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Abstract

:

Background: Aflatoxin (AF), a metabolite of Aspergillus flavus, is injurious to vital body organs. The bacterial defense against such mycotoxins has attracted significant attention. Lactic acid bacteria (LAB) are known to ameliorate AF toxicity. Methods: Thirty adult male rats were divided into six groups (five each) to perform the experiments. The control (Co) group was fed a basal diet and water. Each of the following periods lasted 21 days: the milk (MK) group orally received milk (500 µL); LAB suspension (500 µL) containing 107 cfu/mL was orally provided to the LAB group; AF (0.5 mg/kg) was orally given to the AF group; and a combination of AF and LAB was administered to the AF + LAB group. The AF/LAB group was initially given AF for 21 days, followed by LAB for the same period. Finally, the rats were dissected to retrieve blood and tissue samples for hematological, biochemical, and histological studies. Results: The results revealed a significant decrease in RBCs, lymphocytes, total proteins, eosinophil count, albumin, and uric acid, whereas the levels of WBCs, monocytes, neutrophils, creatinine, urea, aspartate aminotransferase, alkaline phosphatase, alanine aminotransferase, lactate dehydrogenase, and creatinine kinase significantly increased in the AF group in comparison to the control group. The histological examination of the AF group revealed necrosis and apoptosis of the kidney’s glomeruli and renal tubules, nuclei vacuolization and apoptosis of hepatocytes, congestion of the liver’s dilated portal vein, lymphoid depletion in the white pulp, localized hemorrhages, hemosiderin pigment deposition in the spleen, and vacuolization of seminiferous tubules with a complete loss of testis spermatogenic cells. Meanwhile, protective and therapeutic LAB administration in AF-treated rats improved the hematological, biochemical, and histological changes. Conclusions: The study revealed LAB-based amelioration to AFB1-induced disruptions of the kidney, liver, spleen, and testis by inhibiting tissue damage. The therapeutic effects of LAB were comparatively more pronounced than the protective effects.
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1. Introduction


Toxigenic-fungi-induced mycotoxins in foods and feedstuffs could lead to significant impacts on human and animal health. Aflatoxins (AF) are secondary metabolites of Aspergillus nominus, Aspergillus parasiticus, and Aspergillus flavus that are naturally found in human food and animal feed. The large AF family mainly includes AFB1, AFB2, AFG1, and AFG2 mycotoxins [1]. There is a global presence of Aspergillus mycotoxins in cereals, milk, and animal feed. Aflatoxins have caused several aflatoxicosis outbreaks in humans and animals, which resulted in serious human health issues, increased veterinary care costs, and reduced livestock production [2]. Aflatoxin B1 (AFB1) has been implicated as an etiological factor for developing liver cancer and other chronic liver diseases [3]. AF immunotoxicity in various laboratory and domestic animals has been reported [4].



Probiotic-bacteria-based microbial food supplements are known to exert positive health and therapeutic effects such as an improved immune system, reduced lactose intolerance, decreased cancer risk, enhanced intestinal tract health, pathogen antagonization, and increased synthesis and bioavailability of nutrients [5]. A broad range of bacterial genera and species are considered probiotics. The consumption of lactic acid bacteria (LAB) (Bifidobacteria and lactobacilli) helps in cancer prevention and the regulation of immune response [6]. Probiotic LAB is an important component of gut flora. These Gram-positive bacteria are characterized as bile-tolerant, acid-resistant, catalase-lacking, non-respiring, and non-spore-forming rods or cocci. They produce various antimicrobials, including hydrogen peroxide, organic acids, and biologically active proteins (bacteriocins), which have a status of GRAS (generally recognized as safe) [7]. LAB is commonly used in yogurt preparation, and its fermented products modulate immunity in gut lymphoid cells to promote health. Bifidobacteria and LAB dairy strains are known to successfully bind AFB1 in a buffered solution [8]. Dairy products are food that commonly contains probiotic microorganisms. Jebali et al. [9] have reported LAB-based anti-immunotoxin/immunomodulatory effects in mycotoxin-treated mice. LAB increases α-esterase and bone marrow cells, which helps to counter mycotoxin’s effects. LAB treatment also enhances antibody titer circulation and plaque-forming cell levels to initiate the humoral immune response arm against mycotoxins [10].



This study elaborates on the protective and therapeutic impacts of LAB administration against aflatoxin B1 toxicity to various rat organs, including kidneys, liver, spleen, and testes. We explored the therapeutic and protective potential of a LAB strain, Lactobacillus rhamnosus, recovered from fermented camel milk products on rat organs that had been exposed to aflatoxin. This strain has been recovered from fermented dairy products of camel milk, which showed high antimicrobial potential against a wide range of foodborne pathogens; it also improved the mucosal immune response through an increase in the expression of TLR2 and IFNγ nRNA in mice intestine, as well as increasing the production of IgG, IgM, and IgA in mice blood sera.




2. Material and Methods


2.1. Aflatoxin


2.1.1. Fungal Isolate


To retrieve a local isolate, a loopful of spores was scraped from moldy bread and cultured on potato dextrose agar (PDA). The PDA contained potato extract (4.0 g) (fresh, unpeeled potatoes), glucose (20 g) (Merck KGaA, Darmstadt, Germany), and agar (20 g) (Oxoid, Basingstoke, UK) in distilled water (1000 mL) [11]. The agar was dissolved by boiling the mixture, followed by sterilization before pouring it onto plates. Sabouraud dextrose agar (SDA) (HiMedia, Mumbai, India) was also used for the parallel culturing of the isolate. Both media were incubated for five to seven days at 25 ± 2 °C [12]. Then, a cork borer was used to inoculate a fungal disk on Aspergillus differentiation agar. This agar was prepared by adding 10 g of yeast extract (HiMedia, Thane, India), 15 g of tryptone (HiMedia), 0.5 g of ferric citrate (Merck KGaA), and 15 g of agar (Oxoid) to distilled water (1000 mL). The media were boiled and autoclaved, and the inoculated plates were incubated for five to seven days at 25 ± 2 °C [13].




2.1.2. Maintaining and Storage of Isolate


A. flavus isolate was cultured on SDA plates and incubated for five to seven days at 25 ± 2 °C. Then, A. flavus colonies were inoculated into sterile glycerol solution (15%) (HiMedia) in sterile microfuge tubes (250 µL) followed by cryogenic storage (−80 °C) to maintain the vitality of fungal spores for longer periods [14].




2.1.3. Production, Extraction, and Determination of Aflatoxin


A. flavus isolate was cultivated in SDB for 5–14 days under shaking and aerobic conditions at 25 ± 2 °C. Then, the culture was filtrated through sterile filter papers (MN 615—∅ 150 mm) using a sterile funnel. The filtrates were collected in sterile conical tubes (15 mL, Plastilab, Roumieh, Lebanon). Fungal cell walls were weakened by placing filtrates at cryogenic temperature (−80 °C) overnight. It facilitated solvent penetration into the cell to extract secondary products [15]. The contents were transferred to a hydrophilic bottle containing methanol (15 mL) (Merck KGaA) and subjected to ultrasonic vibration for half an hour, followed by shaking at 100 rpm in an orbital shaker [14]. This step was repeated multiple times, and the extract was filtered through a micropore filter paper-containing sterile glass funnel. The filtrate was evaporated under nitrogen flow to concentrate, which was dissolved in methanol (1.5 mL) and analyzed with HPLC (Shimadzu, Kyoto, Japan) and GC (Shimadzu) [16]. A standard crude aflatoxin B1 extract (Courtesy of Prof. Ahmed Abdelmalek, Moubasher Mycological Center, Assiut University, Assiut, Egypt) was used to compare the extracted toxin.




2.1.4. Testing of Aflatoxin Production


Aflatoxin production was confirmed by following the ammonia vapor method, which turns the color of toxin-secreting colonies into pink on SDA/PDA culture plates. Ammonia solution (25%) (Merck KGaA) was prepared by adding ammonia (25 mL) to a flask containing distilled water (75 mL). An amount of 0.2 mL of this solution was placed on the Petri dish and incubated at 25 °C for 24 h, developing a red color at the bottom of fungal colonies [17].




2.1.5. Gas Chromatography (GC) Analysis


Gas chromatography uses gas as the mobile phase, and liquid is confined to solid particles (stationary phase). During GC analysis, the polyphase (Diphenyl 35%/Dimethylsiloxane 65%) type robust and medium polarity stationary phase is required to withstand the impacts of heating and silylating agent. A fast-temperature program was applied for a good aflatoxin separation. Initial and final temperatures were adjusted at 50 and 250 °C, respectively, with a carrier gas flow rate of 2 mL/min and a heating rate of 15 °C/min. UV absorbance of aflatoxin was monitored at a wavelength of 272 nm. GC analysis was carried out in a Shimadzu model GC15 (Japan) fitted with a Shimadzu Chromatopac C-R4A chromatogram integrator. Sample injection was carried out using an OC-9 capillary on a column injector. A fused silica capillary column with chemically bonded phenylmethyl silicon liquid phase (5%) was used (DB-5, 0.25 mm i.d., J & W, San Marcos, CA, USA) for the GC analysis.




2.1.6. High-Performance Liquid Chromatography (HPLC) Analysis


Aflatoxin B1 (C17H12O6) is a colorless to pale yellow crystal or white powder having a molecular weight of 312.27. HPLC (Shimadzu) with solvent modules (127 pumps) and a programmable UV detector. The isocratic mobile chromatography phase comprised H2O (80%) and MeOH (20%) (v/v). A guard column-protected 5 µm reverse-phase column (LiChrosphere® C18; 250 mm × 4 mm non-polar) filtered the mobile phase and pumped it to waste (1 mL/min). A wavelength of 375 nm was adjusted, whereas the system had an injection loop of 10 µL. The pressures (50–350 bars) were frequently applied to push the liquid mobile phase through the column having a solid stationary phase. Freshly prepared aflatoxin samples (100 µL) were injected into the system. Before that, pumps were primed, and methanol was used for the first run to clean the injection loop and column from the impurities.





2.2. Preparation of Probiotic Inoculum


A previously characterized probiotic strain (Pro 7, Lactobacillus rhamnosus) from camel milk (Accession No. MG890627) was used during this study [18]. Strain Pro7 was individually grown in standard (250 mL broth) De Man, Rogosa, and Sharp (MRS) culture medium (HiMedia) (37 °C for 72 h, under anaerobic conditions; growth was spectrophotometrically monitored at 600 nm). After incubation, the bacterial culture was centrifuged for 30 min at 5000× g. Then, a saline buffer was used to wash the cell pellet twice, followed by resuspension in phosphate buffer (50 mM, pH 6.8). Dilution and plating methods were adopted to estimate the final count (107 CFU/mL) using MRS agar plates, and the suspension was kept at 4 °C until use.




2.3. Animals


Thirty adult male Wistar albino rats (180–200 g in weight and 7–8 weeks old) were obtained from the College of Pharmacy, Umm Al-Qura University, Makkah, Saudi Arabia. Sterile and polypropylene cages were used to house the rats in a normal 12 h light/dark cycle throughout the experimental duration (21 days). Before the initiation of experiments, the rats were kept in air-conditioned rooms (21–23 °C and 60–65% humidity) for two weeks and fed on a basic diet to ensure normal behavior and growth.



2.3.1. Experimental Design


Thirty rats were randomly divided into six groups (five each). The control (Co) group was fed on a basal chow pellet diet and water. The milk (MK) group orally received 500 µL of milk for 21 days and was fed on a basal diet. The LAB group was orally given 500 µL of LAB suspension (10 mL/kg of body weight) for 21 days and fed on a basal diet [19]. AF group was orally administered with aflatoxin (0.5 mg/kg of body weight) for 21 days and fed on a basal diet [20]. The AF + LAB group was orally given aflatoxin (0.5 mg/kg) and LAB suspension (500 µL) for 21 days. The AF/LAB group was orally administered with aflatoxin (0.5 mg/kg) for 21 days, followed by an oral treatment of LAB suspension (500 µL) for 21 days.




2.3.2. Biochemical Study


The rats were sacrificed after experiments (21 days), and blood samples were collected through cardiac puncture. The blood of each animal was split into two blood sampling tubes: (a) a plain tube for biochemical assays and (b) a tri-potassium ethylenediaminetetraacetic acid (K3-EDTA)-containing tube for hematological assays. Blood samples of the EDTA tube were examined for complete blood count (CBC) (hemoglobin content, red blood cells (RBCs), mean corpuscular hemoglobin (MCH), mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), white blood cells (WBCs), platelet count, and neutrophil, monocyte, lymphocyte, basophil, and eosinophil counts). Blood was collected in a plain tube and centrifuged (3000 rpm) for 15 min for serum extraction. Serum aliquot was stored at −80 °C for further kidney function tests (creatinine, uric acid, and urea) and liver function tests (bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), albumin, and total proteins). Rat-specific ELIZA kits (Bender MedSystems Gmbh, Wien, Austria) were used to determine inflammatory tissue biomarkers (lactate dehydrogenase (LDH) and creatinine kinase (CK)).




2.3.3. Histological Study


The kidneys, liver, spleen, and testes were immediately isolated, rinsed in water to remove blood, and kept in formalin (10%) at room temperature for 24 h. The specimens were taken from the buffered formalin and processed through a graded series of xylene (Merck KGaA) and ethanol (Merck KGaA). Then, the specimens were paraffin-embedded, sectioned using a rotary microtome (5-micron thickness), slide-mounted, and stained with hematoxylin-eosin [21]. The slides were examined under a light microscope (Olympus) (Evident, Tokyo, Japan).





2.4. Statistical Analysis


Data were expressed as mean +/− standard error. IBM SPSS Statistics software (version 23) was used for data analysis, whereas normal data distribution was evaluated through the Shapiro–Wilk test. Univariate analysis using OneWay ANOVA, followed by Duncan’s Multiple Range Test (DMRT), was utilized to calculate significance. The p-values of <0.05 were considered statistically significant.





3. Results


AF (p < 0.050) and AF + LAB (p < 0.010) groups presented a significant decrease in RBC count compared to the control, whereas the RBC counts were significantly higher in the MK and AF/LAB groups than the AF group (p < 0.001). MCV remained significantly high in the AF/LAB group in comparison to the AF group (p < 0.050), whereas the platelet count significantly differentiated in all the studied groups (Table 1).



WBC counts remained significantly lower in control (p < 0.001), LAB (p < 0.010), and AF/LAB (p < 0.010) groups compared to the AF group, whereas lymphocyte counts were significantly higher in control (p < 0.010), MK (p < 0.050), LAB (p < 0.010), and AF + LAB (p < 0.001) groups in comparison to the AF group. The control, MK, and LAB groups presented significantly reduced neutrophil counts than the AF group (p < 0.001). Monocyte counts were significantly high in the AF (p < 0.001), AF + LAB (p < 0.050), and AF/LAB (p < 0.010) groups compared to the control group. Contrarily, monocyte counts remained significantly lower in the MK, LAB, AF + LAB, and AF/LAB groups than in the AF group (p < 0.001). The AF (p < 0.001), AF + LAB (p < 0.001), and AF/LAB (p < 0.010) groups demonstrated significantly decreased eosinophil counts compared to the control group. However, eosinophil counts were significantly high in the LAB group compared to the AF group (p < 0.001) (Table 2).



Significantly decreased levels of serum urea and creatinine were noted in the kidney sections of the control, MK, LAB, AF + LAB, and AF/LAB groups compared to those of the AF group (p < 0.001). Serum uric acid levels were significantly decreased in the AF (p < 0.001), AF + LAB (p < 0.001), and AF/LAB (p < 0.010) groups compared to the control group, whereas they significantly increased in the MK, LAB, AF + LAB, and AF/LAB groups in comparison to the AF group (p < 0.010) (Table 3).



The liver sections of the AF group presented a significant rise in serum AST, ALT, and ALP levels compared to the control, MK, LAB, AF + LAB, and AF/LAB (p < 0.001) groups. ALP serum levels were significantly higher in the AF + LAB and AF/LAB groups than in the control (p < 0.001) group. Serum total protein and albumin levels remained significantly high in the control, MK, LAB, AF + LAB, and AF/LAB groups compared to the AF group (p < 0.010), whereas serum total bilirubin levels significantly decreased in control (p < 0.001), MK (p < 0.010), LAB (p < 0.010), AF + LAB (p < 0.010), and AF/LAB (p < 0.010) groups in comparison to the AF group (Table 4).



Significantly lower LDH and CK serum levels were observed in control, MK, LAB, AF + LAB, and AF/LAB groups than in the AF group (p < 0.001). However, these levels were significantly higher in the AF + LAB (p < 0.001) and AF/LAB (p < 0.001) groups compared to the control group (Table 5).



Figure 1 depicts the effects of MK, LAB, AF, AF + LAB, and AF/LAB administrations on the kidney structure. The kidney histology of the control, MK, and LAB groups revealed the normal histological structure of glomeruli, proximal convoluted tubules (PCTs), and distal convoluted tubules (DCTs). Contrarily, glomeruli with dilated congested capillaries, an expanded mesangial matrix, and a loss of subcapsular space were noted in the AF-treated group. The renal tubules demonstrated vacuolation, sporadic coagulative necrosis with interstitial hemorrhage, and tubular cells with pyknotic nuclei and highly eosinophilic cytoplasm. The kidneys of the AF + LAB group presented sporadic dilation of intertubular congestion, tubular cell vacuolation, and localized apoptosis. However, a structural improvement was noted in the AF/LAB group, with minimal glomerular congested capillaries.



Normal histological structures were observed in the liver photomicrographs of the control, MK, and LAB groups. Contrarily, the livers of the AF-treated rats revealed congestion and dilation of the portal vein with localized wall disruption, dilated congested liver sinusoids, and periportal infiltration with polymorph nuclear leucocytes. Vacuolated nuclei and apoptosis were noted in hepatocytes as well. AF + LAB treatment resulted in a congested portal vein, apoptotic periportal hepatocytes, and polymorphonuclear lymphocyte (PNL) infiltration in the liver. Sporadic vacuolation of the hepatocyte nuclei and congested sinusoids and central veins were noted in the AF/LAB group (Figure 2).



The spleen photomicrographs of the control, MK, and LAB groups presented normal histological structures. The spleen sections of the AF-treated rats revealed a depletion of lymphoids in the white pulp, localized hemorrhage, and hemosiderin pigment deposition. The spleen sections of the AF + LAB group presented scattered hemosiderin pigment in hemorrhage areas of the red pulp; there were only a few hemosiderin deposits in the spleen sections of this group (Figure 3).



The photomicrographs of the testis sections from the control, MK, and LAB groups depicted the normal histological structure of seminiferous tubules with all stages of spermatogenic and Sertoli cells. The interstitial spaces normally have interstitial Leydig cells. The testes of the AF group demonstrated interstitial space widening, vacuolated ST with completely lost spermatogenic cells, and germinal epithelium detachment from the basement membrane. The spermatogenic cell number also decreased in some tubules. The normal structure of some of the ST was altered in the AF + LAB group, along with the vacuolation and widening of the interstitial space. Most tubules of the AF/LAB group regained their normal structure, except for the sporadic vacuolation of the interstitial space and tubules (Figure 4).




4. Discussion


Long-term aflatoxin food contaminations are common in developing countries. Improper crop harvesting, handling, and storage facilitate fungal growth. Aflatoxins are well-known for their carcinogenic, hepatotoxic, and organ-specific toxicities. Aflatoxins and their metabolic byproducts are also associated with the malabsorption of nutrients and a weakened immune system, which can lead to dietary deficiencies (marasmus and kwashiorkor), stunted growth, and poor immunological function [22]. Probiotics systematically benefit the immune system, metabolism, and health of the host [23]. This study investigated the efficacy of oral LAB administration in alleviating AFB1 toxicity in different rat organs (spleen, kidney, testes, and liver).



AF-exposed rats exhibited significantly decreased RBC, lymphocyte, and eosinophil counts. Contrarily, a significant increase in WBC, neutrophil, and monocyte counts was noted compared to the control. LAB administration with/after AF (AF + LAB and AF/LAB groups) improved the AF-caused hematological alterations. Ramamurthy and Rajakumar [24] and Khaled and Thalij [25] have reported a significant decrease in hemoglobin content and RBCs and a significant rise in WBC count in rats fed an AFB1-treated diet in comparison to the control group. An RBC decline in AF-treated rats might be attributed to reduced erythropoietin hormone activity, which is secreted by the liver and kidneys. The decrease in hemoglobin content could be due to reduced erythrocyte volume, lower erythropoietin formation, and defective heme-biosynthesis in the bone marrow [25]. AFB1 particularly suppresses the T cells of the cellular immune system through macrophage phagocytosis, neutrophil activity, and a reduction in complement synthesis in the liver [26]. Mycotoxin interferes with lymphocyte function and receptors to induce cytotoxicity [27]. A WBC (mainly neutrophils) increase reflects the inflammatory response of these cells [25]. Yeasts and bacteria can neutralize the mycotoxins in the body by breaking, converting, and rearranging them into inactive forms or harmless metabolites [10,19]. LAB restrict mycotoxin absorption in the colon to facilitate their release with feces [28]. LAB peptidoglycans might bind with mutagenic mycotoxins to minimize their bioavailability and stability and further promote macrophage-based anti-inflammatory cytokine secretion [29]. Higher LAB concentrations could enhance native and memory T-lymphocyte proliferation and activation [30]. Carboxylic acids, organic acids, phenolic acids, sporulation-preventing chemicals, and cyclic dipeptides are the main metabolites of LAB, which reduce mycotoxin production to serve as antifungal agents [31].



During this study, AF administration significantly impaired kidney functions by enhancing creatinine and urea levels and decreasing uric acid levels in the serum. Lactobacillus casei Shirota (LcS) supplement has been reported to reduce serum urea levels in AF-administered rats [28,32]. The rise in creatinine and uric acid serum levels indicated kidney dysfunction and protein catabolism [19]. The results indicated the stressful impacts of AFs on renal tissues, which is in line with previous reports of aflatoxicosis [33,34]. AF administration could cause renal injury and cell necrosis, as depicted by the enhanced serum levels of uric acid, creatinine, and urea [35,36]. The results demonstrated that LAB administrations (AF + LAB and AF/LAB) ameliorated kidney functions. Hathout et al. [19] have also revealed that Lact. Reuteri and Lact. Casei treatments successfully prevented AF-based kidney injury, which was indicated by significantly improved creatinine and plasma urea levels.



The kidney histology results of this study were in line with the biochemical data and AF-based renal damage. A histological examination of the kidney revealed dilated glomeruli with congested capillaries and an expanded mesangial matrix with the loss of subcapsular space in the AF group. Renal tubules were characterized by vacuolation, sporadic coagulative necrosis with interstitial hemorrhage, pyknotic nuclei, and highly eosinophilic cytoplasm in some tubular cells. AF-administration-based renal tubule necrosis, expanded pale vacuolated cytoplasm, and granular degeneration with proximal tubules’ epithelial cell swelling has been documented by various researchers [37,38,39]. The kidney sections of the AF + LAB group presented a sporadic dilation of intertubular congestion, tubular cell vacuolation, and localized apoptosis. A significant structural improvement was noted in the AF/LAB group, with minimal glomerular congested capillaries. The results indicated better LAB therapeutic efficacy than protective effects on the kidney. Śliżewska et al. [40] reported the absence of histological changes in the kidneys of chickens fed probiotic-supplemented diets containing 1 mg AFB1/kg, whereas histological alterations of lower intensity were observed when chickens were fed a probiotic-supplemented diet containing 5 mg AFB1/kg. LAB and probiotic yeast are known to efficiently bind AFB1, followed by its conversion to a nontoxic molecule [41,42]. The histological abnormalities were overall lesser than the birds fed the contaminated but non-supplemented diet. Probiotic supplements might have restricted the toxin’s reach to the kidneys and liver.



The data of this study reveal significantly enhanced serum levels of AST, ALT, ALP, and total bilirubin, whereas total proteins and albumin levels considerably decreased in the AF group compared to controls. Higher AST, ALT, and ALP levels might indicate liver hypofunction and degeneration [19,32]. However, these conditions were significantly improved in the AF + LAB and AF/LAB groups in comparison to the AF group. Nikbakht Nasrabadi et al. [32] reported significantly reduced AST and ALT levels in probiotics (LcS)-treated rats. Hathout et al. [19] reported the successful prevention of AFB-based hepatic injury by using two probiotics (Lact. Reuteri and Lact. Casei), which significantly improved AST and ALT plasma levels. The liver histology of the AF group depicted congestion and dilation of the portal vein with localized wall disruption, dilation and congestion of liver sinusoids, PNL infiltration of the periportal region, vacuolated hepatocyte nuclei, and apoptosis. Multiple studies have reported necrosis; dysplastic, prominent lesions; enlarged hepatocytes; and severe hydropic degeneration in response to AFB1 administration [37,43,44]. The liver metabolization of AFB1 produces a highly reactive epoxide (AFB1-8, 9-epoxide) that is injurious to hepatic cells [45]. Meanwhile, the liver sections of the AF + LAB group showed congestion of the portal vein, PNL infiltration, and apoptotic periportal hepatocytes. The AF/LAB group demonstrated the congestion of sinusoids and central veins with sporadic hepatocyte nuclei vacuolation. Hathout et al. [19] also revealed LAB-treatment-based prevention of AF hepatic injury, which is evident in the hepatic histological picture. LAB bind AFs in the gastrointestinal tract to reduce their bioavailability [46]. Kodali and Sen [47] have suggested another probiotic-bacteria-based prevention mechanism, which involves the extracellular synthesis of polysaccharides to exert therapeutic, physiological, antioxidant, and free-radical-scavenging impacts. This is in line with the findings of Hathout et al. [19], who reported decreased accumulation risk of reactive oxygen species along with hydrogen peroxide and superoxide anion degradation in response to LAB treatment [48]. Moreover, cell lysates and intact cells of some probiotic strains (L. fermentum E18 and Lactobacillus fermentum E3) possess antioxidant characteristics to counter oxidative stress [49]. The cytoplasmic fractions of Lactobacillus acidophilus, Lactobacillus delbreukii ssp. lactis, L. casei, and L. delbreukii ssp. bulgaricus are also known to exhibit high antioxidant activities [50].



The spleen, the largest peripheral lymphoid tissue, is associated with the total immune function of the body. During this study, rat spleen sections of the AF group presented lymphoid depletion in the white pulp, hemosiderin pigment deposition, and localized hemorrhages. AFB1-associated rat spleen damage is characterized by lower spleen mononuclear cell (SMC) proliferation [51], biomolecular oxidative damage, a mutation of splenic lymphocytes [52], and decreased CD8+ T and CD4+ T cell numbers [53]. Omar [54] has reported the vacuolar degeneration of spleen cells after AFB administration in rats. The reduced inflammatory response through AFB1-based Kupffer cell suppression in the liver is similar to the suppression of spleen histopathology changes and macrophage functions [55]. Dietary aflatoxin linked to broilers’ immunosuppression affects the thymus, spleen, and bursa of Fabricius [56]. This study revealed scattered hemosiderin pigments in spleen sections within hemorrhage areas in the red pulp of the AF + LAB group, whereas a few hemosiderin deposits were observed in the AF/LAB group. These partial improvements could be associated with the LAB-based reduction in AFB1 toxicity. The testes of the AF group demonstrated vacuolated STs with completely lost spermatogenic cells, widened interstitial space, germinal epithelium detachment from the basement membrane, and lower spermatogenic cell numbers. Kudayer et al. [57] revealed that AFB1 administration to rats for seven days resulted in excessively vacuolated testicular cells with suppressed spermatogenesis. These results are in line with previous studies, which have established AF’s toxicity to the reproductive system [58,59]. AFB1 induces the necrosis and degeneration of the testes’ seminiferous tubule epithelium lining [59]. Deabes et al. [60] noted that oral AF administration adversely affected the male reproductive system of mice. Different studies have reported similar findings in various animals and established AFs as spermatogenesis-disrupting reproductive toxicants, which lead to defective spermatozoa production [61,62,63,64]. Meanwhile, the abnormal structure of some STs with interstitial space vacuolation and widening was noted in the AF + LAB group during this study. The examination of AF/LAB revealed a regaining of the normal tubular structure except for sporadic vacuolation in the interstitial space and tubules. Similarly, an investigation has reported that Lactobacillus rhamnosus GG ATCC53013 (LGG) pretreatment could significantly mitigate the mycotoxin-induced alterations in mice reproductive parameters such as enhanced sperm motility, increased sperm number, and reduced sperm abnormalities [60]. During this study, the serum levels of tissue destruction markers (CK and LDH) significantly increased in the AF, AF + LAB, and AF/LAB groups as compared to control, whereas they were significantly lower in the AF + LAB and AF/LAB groups in comparison to the AF group. LAB might act as anti-inflammatory agents to reduce AFB1-associated oxidative stress [10]. Probiotics could stimulate humoral immune cells, T cell subsets, macrophages, and epithelial-associated dendritic cells to enhance the capability of anti-inflammatory cytokines [65]. LAB might improve the capacity of leukocytes’ phagocytic receptor (complement receptor 3 (CR3)) to bluff respiratory bursts [66].




5. Conclusions


This study concludes that oral Lactobacillus rhamnosus (LAB) administration could effectively counter AFB1-induced disruptions in different organs (kidneys, liver, spleen, and testes) of male rats. Significant improvements in blood parameters altered by the effect of aflatoxin were observed in rats administered with L. rhamnosus. Moreover, kidney functions were significantly ameliorated after aflatoxin-exposed rats were administered with the bacteria. Similar significant improvements in the functions of the liver, spleen, and testes were noted when L. rhamnosus was given to rats exposed to AF. This may suggest that the therapeutic impacts of L. rhamnosus strain used in this study were more pronounced than the protective effects. The protective and therapeutic efficacy of L. rhamnosus against aflatoxigenic fungi can be attributed to their bioactive metabolites, AF’s binding capability, and antioxidant and anti-inflammatory properties.



Practical Implications: The L. rhamnosus strain explored in this study has been previously exhibiting anti-foodborne pathogen activities, as well as potentially improving the immune response of the intestinal mucosa. Together with its therapeutic capabilities, and aflatoxins-induced damage on various organs, it can be employed for the competitive biological exclusion of foodborne pathogens to avoid fungal toxins in consumable products.
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Figure 1. Photomicrographs of kidney sections from control, MK, and LAB groups depicting the normal histological structure of glomeruli (arrows), proximal convoluted tubules (PCTs), and distal convoluted tubules (DCTs). AF group presented glomeruli with dilated congested capillaries, expanded mesangial matrix, and loss of the subcapsular space (star). Vacuolation of renal tubules (arrows), hemorrhage (dotted arrow), sporadic coagulative necrosis with interstitial hemorrhage (thick arrow), tubular cells with highly eosinophilic cytoplasm, and pyknotic nuclei (apoptotic) (AP) are also shown in AF group. The kidney section of AF + LAB presented sporadically dilated intertubular congestion (dotted arrows), vacuolated tubular cells (arrow), and localized apoptosis (circle). AF/LAB group demonstrated structural improvement with minimal glomerular congested capillaries (H&E ×200). 
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Figure 2. Photomicrographs of liver sections from control, MK, and LAB groups reveal the normal histological structure as well as hepatocytes radiating from the central vein (CV) separated by sinusoids (arrows). AF group demonstrated congested dilated portal vein (PV) with localized wall disruption (head arrow), periportal infiltration of polymorphonuclear lymphocytes (PNL) (arrow), dilated congested sinusoids (dashed arrows), apoptotic hepatocytes (circle), and vacuolated nuclei (square). The liver sections of the AF + LAB group revealed congested portal vein, PNL infiltration (dashed arrows), and apoptotic periportal hepatocytes (circle). Congested central vein (CV) and sinusoids (dashed arrows) and sporadic hepatocyte nuclei vacuolation were detected in AF/LAB group (arrows) (H&E ×200). 
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Figure 3. Photomicrographs of spleen sections of control, MK, and LAB groups show the normal histological structure of the central artery (CA), the red pulp (RP), and the white pulp (WP). The spleen sections of the AF group revealed lymphoid depletion in WP (thick arrow), localized hemorrhage (star), and hemosiderin pigment deposition (arrows). Scattered hemosiderin pigment (arrows) was noted in spleen sections of the AF + LAB group with hemorrhage in RP. There were only a few hemosiderin deposits in the AF/LAB group (H&E ×200). 
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Figure 4. Photomicrographs of testes sections from control, MK, and LAB groups reveal the normal histological structure of seminiferous tubules (STs) (head arrows). The interstitial cells of Leydig (ICL) and interstitial space (star) were in the normal range. Testes sections of AF groups demonstrated vacuolated ST with completely lost spermatogenic cells (V), widened interstitial space (star), germinal epithelium detachment from the basement membrane (arrow), and reduced spermatogenic cell (dashed arrows) numbers in some tubules. An alteration in ST structure (thick arrow), vacuolation and widening of interstitial space (star), and localized vacuolation areas (arrows) were noted in the AF + LAB group. Regaining of the normal structure was noted in AF/LAB group except for sporadic vacuolation in tubules (dotted arrows) and interstitial space (star) (H&E ×200). 
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Table 1. Effects of different oral administrations on rats’ RBCs, hemoglobin, MCV, MCH, MCHC, and platelets.
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	Variables
	Control
	MK
	LAB
	AF
	AF + LAB
	AF/LAB





	RBCs (×106/UL)
	9.12 ± 0.19
	9.33 †** ± 0.09
	9.02 ± 0.12
	8.44 ± 0.21 *
	8.32 ‡** ± 0.05
	9.37 †*** ± 0.13



	Hemoglobin (g/dL)
	15.64 ± 0.30
	15.84 ± 0.33
	15.72 ± 0.34
	16.36 ± 0.38
	15.50 ± 0.18
	15.96 ± 0.25



	Hematocrit (%)
	47.30 ± 1.12
	48.34 ± 1.10
	47.34 ± 0.82
	49.42 ± 1.13
	45.70 ± 0.41
	48.94 ± 0.75



	MCV (fL)
	51.86 ± 0.22
	51.84 ± 1.00
	53.10 ± 1.32
	51.26 ± 0.84
	52.26 ± 0.50
	54.94 ± 0.39 †*



	MCH (pg/dL)
	17.14 ± 0.11
	16.26 ± 0.61
	17.38 ± 0.39
	17.10 ± 0.08
	17.96 ± 0.42
	17.02 ± 0.12



	MCHC (g/dL)
	33.06 ± 0.23
	32.80 ± 0.17
	33.20 ± 0.13
	33.10 ± 0.31
	32.42 ± 0.24
	33.90 ± 0.09



	Platelets (×103/UL)
	1064.40 ± 10.73
	1073.80 ± 15.02
	1085.80 ± 23.26
	1044.80 ± 11.54
	1099.20 ± 12.86
	1039.20 ± 9.67







MK: milk, LAB: lactic acid bacteria, AF: aflatoxin, RBCs: red blood cells; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration. ‡: significance versus control; †: significance versus aflatoxin. *: p < 0.050; **: p < 0.010; ***: p < 0.001.
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Table 2. Effects of different oral administrations on rats’ WBC, lymphocyte, neutrophil, monocyte, eosinophil, and basophil counts.
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	Variables
	Control
	MK
	LAB
	AF
	AF + LAB
	AF/LAB





	WBCs (×103/UL)
	15.01 ± 0.61
	18.61 ± 1.87
	16.47 †** ± 0.70
	22.27 ‡*** ± 1.28
	19.31 ± 0.75
	16.35 †** ± 0.86



	Lymphocytic count (×103/UL)
	12.25 ± 0.37
	12.39 ± 0.37 †**
	12.10 ± 0.39 †*
	9.20 ‡** ± 0.28
	14.09 †*** ± 0.99
	11.51 ± 0.62



	Neutrophil count (×103/UL)
	2.53 ± 0.17
	2.44 †*** ± 0.19
	2.49 †*** ± 0.08
	4.13 ‡*** ± 0.25
	3.08 ± 0.32
	3.15 ± 0.35



	Monocyte count (×103/UL)
	1.53 ± 0.06
	1.41 †*** ± 0.09
	1.57 †*** ± 0.15
	4.58 ± 0.33 ‡***
	2.41 ‡*/†*** ± 0.18
	2.50 ‡**/†*** ± 0.12



	Eosinophil count (×103/UL)
	0.77 ± 0.06
	0.52 ± 0.07
	0.72 †*** ± 0.09
	0.28 ‡*** ± 0.02
	0.27 ‡*** ± 0.03
	0.46 ‡** ± 0.02



	Basophil count (×103/UL)
	0.04 ± 0.004
	0.05 ± 0.005
	0.04 ± 0.004
	0.04 ± 0.005
	0.05 ± 0.002
	0.04 ± 0.007







MK: milk, LAB: lactic acid bacteria, AF: aflatoxin, ‡: significance versus control; †: significance versus aflatoxin. *: p < 0.050; **: p < 0.010; ***: p < 0.001.
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Table 3. Effects of oral administration on rats’ kidney functions.






Table 3. Effects of oral administration on rats’ kidney functions.





	Variables
	Control
	MK
	LAB
	AF
	AF + LAB
	AF/LAB





	Urea (mg/dL)
	18.08 ± 1.27
	17.58 †*** ± 1.09
	17.98 †*** ± 0.82
	23.74 ‡*** ± 0.42
	17.58 †*** ± 0.47
	16.60 †*** ± 0.45



	Creatinine (mg/dL)
	0.20 ± 0.01
	0.20 †*** ± 0.01
	0.20 †*** ± 0.01
	0.33 ‡*** ± 0.01
	0.22 †*** ± 0.01
	0.21 †*** ± 0.01



	Uric acid (mg/dL)
	1.56 ± 0.07
	1.52 †*** ± 0.11
	1.66 †*** ± 0.02
	0.76 ‡*** ± 0.06
	1.06 †/‡*** ± 0.04 †/‡***
	1.26 ‡**/†*** ± 0.09







MK: milk, LAB: lactic acid bacteria, AF: aflatoxin, ‡: significance versus control; †: significance versus aflatoxin. **: p < 0.010; ***: p < 0.001.
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Table 4. Effects of oral administration on rats’ liver parameters.
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	Variables
	Control
	MK
	LAB
	AF
	AF + LAB
	AF/LAB





	AST (U/L)
	111.74 ± 3.40
	110.86 †*** ± 2.72
	111.06 †*** ± 0.97
	152.14 ‡*** ± 2.79
	109.52 †*** ± 1.19
	106.76 †*** ± 1.31



	ALT (U/L)
	78.12 ± 2.30
	81.68 †*** ± 1.67
	77.08 †*** ± 3.15
	122.84 ‡*** ± 3.39
	80.58 †*** ± 4.94
	75.32 †*** ± 1.03



	ALP (U/L)
	75.40 ± 3.52
	81.80 †*** ± 4.68
	69.80 †*** ± 5.54
	186.20 ‡*** ± 4.18
	101.80 †/‡*** ± 3.43
	100.60 †/‡*** ± 2



	Total proteins (mg/dL)
	5.49 ± 0.35
	5.38 †*** ± 0.22
	5.13 †*** ± 0.39
	3.84 ‡*** ± 0.23
	5.43 †*** ± 0.15
	5.44 †*** ± 0.32



	Albumin (g/dL)
	3.55 ± 0.17
	3.58 †*** ± 0.10
	3.20 †*** ± 0.23
	1.43 ‡*** ± 0.11
	3.20 †*** ± 0.06
	3.45 †*** ± 0.14



	Bilirubin (mg/dL)
	0.03 ± 0.01
	0.03 †** ± 0.01
	0.03 †** ± 0.01
	0.05 ‡*** ± 0.002
	0.03 †** ± 0.002
	0.03 †** ± 0.002







MK: milk, LAB: lactic acid bacteria, AF: aflatoxin, AST: aspartate aminotransferase, ALT: alanine aminotransferase, ALP: alkaline phosphatase. ‡: significance versus control; †: significance versus aflatoxin. **: p < 0.010; ***: p < 0.001.
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Table 5. Effects of oral administrations on rats’ tissue destruction markers.
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	Variables
	Control
	MK
	LAB
	AF
	AF + LAB
	AF/LAB





	LDH (mg/dL)
	226.60 ± 3.31
	238.40 †*** ± 7.39
	244.00 †*** ± 8.14
	463.80 ‡*** ± 10.77
	336.80 †/‡*** ± 5.29
	336.80 †/‡*** ± 6.92



	CK (IU/L)
	211.40 ± 6.13
	202.00 †*** ± 6.57
	199.80 †*** ± 3.01
	385.40 ‡*** ± 3.53
	285.80 †/‡*** ± 4.01
	232.80 ‡**/†*** ± 3.89







MK: milk, LAB: lactic acid bacteria, AF: aflatoxin, LDH: lactate dehydrogenase; CK: creatinine kinase. ‡: significance versus control; †: significance versus aflatoxin. **: p < 0.010; ***: p < 0.001.
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