that are index of lipid peroxidation) were the highest in the ATZ group among all experimental groups. Our findings of reduced antioxidant enzyme activity in the liver of ATZ-intoxicated Nile tilapia were consistent with results of gene expression assays. Indeed, we found the mRNA expression levels of the genes coding for these antioxidant enzymes (sod and cat) to be significantly downregulated in the hepatic tissues of the fishes exposed to sub-lethal ATZ dosage. These findings, on the whole, suggest the inability of the antioxidant system of the Nile tilapia liver to counteract the oxidative stress damage induced by the overproduction of free radicals after ATZ exposure. Previous studies evidenced a reduced activity of antioxidant enzymes SOD, CAT, and GPx and an increased MDA concentration in the liver of ATZ-intoxicated Nile tilapia (Abdel-Warith et al., 2021; Ali et al., 2022). Moreover, the negative influence of ATZ on liver oxidative status (particularly in terms of decreased activities of the antioxidant enzymes CAT, SOD, and GPx) has been documented for other fish species, such as Prochilodus lineatus (Santos and Martinez, 2012) and rohu (Labeo rohita) (Pugazhendy, 2014). Finally, it is worth noting that reduction in the expression of sod and cat genes similar to that observed in our ATZ-intoxicated Nile tilapia also occurred in C. carpio following exposure to indoxacarb (Ghelichpour et al., 2019). In contrast with all these findings, other studies and ours showed that both sub-chronic ATZ exposure in P. lineatus (Paulino et al., 2012) and chronic ATZ exposure in African catfish (Kadry et al., 2012) caused a significant increase (rather than decrease) in SOD, CAT, and GST activities, in association with increased lipid peroxidation levels. Moreover, several published studies reported overexpression (rather than downregulation) of antioxidant-related genes in fish tissues exposed to toxicants (Afifi et al., 2017; Taheri Mirghaed et al., 2020). These discrepancies may be linked to differences in toxicant types, exposure doses, exposure period, fish species, physiological and immune responses of fish, and several other factors.

Further evidence supporting the establishment of an oxidative stressful environment in the liver of ATZ-intoxicated Nile tilapia was provided in our study by the result of the assays measuring the mRNA expression levels of hsp70, caspase 3, and p53 genes in this tissue. HSPs play a chief role in the response of cells to stress (Feder and Hofmann, 1999). They can be found in fish tissues after exposure to several stressful conditions of biological and non-biological nature, such as pathogens, cold shock, heat stress, and environmental toxicants (Iwama et al., 1998). The upregulated expression of hsp70, in particular, is considered a normal pathophysiological mechanism that occurs in fish tissues to overcome the adverse environmental challenges (Basu et al., 2002; Xing et al., 2013; Iwama et al., 2015). Caspases are essential mediators involved in apoptosis (programmed cell death) (Porter and Jänicke, 1999). Particularly, caspase 3 is imposed and triggered after the occurrence of DNA damage and morphologic alterations associated with apoptosis (Porter and Jänicke, 1999). Finally, the tumor suppressor (p53) gene is considered an important biomarker for genotoxic effects and apoptotic changes after fish exposure to different aquatic toxicants and pollutants (Bhaskaran et al., 1999; Helton and Chen, 2007). Of note, it has been reported that oxidative stress triggered the activation of the p53 gene and consequently facilitated the start of apoptosis and cellular death (Mai et al., 2010). In the present study, ATZ exposure resulted in the overexpression of hsp70, caspase 3, and p53 genes in the hepatic tissues of Nile tilapia. This finding suggests that ATZ increased the stress level of the exposed fish hepatocytes and induced apoptotic changes in these cells. The capability of ATZ exposure to result in upregulated expression of hsp70, as well as of other HSPs (such as hsp60, hsp90), has also been documented in the brain and other tissues of C. carpio (Xing et al., 2013). In the latter fish species, ATZ was also shown to trigger neutrophil apoptosis by activating caspase 3 (Wang et al., 2019). Similarly to ATZ, also sub-lethal thallium (Farag et al., 2021) and bifenthrin (Farag et al., 2022) induced toxicities were found to be associated with increased expression levels of hsp70, caspase 3, and p53 genes in liver tissue of Nile tilapia.

In the present study, the damage that sub-lethal ATZ exposure produced via oxidative stress to the Nile tilapia hepatocytes was large enough to produce appreciable histopathological lesions in the examined hepatic tissues. Similar lesions were also described in other ATZ-intoxicated fish species, namely in the African catfish (Michael, 2018) and common carp (Neskovic et al., 1993).

Unsurprisingly, the multiple perturbations that sub-lethal ATZ exposure caused in our study to the health status of intoxicated fish negatively influenced the overall welfare status of the animals, leading to severely stressed fish. This was indicated by the finding that ATZ-exposed Nile tilapia had significantly elevated serum levels of the hormone cortisol, which is a well-known marker of fish exposure to stressful circumstances (Wendelaar Bonga, 1997; Barton, 2002). The occurrence of increased release of cortisol in Nile tilapia in response to sub-lethal ATZ exposure has also been reported in the literature (Abdel-Warith et al., 2021).



4.2.2 Mitigation of ATZ Toxicity by GEO

Most of the alterations that ATZ induced in the physiological parameters that were used as markers of productive performance and health/welfare status of Nile tilapia appeared significantly attenuated when the exposure of these animals to sub-lethal ATZ dosage occurred concomitantly with dietary GEO supplementation.

More specifically, dietary GEO supplementation significantly reduced the negative impact of sub-lethal ATZ toxicity on the growth, feed utilization, and survivability of exposed fishes, just as dietary menthol EO and thyme EO did on Nile tilapia and rainbow trout after the exposure to sub-lethal dosage of chlorpyrifos (Dawood et al., 2020) and aflatoxin B1 (Ghafarifarsani et al., 2021), respectively. This preserving effect of GEO on the productive performance of ATZ-intoxicated fishes was the likely consequence of all the protective effects that such a supplementation exerted on fishes’ digestive functionality, erythrocyte health, immune function, and hepatic oxidative status following the ATZ intoxication.

Indeed, dietary GEO supplementation in GEO1+ATZ and GEO2+ATZ groups significantly mitigated the negative impact of ATZ on the activity of the intestinal enzyme lipase, just as dietary Petroselinum crispum EO did in Nile tilapia exposed to bifenthrin (Farag et al., 2022).

Dietary GEO supplementation also significantly attenuated ATZ’s negative impact on Nile tilapia hematology, in this sense, producing similar beneficial effects to those recently described for dietary supplementation with fucoidan (Abdel-Warith et al., 2021).

Interestingly, supplementation of Nile tilapia diet with GEO resulted in less marked ATZ-induced disruption of most hepatic antioxidant defense systems (less marked decreases in CAT activity, sod and cat gene expression, GSH content) and consistently less marked ATZ-induced lipid peroxidation (MDA content). In all likelihood, these protective effects of GEO are attributable to the well-known antioxidant properties of the bioactive functional constituents present in the GEO (Kitts et al., 2000; Kim et al., 2002; Zhao et al., 2020; Ahmadifar et al., 2021). In producing these antioxidant effects, dietary GEO supplementation appears to behave similarly to dietary parsley EO, which attenuated bifenthrin-induced oxidative stress in Nile tilapia (Farag et al., 2022), Origanum vulgare EO, which improved CAT and SOD enzyme activities of cypermethrin-intoxicated common carp (Khafaga et al., 2020), and finally menthol EO, which negatively modulated the expression of cat and sod genes in Nile tilapia exposed to a sub-lethal chlorpyrifos dosage (Dawood et al., 2020).

As a plausible consequence of the attenuation of ATZ-induced oxidative stress in Nile tilapia liver, and also as a possible effect of the direct anti-stress and anti-apoptotic properties of GEO bioactive constituents (Rai et al., 2003; Lee et al., 2008; Souza et al., 2019), dietary GEO supplementation in GEO1+ATZ and GEO2+ATZ groups was able to significantly mitigate the toxicity associated overexpression of all stress-related (hsp70) and apoptosis-related (caspase 3 and p53) genes. In this respect, the behavior of dietary GEO seems similar to that of dietary menthol EO, which negatively modulated the expression of hsp70 genes in Nile tilapia exposed to a sub-lethal chlorpyrifos dosage (Dawood et al., 2020), to that of parsley EO, which counteracted the increase in the expression levels of hsp70, caspase3 and p53 genes in Nile tilapia exposed to a sub-lethal bifenthrin dosage (Farag et al., 2022), and finally to that of dietary Astragalus membranaceus polysaccharides, which negatively modulated the expression of hsp70 and apoptosis-related genes in Nile tilapia subjected to a sub-lethal thallium dosage (Farag et al., 2021).

Consistently with all the protective effects discussed so far, and probably also due to the direct anti-inflammatory activity of P. ginseng bioactive compounds (Paul et al., 2012; Baek et al., 2015), the present study found that dietary GEO supplementation reduced the hepatic histological lesions in ATZ-exposed Nile tilapia. In this respect, GEO seems endowed with beneficial properties similar to those reported for several other EOs in many different toxicity studies. For instance, dietary fucoidan (Abdel-Warith et al., 2021) and Isatis phytogenic-based diets were found to significantly reduce the ATZ-induced intestinal histological lesions in Nile tilapia (Ali et al., 2022). Moreover, dietary Carica papaya and Mangifera indica negatively modulated the histopathological changes in ATZ-intoxicated Clarias gariepinus (Owolabi and Abdulkareem, 2021). As far as other toxicants are considered, it should be mentioned that dietary menthol EO significantly reduced the histopathological alterations in Nile tilapia tissues exposed to a sub-lethal chlorpyrifos dosage (Dawood et al., 2020). Moreover, dietary Thymus vulgaris EO considerably mitigated the histopathological alterations in the thiamethoxam-intoxicated African catfish (El Euony et al., 2020). Finally, it was reported that supplementing diets with Origanum vulgare EO modulated the histopathological changes that occurred in common carp tissues subjected to a sub-lethal cypermethrin dosage (Khafaga et al., 2020).

Probably strictly related to the mitigating effects on ATZ-induced damage, the present study found dietary GEO supplementation in ATZ-intoxicated Nile tilapia to be associated with less marked detrimental changes in hepatic functionality (as indicated by the improved blood protein and lipid profiles) and less marked impairment of the animal welfare status (as indicated by the improved serum values of the systemic stress marker cortisol). Once again, dietary GEO seems to offer beneficial effects similar to those offered by dietary supplementation with other natural feed supplements, such as fucoidan (Abdel-Warith et al., 2021), which was reported to improve the blood levels of proteins and cortisol in ATZ-intoxicated Nile tilapia, Petroselinum crispum EO (Farag et al., 2022), which significantly improved blood proteins and serum cortisol levels in Nile tilapia intoxicated with a sub-lethal bifenthrin concentration, and Ocimum basilicum EO (de Souza et al., 2019), which was found to reduce plasma triglycerides and increased plasma TP levels in Nile tilapia.

As a final consideration, it is worth noting that concerning some of the physiological parameters examined (growth and feed utilization parameters, hematological parameters, intestinal lipase activity, blood ALB levels, liver CAT enzyme activity, GSH content, sod, cat, and hsp70 mRNA expression levels), the two different levels of dietary GEO supplementation were equally effective at protecting the fishes from the toxicity of ATZ and dose dependency was not observed. Conversely, for other physiological parameters tested (survival rate, blood levels of TP, GLO, and IgM, blood levels of total cholesterol, triglycerides and cortisol, liver MDA content, and mRNA expression levels of caspase 3 and p53 genes), a dose dependency was demonstrated, with the higher dietary GEO supplementation level (2.0 mL/kg diet) resulting to be more effective than the lower (1.0 mL/kg diet). This lack of homogeneity probably reflects the fact that the various protective activities against ATZ-induced toxicity are exerted by GEO bioactive constituents with differing potency and/or efficacy. Moreover, the sensitivity of one physiological parameter to the protective modulation exerted by GEO may vary depending on the extent to which that same parameter is altered by ATZ toxicity.

At any rate, for some ATZ-affected parameters (survival rate, intestinal lipase activity, liver MDA content, and mRNA expression levels of cat, hsp70, and p53 genes), dietary GEO supplementation, even at the higher dosage, did not completely mitigate the detrimental effects of ATZ , failing to keep the parameter values at their normal levels (at levels not different from those measured in the CNT group). In this respect, it might be expected that further increasing the GEO supplementation dose could result in even better protection of Nile tilapia against ATZ-induced toxicity.





5 Conclusions

In summary, GEO-supplemented diets significantly improved productive performance, immune function, lipid metabolism, and hepatic antioxidant status of the treated Nile tilapia. Moreover, dietary GEO considerably mitigated the negative impacts of ATZ toxicity on the productive performance and health/welfare status of the exposed Nile tilapia. Particularly, the sub-lethal ATZ exposure reduced survivability, impaired digestive functionality, and induced growth retardation, anemia, immunosuppression, and oxidative stress damage to the liver, with consequent impairment of liver functionality and appearance. Dietary GEO attenuated almost all of the ATZ-induced changes in Nile tilapia physiological parameters, indicating a significant and beneficial anti-oxidative, anti-stress, anti-apoptotic, and anti-inflammatory activity. However, GEO did not always completely mitigate ATZ toxic effects reaching the CNT values. Further investigations should be performed to better identify the bioactive constituents of GEO that are actually responsible for the observed positive effects, and to elucidate the action mechanisms by which dietary GEO modulated the productive performance and ATZ-induced toxicity in Nile tilapia.
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Parameters Experimental groups S.E.M. P-value
CNT GEO1 GEO2 ATZ ATZ+GEO1 ATZ+GEO2
WO (g) 40.36 40.83 40.48 40.45 40.45 40.47 0.087 0.770
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Survival (%) 99.47% 99.51% 99.60° 80.51¢ 85.42° 93.93° 1.845 <0.001

WO, Initial weight; W60, Final weight after 60 days; WG, Weight gain; Fl, Feed intake; FCR, Feed conversion ratio.
Values are expressed as means + S.E.M. Values that are not sharing a common letter differ significantly at P < 0.05.
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OEBPS/Images/table4.jpg
Parameters Experimental groups S.E.M. P-value
Control GEO1 GEO2 ATZ ATZ+GEO1 ATZ+GEO2

SOD (U/g tissue) 23.66° 24.70° 24.50% 11.18° 11.18° 11.40° 1.583 <0.001

CAT (U/g tissue) 16.27° 17.142 17.27° 12.77° 16.18° 16.21° 0.368 <0.001

GSH (nmol/g tissue) 3.48° 4612 4,612 2.12¢ 2.87° 3.16° 0.245 <0.001

MDA (nmol/g tissue) 1.57¢ 1.28° 1.47¢ 8.15% 6.11° 4.71° 0.659 <0.001

SOD, Superoxide dismutase; CAT, Catalase; GSH, Reduced glutathione; MDA, Malondialdehyde.
Values are means + S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.
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Experimental groups S.E.M. P-value

CNT GEO1 GEO2 ATZ ATZ+GEO1 ATZ+GEO2

Hemoglobin (g/dL) 8.26° 8.16° 8.19° 4.94° 6.52% 7.10° 0.327 0.001
Red blood cells (10%/uL) 3.23° 3.27° 3.28° 1.45° 3.37° 3.16° 0.187 <0.001
Packed cell volume (%) 20,512 20.75% 20.012° 18.78° 20.93% 20.63* 0.214 0.011
White blood cells (10/mm?) 5.37° 6.08% 6.22% 4.45° 5.38° 5.36° 0.153 <0.001

Values are expressed as means + S.E.M (n = 9). Values that are not sharing a common letter differ significantly at P < 0.05.
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OEBPS/Images/table1.jpg
Target genes

sod

cat

hsp70
caspase 3
p53

B actin

Primer sequences (F: Forward and R: Reverse)

F: 5'- CTCCAGCCTGCCCTCAA-3’

R: 5’- TCCAGAAGATGGTGTGGTTAATGTG-3'
F: 5-TCCTGGAGCCTCAGCCAT-3'

R: 5'-ACAGTTATCACACAGGTGCATCTTT-3"
F: 5-CATCGCCTACGGTCTGGACAA-3’

R: 5'-TGCCGTCTTCAATGGTCAGGAT-3"

F: 5'-CCAGACAGTCGATCAGATGAT-3'

R: 5'-TGGTGTTAAGATCCCTGTGGAAG-3'
F: 5'-GCATGTGGCTGATGTTGTTC-3'

R: 5-GCAGGATGGTGGTCATCTCT-3"

F: 5’-ATCGTGGGGCGCCCCAGG-3

R: 5-CTCCTTAATGTCACGCACGATTTC-3'

GenBank Accession No.

JF801727.1

JF801726.1

FJ207463.1

GQ421464.1

FJ233106.1

EU887951.1

Reference
(Varela-Valencia et al., 2014)
(Varela-Valencia et al., 2014)
Unpublished
(Monteiro et al., 2009)
Unpublished

(Monteiro et al., 2009)

Hsp70, Heat shock protein 70;

t: Catalase; sod, superoxide dismutase; p53, tumor suppressor protein p53; B actin, Beta actin.
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