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Abstract

:

Organically modified clinoptilolite (member of the zeolite family of minerals; MinazelPlus®) feed additive, with an average weight of 30 ± 2 g, was used to prevent mycotoxicosis in Nile tilapia (Oreochromis niloticus) through its supplementation for 42 days to the diet contaminated with multiple mycotoxins: aflatoxin B1 (40 µg/kg), fumonisin B1 and B2 (600 µg/kg), zearalenone (50 µg/kg), and deoxynivalenol (150 µg/kg). The fish were divided randomly into four experimental groups (basal diet control—C; fed 2 g/kg MinazelPlus®—MZ; fed multiple mycotoxins—MT; and fed a combination of MinazelPlus® and multiple mycotoxins—MZ + MT). Each group consisted of triplicate aquarium setups, with six fish in each replicate. Sampling was performed in weeks 2, 4, and 6. The lymphocyte count was significantly higher in the MZ group compared with the MT group and the MT + MZ group in week 6. An overall decrease in the neutrophil count was observed in the experimental groups. Histopathological analysis was performed in weeks 2 and 6, revealing significant changes in the liver, intestines, kidney, and spleen of fish from the MT group, while the MT + MZ and MZ groups were similar to the control. The addition of 2 g/kg MinazelPlus® has the ability to prevent and reduce the adverse effects of chronic exposure to low concentrations of multiple mycotoxins in juvenile Nile tilapia.
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Key Contribution: The administration of MinazelPlus® significantly influenced lymphocyte and neutrophil counts in the experimental groups and prevented the occurrence of significant histopathological changes in the liver, intestines, kidney, and spleen of fish exposed to mycotoxins.










1. Introduction


Aquaculture production is the fastest-growing industry in the global food economy. In terms of total production, aquaculture has recently overtaken capture fisheries and now supports over half of all seafood production worldwide. Asia is the leader in aquatic animal production, accounting for 91.4 percent of the total aquaculture production [1]. The continued growth of aquaculture is driven by increases in human consumption demands, resulting in increased need for animal feed to support aquatic animal production.



According to the FAO [1], Nile tilapia (Oreochromis niloticus) was the second most produced fish worldwide in 2022, with an estimated production of 5.3 million tons [1]. It is expected that tilapia’s role in meeting seafood protein demands will be met with continued increases in its production, especially in the developing regions of the world [2]. Therefore, the need for farmed tilapia feed will also increase, posing a problem to be solved with two-fold approach: growth of feed production and reduction in feed wastage, which was mentioned as a high-profile goal in the FAO’s 2022 edition of The State of World Fisheries and Aquaculture (SOFIA) [3]. In 2017, the amount of feed provided for tilapia was recorded at 9.2 million tons, whereas a projected estimate for the year 2025 indicates an increase to 13.25 million tons, a 45% increase in less than 10 years [4].



A major raw material source for animal feed production is represented by plants, including ingredients used for the production of cultured aquatic animal feed (mainly used in finfish and shrimp aquaculture). However, an inherent risk of plant-based protein sources (e.g., soybeans, wheat, maize/corn, and others) lies in the introduction of mycotoxin contamination from raw ingredients into aquafeed formulations [5,6]. The majority of aquaculture finished feed samples and plant-based meal samples, such as soybean meal, wheat, and maize, analyzed across multiple studies were found to be contaminated with more than one mycotoxin [7,8,9].



Among over 300 known mycotoxins, the dominant toxins are aflatoxins, zearalenone, fumonisin, ochratoxin, and deoxynivalenol. Furthermore, these few mycotoxins have the highest economic impact, due to their prevalence in feedstuff and negative effects on livestock production efficiency [10]. The European Commission guidelines recommend that the maximum levels and guidance values for aflatoxin B1, deoxynivalenol, zearalenone, and fumonisin in animal feedstuffs be established, with acceptable levels of 20 µg/kg, 5000 µg/kg, 2000 µg/kg, and 10,000 µg/kg, respectively [11,12]. However, there are no respective values for mycotoxin contamination specifically developed for fish feed, with exception of fumonisins (FB1 + FB2), with a maximum acceptable level of 10,000 µg/kg [11]. It is known that the simultaneous presence of multiple mycotoxins below regulatory limits can lead to cumulative and/or synergistic toxicity effects [13].



Currently, a number of strategies are being employed to prevent feed contamination with mycotoxins and reduce mycotoxin absorption in the gastro-intestinal tract. A rationale for the usage of mineral-based mycotoxin absorbers as feed additives, such as natural zeolites (clinoptilolite), has been confirmed by multiple studies [14,15]. More recently, Tomašević-Čanović [14] and Daković et al. [15] reported that clinoptilolite can effectively adsorb various types of mycotoxins, even when their chemical composition varies. Clinoptilolite’s binding properties are due to the unique physiochemical structure and characteristics of this mineral. This particular zeolite is made out of very fine polycrystalline lamellas, forming the basis of its rigid structure. At the same time, free spaces in its “skeleton” and its superb ion exchange properties make it an effective mycotoxin binder. It is important to note that clinoptilolites have been evidenced to display a plethora of positive effects on animals when feed is supplemented with them, among which we can name hemostatic, anti-inflammatory, antimicrobial, antitumor, and immunostimulant activities [16,17].



It has also been noted that naturally occurring zeolites, including clinoptilolites, have limited effectiveness in the adsorption of the full spectrum of mycotoxins, which has prompted further studies focusing on surface modifications of mineral powder by the addition of different chemical substituents [10]. MinazelPlus® is a proprietary patented result of such studies, where natural clinoptilolite adsorption and selective properties are improved through a two-step modification process. Tribochemical surface modification, during which organic cations are added, is followed by a three-part physio-chemical modification, resulting in a partial change in the clinoptilolite’s surface polarity through the attachment of long-chained cations. Such modification makes the adsorption of the less polar and non-polar mycotoxins possible, thus improving the overall efficacy of the feed additive. The effectiveness of MinazelPlus® in the adsorption of mycotoxins in an aquaculture environment is supported by several studies conducted on Gilthead sea bream (Sparus aurata), Nile tilapia (Oreochromis niloticus), or Rainbow trout (Oncorhynchus mykiss) [18,19,20].



The exposure of fish to mycotoxin-contaminated feed can result in acute and chronic pathologies, such as liver and kidney diseases, carcinogenesis, gastro-intestinal disturbances, reproductive disorders, and immune system suppression [21,22]. The low-level presence of mycotoxins in fish diet can lead to reduced growth rate and decreased feed intake, causing significant economic impacts on aquaculture production [5,8,22]. Another layer of this problem’s complexity is the varying level of contamination related to geographical and climatic factors. In the analysis performed by Gonçalves et al. [8], the areas of Southeast Asia are mentioned to be the most affected by this problem due to the general climate conditions, such as the occurrence of seasons of heavy tropical rain. Furthermore, previous studies by Gonçalves et al. [8] noted that 84% of the feed samples were contaminated with more than one mycotoxin in Asian countries and samples from Europe tested positive for more than one mycotoxin in about 50% of cases. This clearly demonstrates the need to perform multi-mycotoxin studies to reflect real aquaculture conditions.



As mentioned above, due to the growth, production volume, and distribution of Nile tilapia aquaculture in tropical and sub-tropical areas and its overlapping with areas related to significant feed contamination with multiple mycotoxins, it is the fish species with the highest risk of being exposed to multiple mycotoxins in routine aquaculture operations. Furthermore, as tilapia is the most produced fish in Thailand aquaculture [23] and is one of the most important sources of animal protein for populations throughout Southeast Asia, it is imperative to understand the potential for multiple low-concentration mycotoxins effects on farmed Nile tilapia’s health and the possible ways to prevent them. In order to prevent health consequences, different risk and toxicity mitigation strategies are employed, including the addition of mycotoxin absorbers such as clinoptilolites (zeolites) with high ion exchange capacity to commercial feed. The adsorption of mycotoxins can effectively reduce their toxic potential and further assist in disease prevention, support optimal growth rates, improve nutrient absorption, and increase the overall survival rate of aquatic animals in aquaculture [20,24].



This study aims to determine the potential of organically modified clinoptilolite (MinazelPlus®) feed additive to safely protect the health of Nile tilapia exposed to a field-relevant mixture of mycotoxins at concentrations equaling or below the regulatory minimum. We examined if the addition of this broad-spectrum mycotoxin adsorber to fish feed contaminated with low levels of multiple mycotoxins similar to an actual field situation prevented the negative effects on the overall health and condition of fish during chronic dietary exposure.




2. Materials and Methods


2.1. Animals and Experimental Conditions


A total of 72 Nile tilapia (Oreochromis niloticus) with an average body weight of 30 ± 2 g were divided into four experimental groups (Table 1), and 6 fish were randomly distributed in each of the three 50 L glass tanks per group. The tanks were equipped with a continuous single-pass flow-through system sourced from conditioned water. The fish were fed twice daily for a period of 42 days, with the exception of the day before the planned sampling. We performed daily measurements of water quality parameters, such as temperature, pH, and nitrite. Weekly water parameter measurements were conducted for total ammonia (TAN), nitrate, dissolved oxygen, and carbonate hardness. The temperature was constantly kept at 27 ± 0.5 °C, the pH level ranged between 7.6 and 8, the nitrite concentration was <0.02 mg/L, the total ammonia (TAN) level consistently remained below 0.05 mg/L, the nitrite concentration was 0.9 ± 0.08 mg/L, the dissolved oxygen level was 7.89 ± 0.15 mg/L, and the carbonate hardness was 14.19 ± 1.92 KH. The water quality parameters were measured and regulated to provide stable environmental conditions [25].



The fish were kept under a 12 h light and 12 h dark photoperiod by using indoor lights. The studies were conducted at Chair for Fish Diseases and Fisheries Biology, Faculty of Veterinary Medicine, Ludwig-Maximilians-University Munich, Germany, as approved by the German Animal Welfare Experimental Animal Ordinance for animal husbandry and welfare from the Ethical Committee for Animal Experiments—Regierung von Oberbayern, Maximilianstr. 39, 80534 München (Ref. No. ROB-55.2-2532.Vet_02-20-142). Before the experimental trial, the fish were acclimated for a period of two weeks. Observation of general fish behavior and clinical signs before and during feeding was performed twice per day as part of the general laboratory animal routine check that was recorded in the animal facility logbook. The animals were kept in accordance with the guidelines of the European Union directives for animal welfare [26].




2.2. Experimental Diets


The experimental diets for Nile tilapia were prepared by using commercial feed. The analysis of the feed composition was performed at the Department of Animal Nutrition and Feed Science, Wrocław University of Environmental and Life Sciences (Wrocław, Poland), according to the AOAC protocol [27] (dry matter, 91.9%; ash, 9.24%; crude protein, 39.81%; fat, 13.3%; fiber, 5.24%; energy, 19.3 MJ/kg), confirming that the nutritional requirements of the fish were met [28,29]. Organically modified clinoptilolite (MinazelPlus®; Patent Co., Mišićevo, Serbia) was added to the basal diet according to the safety and efficacy study protocols [18,30]. Predetermined amounts of mycotoxins (in the form of contaminated corn meal) were added to the basal diet with the inclusion of and without MinazelPlus®. The mycotoxin levels used in this experiment were based on the analysis of mycotoxins in animal feed from Southeast Asia, as reported by Gruber-Dorninger et al. [9]. Mycotoxin-contaminated corn meal was provided by Patent Co. The feed mixtures were applied to four experimental groups according to the schedule in Table 1.



The experimental feed was prepared according to Royes and Chapman [31] and Gonzalez and Allan [32] by using commercial pelleted feed, ground and mixed with multiple-mycotoxin-contaminated corn meal, with or without 2 g/kg MinazelPlus®. The mycotoxin concentration levels in the experimental diets were analyzed by Patent Co. to confirm that the concentrations of multiple mycotoxins in the experimental diets were close to the desired levels (Supplementary File: Figure S1). Corn meal without mycotoxin contamination was used in the control diet. Following the homogenization of the feed, water and oil were added, thoroughly mixed into a pliable dough, and extruded through a 2 mm grinder disc. Subsequently, dough pellets were air-dried in a chemical cabinet for 42 h, followed by grading through a 1.8–2.2 mm sieve. The experimental diets were vacuum-packed and stored at −30 °C until usage.




2.3. Sample Collection


On days 14, 28 *, and 42 (weeks 2, 4, and 6) with respect to the start of the experiment, six fish were randomly selected from each experimental group. On day 28, only 12 fish in total were sampled for the required health check. The fish were starved for 24 h before sampling and euthanized with an overdose of neutrally buffered and aerated tricaine methanesulfonate solution (MS-222; final concentration of 300 mg/mL) followed by a blow to the head. Fish were weighed and their length was measured to calculate their growth performance, followed by the collection of blood samples for hematological and biochemical parameters (Section 2.5 and Section 2.6). Fish were then subjected to pathology examination via dissection, and internal organs were collected for histopathology (Section 2.7).




2.4. Growth Determination


Growth performance was calculated according to the following:


Weight gain (WG; g) = final body weight − initial body weight










Average daily weight gain (g/day) = (final body weight − initial body weight)/t (days)










Specific growth rate (SGR; % day−1) = 100 × [ln (final body weight) − ln (initial body weight)]/t (days)










Feed conversion ratio (FCR) = feed intake/weight gain










Body weight increase (BWI; %) = 100 × (weight gain/initial body weight)












2.5. Blood Sampling and Hematological Parameters


Blood samples were collected with a heparinized syringe from a caudal vein, according to Witeska et al. [33]. Blood smears were stained with Diff-Quick® (CellaVision, Lund, Sweden) according to the method described by Meyers [34], and differential leukocyte counts were performed (400–1000×) according to Salkova et al.’s [35] method.




2.6. Biochemical Parameters


Blood samples were kept on ice for 1 h, which was followed by plasma separation (centrifugation at 7000× g for 15 min). Plasma was stored at −80 °C for further analysis [36,37] of the levels of total protein, albumin, and globulin, as well as aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Biochemical parameter analysis was performed by the Clinic of Small Animal Internal Medicine, Centre for Clinical Veterinary Medicine, Ludwig-Maximilian-University Munich, Germany, by using the Cobas Integra 400 plus biochemical analyzer (Roche, Basel, Switzerland).




2.7. Histopathological Examination


On days 14 and 42, six fish from each group were euthanized as described above, and necropsies were performed. The tissue samples from the liver, kidney, intestine, and spleen were collected and fixed for 24 h in 10% ice-cold neutral buffered formalin solution (NBF) solution [38] and stored at 4 °C before being transferred into 70% ethanol. Tissue samples were processed for histopathology, sectioned at 5 µm thickness, and stained with hematoxylin and eosin (H&E) at the Institute of Pathology [34,39]. Histopathological samples were then evaluated with the Delta Optical ProteOne (400–1000×) and photographed with the microscope-mounted camera DLT-Cam PRO 5 (Delta Optical, Warsaw, Poland).




2.8. Statistical Analysis


The statistical analysis was performed by using RStudio statistical software (version 4.2.2). The normality of the collected data was analyzed by using the Shapiro–Wilk test, while the homogeneity of variance was checked with Bartlett’s test. A one-way analysis of variance (ANOVA) test was performed, using Tukey’s HSD test to analyze the differences among the experimental diets. Additionally, the Kruskal–Wallis test was performed, followed by Dunn’s test with the same purpose. A significant level of 95% was considered for all parameters (p ≤ 0.05), and the ±standard errors of means are presented.





3. Results


3.1. Growth Performance


The growth performance of Nile tilapia after 42 days of exposure to multiple mycotoxins, both with and without the addition of organically modified clinoptilolite feed additive (MinazelPlus®), is presented in Table 2. The results show that there were no statistically significant differences (p > 0.05) among the groups on day 14 (Supplementary File: Table S1) and day 42 (Table 2). However, the presented results show a positive trend for all growth performance parameters in fish treated with MinazelPlus® in comparison with the other studied groups. Nile tilapia fed the diet containing 2 g/kg MinazelPlus® showed the highest increase in weight gain, percentage weight gain, daily weight gain, and specific growth rate. In addition, Nile tilapia that were fed MinazelPlus® showed an improvement in the feed conversion ratio.




3.2. Hematological Parameters


Differential blood cell counts (Figure 1) showed a statistically significant increase in lymphocyte counts in the MinazelPlus® group on day 42 compared with both the MT and MZ-MT groups. There were no significant differences compared with the fish from the control group (Figure 1b) or among groups on day 14 (Supplementary data Figure S2). The group treated with MinazelPlus® showed a statistically significant decrease in neutrophil counts compared with the other groups on day 42 (Figure 1c). Additionally, no significant differences among the groups in terms of total leukocyte counts and monocyte counts were observed. Nevertheless, Nile tilapia treated with MinazelPlus® showed a higher number of total leukocytes in comparison with the other groups (Figure 1a,d).




3.3. Biochemical Parameters


The plasma biochemical parameter analysis of Nile tilapia after 42 days of exposure to multiple mycotoxins, with (MZ + MT) and without (MT) the addition of organically modified clinoptilolite feed additive (MinazelPlus®), is shown in Table 3. The results show no statistically significant differences (p > 0.05) among the groups on day 42. Notably, an increasing trend for the levels of total protein, albumin, and globulin in the MinazelPlus® additive group was observed. Furthermore, the levels of plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity were reduced in fish that received MinazelPlus® compared with other groups. The results indicate that feeding Nile tilapia a diet supplemented with 2 g/kg organically modified clinoptilolite feed additive (MinazelPlus®) had positive effects, resulting in increasing trends for total protein, albumin, globulin, ALT, and AST levels. The results of 14 days of treatment do not show significant differences in the studied parameters (Supplementary File: Table S2).




3.4. Clinical Signs


The Nile tilapia group fed the diet contaminated with multiple mycotoxins for 42 days showed clinical signs consistent with the observed histopathological changes in the fish, as displayed in Figure 2. The fish showed symptoms such as yellow skin and fin rot (Figure 2a), along with congested and moderately inflamed intestines (Figure 2b). Additionally, the presence of fluid in the abdominal cavity (ascites) was observed (Figure 2c). Furthermore, a pale appearance of the liver was also observed, indicating a possible pathology (Figure 2d). Pictures representative of the other groups are in the supplementary file (Figure S3).




3.5. Histopathological Examination


3.5.1. Histopathological Changes in Liver of Nile Tilapia


The histopathological changes in the liver of Nile tilapia after 42 days of exposure to multiple mycotoxins, both with and without the addition of organically modified clinoptilolite feed additive (MinazelPlus®), are shown in Figure 3. Nile tilapia fed the diet containing 2 g/kg MinazelPlus® showed intact hepatic lobular architecture with normal hepatocytes (Figure 3b). Normal hepatic architecture with mild fatty change in hepatocytes, as well as mild vacuolation of some hepatocytes and slight degeneration of hepatocytes, was observed in fish from the control group (Figure 3a). The group of fish exposed to mycotoxins showed several pathological signs, particularly severe hepatocyte deformation, vacuolar degeneration of hepatocytes, disarrangement of cells, and hepatocyte cloudiness. In addition, congestion of the blood sinusoids and pyknosis and coagulation necrosis of the hepatocytes were also identified. The hepatopancreas showed the symptoms of necrosis with lymphocytic infiltration and necrosis of pancreatic acini (Figure 3c).



The group of fish fed the mycotoxin diet supplemented with 2 g/kg MinazelPlus® showed pyknosis, blood sinusoid, and marked degenerative changes in hepatocytes compared with the control group. Furthermore, there were moderate vacuolation of hepatocytes, moderate fatty changes in hepatocytes, and mild necrosis of the hepatopancreas with lymphocytic infiltration (Figure 3d). For the purpose of direct comparison, Figure S4, representing the liver tissue of the mycotoxin and MinazelPlus® and the mycotoxins groups, is provided in the supplementary file.




3.5.2. Histopathological Changes in Intestines of Nile Tilapia


Figure 4 presents the histopathological changes in the intestine of Nile tilapia after 42 days of exposure to multiple mycotoxins, both with and without the addition of organically modified clinoptilolite feed additive (MinazelPlus®). The control group and group of fish treated with 2 g/kg MinazelPlus® showed a normal intestinal structure consisting of the mucosa, submucosa, muscle layer, and serosa. Furthermore, goblet cells, lamina propria, and normal villi were intact with normal enterocytes, as shown in Figure 4a,b. The group of fish exposed to mycotoxins showed various pathological indications, such as severe necrosis of the enterocytes along with lymphocytic infiltration, infiltration of mononuclear cells in the lamina propria, edemas in the lamina propria, and infiltration of neutrophils, in addition to hyperplasia of goblet cells, muscle layer degeneration, severe necrosis, degeneration, and cell lysis in the villi of the intestine. Additionally, shorter intestinal villi were observed compared with the other group (Figure 4c). The group of fish fed the mycotoxin-contaminated diet supplemented with 2 g/kg MinazelPlus® showed edemas in the lamina propria and goblet cell hyperplasia in some villi. Also, there were signs of moderate necrosis, degeneration, and cell lysis in the villi of the intestine (Figure 4d).




3.5.3. Histopathological Changes in Posterior Kidney of Nile Tilapia


The histopathological changes in the posterior kidney of Nile tilapia after 42 days of exposure to multiple mycotoxins, both with and without the addition of organically modified clinoptilolite feed additive (MinazelPlus®), are shown in Figure 5. The control group showed a normal kidney structure consisting of a normal glomerulus with Bowman’s space, as well as renal tubules (Figure 5a). The group of fish treated with 2 g/kg MinazelPlus® showed a normal structure of the renal tubules, as shown in Figure 5b. The group of fish exposed to mycotoxins revealed increased tubular lumen, mononuclear cell infiltration, intertubular hemorrhages, and perivascular fibrosis accompanied by mononuclear infiltration. Fish in this group also showed cystic tubular and glomerular expansion with the absence of Bowman’s space. Additionally, severe necrosis of some renal tubules and moderate vacuolation degenerations of the renal tubular epithelium were observed (Figure 5c). The fish group that was fed mycotoxin-contaminated diet supplemented with 2 g/kg MinazelPlus® showed an increase in the tubular lumen, infiltration of mononuclear cells, intertubular hemorrhages, and cystic tubular. Furthermore, glomerular expansion with the absence of Bowman’s space, along with mild necrosis of some renal tubules and mild vacuolation degeneration of the renal tubular epithelium were observed in this group (Figure 5d).




3.5.4. Histopathological Changes in Spleen of Nile Tilapia


Figure 6 illustrates the histopathological changes in the spleen of Nile tilapia after 42 days of exposure to multiple mycotoxins, both with and without the addition of organically modified clinoptilolite feed additive (MinazelPlus®). Both the control group and the group of fish treated with 2 g/kg MinazelPlus® showed a normal structure of the spleen, consisting of red pulp and white pulp, as shown in Figure 6a, b. The group of fish exposed to mycotoxins showed marked lymphoid depletion, along with melanomacrophage centers (Figure 6c). However, the group of fish that consumed contaminated mycotoxins supplemented with 2 g/kg MinazelPlus® showed a mild degree of lymphoid depletion and a low density of melanomacrophage centers compared with the group of fish that consumed only mycotoxins (Figure 6d).






4. Discussion


The samples collected from fish fed plant-based raw materials and animal finished feed were contaminated with multiple mycotoxins [40,41,42] and presented with multiple symptoms, such as damage to the internal organs, particularly the liver, kidneys, and intestines (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6) after 6 weeks of dietary exposure. Among direct toxic effects, the literature supports that mycotoxin-related pathologies includes carcinogenesis, damage to neurons and blood cells, and immune system interference [22,43,44,45]. It is well established that chronic exposure to mycotoxins at low doses can interfere with human and animal health [5,46].



Studies of dietary mycotoxin effects mostly focus on individual mycotoxins, particularly aflatoxin B1 [47,48,49]. There is limited information available regarding the effects on fish that have simultaneously consumed multiple mycotoxins [21,50], and no such information is available to us regarding multiple-mycotoxin exposure at levels below regulatory limits. In this study, we fed Nile tilapia low (at or below regulatory limits) concentrations of multiple mycotoxins (40 µg/kg AFB1, 600 µg/kg FB, 50 µg/kg ZEN, and 150 µg/kg DON) to mimic the frequently detected levels of mycotoxins found in animal feed [9].



To investigate the role of mycotoxin absorbers in mycotoxicosis prevention and control, contaminated feed was supplemented with 2 g/kg organically modified clinoptilolite feed additive (MinazelPlus®) for 42 days. Several studies have shown that modified clinoptilolite has the ability to adsorb different mycotoxins, with the large internal surface area and cation exchange binding polar mycotoxins and the organic chains added on the surface binding non-polar mycotoxins. Therefore, such modifications provide the capability of performing the simultaneous and selective adsorption of multiple mycotoxins and do not engage in the adsorption of other macro- or micro-nutrients [10,14,15].



The most common sign of mycotoxicosis in aquacultured fish presents as stunned growth rate and poor growth performance [50,51]. In the present study, there were no significant differences (p > 0.05) in growth performance among the groups; therefore, it is possible that the applied concentrations and duration of multiple-mycotoxin exposure did not cause a detectable effect on growth performance [17,52,53,54]. However, Nile tilapia fed the 2 g/kg MinazelPlus®-supplemented diet (MZ group) showed positive trends regarding weight gain, percentage weight gain, daily weight gain, and specific growth rate (Table 2). In addition, fish fed MinazelPlus® showed an improvement in the feed conversion ratio in comparison with the other groups (Table 2). Simultaneously, fish exposed to multiple mycotoxins without the dietary supplement MinazelPlus® (MT group) showed decreased growth performance compared with fish exposed to multiple mycotoxins with the addition of 2 g/kg MinazelPlus® (MZ + MT group) and the control group (Table 2), suggesting that the addition of organically modified clinoptilolite feed additive (MinazelPlus®) to the diet can potentially improve growth performance.



Similar results regarding production parameters have been reported in other studies. Zahran et al. [20] found that there were no significant differences in growth performance among the experimental groups of Nile tilapia that received 16 µg/kg AFBs for 8 weeks. However, the experimental groups that received a diet supplemented with modified zeolite (clinoptilolite) showed a significant increase in growth performance. Hassaan et al. [24] reported that tilapia exposed to AFB1 had decreased growth performance. However, adding 5 g/kg or 10 g/kg nanozeolite to the diet improved the growth performance compared with feed contaminated with AFB1 but without nanozeolite supplementation. According to Alinezhad et al. [55], trout (Oncorhynchus mykiss) fed 5 mg of aflatoxins B1 and supplemented with 0.5–1% nanostructured zeolite for 52 days showed no difference in growth performance compared with the other experimental groups. Some research has shown that the negative effects of mycotoxins could become visible after prolonged exposure to high levels of mycotoxins in feed. Marijani et al. [56] found that there was no growth difference between the control group and groups with different concentrations of AFB1 in the first 2 months. However, after 3 months, the weight of fish exposed to 200 μg/kg and 2000 μg/kg AFB1 diets was lower compared with the control and 20 μg/kg AFB1 diets.



Hematological parameters are important indicators often used to assess the health and well-being of fish in aquaculture. White blood cell count (WBC) is commonly utilized as an indication of the immunological potential of fish [57,58,59,60,61,62,63,64,65,66,67,68,69]. We found a statistically significant decrease (p ≤ 0.05) in the lymphocyte count in fish from the MT and MZ + MT groups compared with the MZ group. Nevertheless, there were no significant differences compared with the control group (Figure 1b). In the MZ group, a statistically significant decrease in the neutrophil count was observed in comparison with the other group (Figure 1c). On the contrary, Saei et al. [60] discovered no significant difference in lymphocytes, neutrophils, and monocytes in fingerlings of rainbow trout (Oncorhynchus mykiss) when fed diets contaminated with 1 mg/kg aflatoxin for 60 days. Our research findings agree with those of Zahran et al. [17], who observed a reduction in neutrophil counts and an increase in lymphocyte counts in Nile tilapia fed a diet contaminated with 16 µg/kg aflatoxin compared with fish fed a diet contaminated with aflatoxins with MinazelPlus® supplementation. The enhanced efficacy shown in our research may be attributable to the ability of MinazelPlus® to decrease the transfer of mycotoxins from the digestive tract into the bloodstream by binding them and expelling them with feces [20,54,61]. This also indicates that MinazelPlus® successfully prevented the immunosuppressive impact of mycotoxins and protected the immune system of Nile tilapia.



Plasma biochemical parameters, including total protein, albumin, globulin, alanine aminotransferase (ALT), and aspartate aminotransferase (AST), showed no significant differences (p > 0.05) in Nile tilapia in our study. These findings corroborate with the research studies conducted by Saei et al. [60] and Tola et al. [62], who stated that trout (Oncorhynchus mykiss) showed no changes in ALT, AST, total serum protein, albumin, and globulin levels when fed diets contaminated with 1 mg/kg aflatoxin for 60 days. Nevertheless, the finding showed a decreasing trend in total protein, albumin, and globulin but an increase in ALT and AST activity in fish exposed to multiple mycotoxins without the dietary supplement MinazelPlus® (MT group) compared with the other groups (Table 3).



Our study indicates that Nile tilapia in the MZ group had positive outcomes, resulting in improvements in total protein, albumin, globulin, ALT, and AST levels compared with the MZ + MT group. The fish in the MZ + MT group showed a more effective increase in plasma total protein, albumin, and globulin levels compared with the other groups, demonstrating protective potential. Other studies by Naiel et al. [63] found that AFB1 caused a significant reduction in serum total, albumin, and globulin levels, along with decreased ALT and AST in Nile tilapia fed 2.5 mg of AFB. Deng et al. [64] found that AFB1 concentrations above 638 μg/kg led to decreases in the levels of total protein and albumin, as well as reduced ALT and AST in the plasma of Nile Tilapia. Similar reductions were seen in Nile tilapia that were given 200 µg/kg AFB1 [65]. Our study results may vary from those of other studies due to the differences in concentrations, duration of exposure, and combined effects of multiple mycotoxins in the diet.



After 42 days of exposure to low-level concentrations of multiple mycotoxins, Nile tilapia showed clinical signs and histopathological alterations in the liver, intestines, kidney, and spleen attributable to mycotoxin toxicity. Our findings are consistent with research conducted by Naiel et al. [63] and Fornari et al. [21], who determined several pathological alterations in Nile tilapia, such as coagulation necrosis of hepatocytes, severe hepatocyte deformation, necrosis with lymphocytic infiltration, and necrosis of pancreatic acini (Figure 3c). Naiel et al. [63], Shahafve et al. [66], Hassaan et al. [24], and Abu-Hassan et al. [67] observed similar liver histopathological signs in Nile tilapia and Common carp fed AFB1-contaminated feed, including severe hepatocyte deformation, vacuolar degeneration, cell disarrangement, hepatocyte cloudiness, blood sinusoid congestion, and pyknosis.



We found pathological changes in the intestines of fish from the MT group consistent with reported mycotoxin-related pathologies. The infiltration of mononuclear cells in the lamina propria, edemas in the lamina propria, infiltration of neutrophils, and shorter intestinal villi were noted (Figure 4c). Our research findings are similar to those of Shahafve et al. [66], who observed that fish fed a diet contaminated with AFB1 showed hyperplasia of goblet cells and severe necrosis of the enterocytes, along with lymphocytic infiltration, muscle layer degeneration, severe necrosis, degeneration, and cell lysis in the villi of the intestine. This, however, is in contrast with the findings of Huang et al. [68] and Tuan et al. [69], who observed no histological lesions in the intestines of Prussian carp (Carassius gibelio) administered different concentrations of AFB1 or in the intestines of Nile tilapia fed 1 mg of AFB1.



Consuming multiple mycotoxins for six weeks without any additional protective substances also caused histological alterations in the kidney and spleen (Figure 5c and Figure 6c). The fish from the MT group showed increased tubular lumen mononuclear cell infiltration, intertubular hemorrhages, and perivascular fibrosis accompanied by mononuclear infiltration. Fish in this group also showed cystic tubular and glomerular expansion with the absence of Bowman’s space. Severe necrosis of some renal tubules and moderate vacuolation degeneration of the renal tubular epithelium were seen in the kidney. Similar observations of histopathological changes were noted in common carp kidneys after consuming diets contaminated with 0.5, 0.7, and 1.4 mg/kg AFB for 21 days [70], whereas Nile tilapia showed similar changes after consuming diets contaminated with 0.6 ppm fumonisin B1 [67]. In addition, common carp showed histological alterations in the spleen marked by lymphoid depletion, and melanomacrophage necrosis was observed in fish exposed to mycotoxins. The findings of Abu-Hassan et al. [67] on common carp exposed to fumonisin B1 also support our observations. The findings of Jain [71] indicate that the effects of clinoptilolite were heavily time-dependent and the differences observed in the short-term were significantly smaller compared with the long-term group. Therefore, the duration of application can be considered one of the key factors in supplementation of fish feed with clinoptilolites such as MinazelPlus®.




5. Conclusions


Supplementation with 2 g/kg organically modified clinoptilolite of diets with low-dose multiple-mycotoxin contamination has the potential to improve growth performance and preserve the biochemical and immunological responses of Nile tilapia. Simultaneous exposure to multiple mycotoxins in feed at concentrations near or below regulatory limits may affect tilapia’s health. The addition of a broad-spectrum mycotoxin absorber (MinazelPlus®) to the diet prevented mycotoxin-related health consequences, supporting its use in mycotoxicosis prevention and control programs in aquaculture.
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Figure 1. Hematological parameters of Nile tilapia after 42 days; values are means ± SEMs, with n = 6. Different letters designate statistical differences among groups (p ≤ 0.05). (a) Total leukocyte counts, (b) lymphocyte counts, (c) neutrophil counts, and (d) monocyte counts. 
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Figure 2. Clinical signs of Nile tilapia exposed to multiple mycotoxins for 42 days. (a) Yellow skin and fin rot. (b) Congested and moderately inflamed intestines. (c) Ascites—the presence of fluid in the abdominal cavity. (d) Pale liver indicating possible pathology. 
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Figure 3. Liver histopathology of Nile tilapia, stained with hematoxylin and eosin, where bar = 100 µm. BS = blood sinusoid; D = degeneration of hepatocytes; H = hepatocyte; HP = hepatopancreas; K = Kupffer cell; Li = lipid; N = nucleus; PY = pyknosis; V = vacuolation degeneration. (a) Control group showed normal hepatic architecture with mild fatty change in hepatocytes, mild vacuolation of some hepatocytes, and slight degeneration of hepatocytes. (b) MinazelPlus® group showed intact hepatic lobular architecture with normal hepatocytes. (c) Mycotoxin group showed severe hepatocyte deformation, vacuolar degeneration of hepatocytes, disarrangement of cells, hepatocyte cloudiness, congestion of blood sinusoids, pyknosis, and coagulation necrosis of hepatocytes (arrowheads). The hepatopancreas showed necrosis with lymphocytic infiltration (white arrows) and necrosis of pancreatic acini (black arrows). (d) Mycotoxin and MinazelPlus® group showed pyknosis, blood sinusoid, and moderate degeneration of hepatocytes, as well as visible moderate vacuolation of hepatocytes, moderate fatty changes in hepatocytes, and mild necrosis of hepatopancreas with lymphocytic infiltration (white arrow). 
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Figure 4. Intestine histopathology of Nile tilapia, stained with hematoxylin and eosin, where bar = 100 µm. EC = enterocyte; GB = Goblet cell; LP = lamina propria; M = mucosa; ML = muscle layer; SE = serosa; SM = submucosa; V = villi. (a) Control group showed normal structure of intestine, consisting of mucosa, submucosa, muscle layer, serosa, normal villi with normal enterocytes, goblet cells, and lamina propria. (b) MinazelPlus® group showed normal structure of intestine, consisting of mucosa, submucosa, muscle layer, serosa, normal villi with normal enterocytes, goblet cells, and lamina propria. (c) Mycotoxin group showed severe necrosis of enterocytes (white arrow) with lymphocytic infiltration, infiltration of mononuclear cells in lamina propria (star), edemas in lamina propria (black arrows), heterophil infiltration (arrowheads), hyperplasia of goblet cells, muscle layer degeneration, severe necrosis, degeneration, cell lysis in villi of intestine, and shorter intestinal villi. (d) Mycotoxin and MinazelPlus® group showed edemas in lamina propria (black arrows), goblet cells hyperplasia in some villi, moderate necrosis, degeneration, and cell lysis in villi of intestine. 
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Figure 5. Kidney histopathology of Nile tilapia, stained with hematoxylin and eosin, where bar = 100 µm. BS = Bowman’s space; CT = cystic lumen; D = degeneration; Glo = glomerulus; N = necrosis; RT = renal tubules; TL = tubular lumen; V = vacuolation. (a) Control group showed normal histological structure, normal glomerulus (Glo) with Bowman’s space (BS), and renal tubules (RTs). (b) MinazelPlus® group showed normal architecture of renal tubules (RTs). (c) Mycotoxin group showed increase in tubular lumen (arrowhead), mononuclear cell infiltration (white arrows), intertubular hemorrhages (black arrows), perivascular fibrosis accompanied by mononuclear infiltration (star), cystic tubular (CT), glomerular expansion with absence of Bowman’s space, severe necrosis of some renal tubules, and moderate vacuolation degeneration of renal tubular epithelium. (d) Mycotoxin and MinazelPlus® group showed increase in tubular lumen (arrowhead), mononuclear cell infiltration (white arrows), intertubular hemorrhages (black arrows), cystic tubular (CT), glomerular expansion with absence of Bowman’s space, mild necrosis of some renal tubules, and mild vacuolation degeneration of renal tubular epithelium. 
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Figure 6. Spleen histopathology of Nile tilapia, stained with hematoxylin and eosin, where bar = 100 µm. RP = red pulp; WP = white pulp. (a) Control group showed normal structure of red pulp (RP) and white pulp (WP). (b) MinazelPlus® group showed normal structure of red pulp (RP) and white pulp (WP). (c) Mycotoxin group showed marked lymphoid depletion (arrowheads) with melanomacrophage centers (arrows). (d) Mycotoxin and MinazelPlus® group showed mild degree of lymphoid depletion (arrowheads) and low density of melanomacrophage centers (arrow). 
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Table 1. Description of experimental groups.
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	Experimental Group
	Diet





	Control (C)
	Basal diet



	Mycotoxins (MT)
	Basal diet + multiple mycotoxins *



	MinazelPlus® (MZ)
	Basal diet + 2 g/kg MinazelPlus® **



	MinazelPlus® and Mycotoxins (MZ + MT)
	Basal diet + 2 g/kg MinazelPlus® ** + multiple mycotoxins *







* Multiple mycotoxins: a mixture of low concentrations of mycotoxins. Aflatoxin B1 (AFB1) at 40 µg/kg, fumonisin (FUM) at 600 µg/kg, zearalenone (ZEN) at 50 µg/kg, and deoxynivalenol (DON) at 150 µg/kg. ** MinazelPlus® feed additive is an organically modified clinoptilolite, commercially used as an absorber of both polar and non-polar mycotoxins in various animal feed types.













 





Table 2. Growth performance of Nile tilapia after 42 days.
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Treatment




	
C

	
MT

	
MZ

	
MZ + MT






	
Weight gain

(g)

	
28.20 ± 4.31

	
22.21 ± 2.19

	
36.38 ± 5.41

	
26.48 ± 3.76




	
Percentage weight gain (%)

	
92.66 ± 14.16

	
72.98 ± 7.21

	
119.50 ± 17.79

	
87.00 ± 12.35




	
Daily weight gain

(g/day)

	
0.67 ± 0.10

	
0.53 ± 0.05

	
0.87 ± 0.13

	
0.63 ± 0.09




	
Specific growth rate

(%/day)

	
1.53 ± 0.19

	
1.29 ± 0.10

	
1.83 ± 0.20

	
1.47 ± 0.15




	
Feed conversion ratio

	
1.38 ± 0.32

	
1.58 ± 0.18

	
1.04 ± 0.19

	
1.38 ± 0.17








Data are presented as means ± SEMs, with n = 6. C (control group), MT (mycotoxin group), MZ (MinazelPlus® group), and MZ + MT (MinazelPlus® and mycotoxin group).













 





Table 3. Biochemical parameters of Nile tilapia.
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Treatment




	
C

	
MT

	
MZ

	
MZ + MT






	
Total protein (g/L)

	
27.90 ± 0.92

	
25.48 ± 1.06

	
29.07 ± 2.79

	
27.45 ± 1.16




	
Albumin (g/L)

	
9.55 ± 0.45

	
8.42 ± 0.49

	
9.97 ± 0.73

	
8.67 ± 0.55




	
Globulin (g/L)

	
18.35 ± 0.64

	
17.07 ± 0.61

	
19.11 ± 2.73

	
18.78 ± 0.76




	
ALT (U/L)

	
23.67 ± 3.33

	
29.83 ± 5.71

	
18.50 ± 2.28

	
26.33 ± 3.46




	
AST (U/L)

	
40.67 ± 2.99

	
50.83 ± 3.47

	
35.33 ± 5.61

	
41.83 ± 5.49








Data are presented as means ± SEMs, with n = 6. C (control group), MT (mycotoxin group), MZ (MinazelPlus® group), MZ + MT (MinazelPlus® and mycotoxin group), ALT (alanine aminotransferase), and AST (aspartate aminotransferase).
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