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Introduction

The study aimed to determine the effect of manganese (Mn) exclusion from the mineral mixture added to the rat diet and replacing the recommended level of MnCO3 (65 mg Mn/kg diet) with Mn2O3 nanoparticles (Mn2O3NPs) in the diet on blood hematology and selected immunological indices of the blood, jejunum, and brain.





Methods

The experiment was conducted on twenty-four, Wistar rats divided into 3 equal groups. The control (K) group received a diet containing 65 mg/kg of additional Mn originating from the mineral mixture), group B (negative control) was fed a diet deprived of Mn from the mineral mixture, and group N was fed a diet containing 65 mg/kg Mn from Mn2O3NPs preparation. All rats received the experimental diets for 12 weeks. At the end of the experiment, samples of blood, jejunum, and brain were collected from all rats from each group.





Results

Mn exclusion from the rat diet led to anemia, worsened the body’s immune response, and caused systemic and local inflammation as indicated e.g. by decreased RBC, HCT, and the level of HGB, and CRP in blood, CRP and IgA in the jejunum, and IgG in the brain as well as an increased level of IL-2, IgG and TNF-α in blood, and IL-6 in jejunum. In turn, replacing the recommended level of MnCO3 with Mn2O3NPs in the rat diet worsened the immune response and caused local inflammation in the brain as indicated by an increase in TNF-α level and Cp activity, as well as decreased levels of IgG. Analogical changes were not observed in the jejunum or systemic level.





Discussion

The obtained results may suggest that the body has activated adaptive mechanisms that efficiently limit the spread of immune system disorders throughout the body.
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1 Introduction

Manganese is one of the most important microelements, and its presence in the body determines its proper functioning. It acts as a cofactor of numerous enzymes involved in, among others, the process of gluconeogenesis (phosphoenolpyruvate decarboxylase and pyruvate carboxylase), antioxidant defense (manganese-dependent superoxide dismutase MnSOD), urea (arginase) and fatty acid (acetyl-CoA carboxylase) synthesis or ammonia metabolism in the brain (glutamine synthetase) (1, 2). Available literature also indicates that the presence of manganese is necessary for the proper synthesis of steroid hormones responsible especially for reproductive functions (3). It has also been proven that this element plays a key role in the processes of hematopoiesis and has a beneficial effect on the body’s immune functions. It has also been proven that this element plays a key role in the processes of hematopoiesis (4) and has anti-cancer effects, positively stimulating the body’s immune response by activating the cGAS-STING pathway, resulting in increased production of type I interferon (5). In addition, manganese is essential for the proper development, metabolism, integrity and regeneration of bone tissue, among others, by participating in the modulation of osteoblast and osteoclast activity, participating in the synthesis of collagen and proteoglycans as well as by participating in the complex regulation of signaling pathways and enzymatic reactions, it determines proper bone mineralization (6, 7). Therefore, it is very important to maintain the proper level of Mn in the body. In healthy people consuming a balanced diet, manganese deficiency is generally not observed because this element is commonly found in various food products such as fruits, vegetables, red meat, nuts, legumes, and whole grains (8, 9). On the other hand, Mn deficiency in the body was found in laboratory animals, whose diet is much less varied (1). Symptoms of manganese deficiency may vary somewhat depending on the species, but typically include impaired growth, skeletal abnormalities, depressed reproductive function, ataxia of the newborn, and faults in lipid and carbohydrate metabolism (10). There are also reports that manganese deficiency may worsen the body’s immunity by impairing the production of antibodies (11). Therefore, supplementation of this micronutrient is necessary in animals. Usually, it is done by including inorganic Mn salt, e.g. MnCO3, in a mineral mixture added to the diet. Unfortunately, the bioavailability of standard, inorganic Mn compounds introduced into the body through the digestive tract is relatively low because only about 1–5% of the consumed Mn is absorbed (12). Therefore, alternative forms of Mn that are more biocompatible and better utilized by the body are still being sought. Nanoparticles are therefore of increasing research interest. Our previous studies conducted on rats showed that Cu and Cr nanoparticles, due to their small size and specific physicochemical properties, penetrate the body more easily and are better utilized than their standard, inorganic counterparts (13–15). Therefore, it can be assumed that the use of Mn in the form of nanoparticles will have a favorable effect on the functioning of the body by regulating biological processes dependent on the attendance of this element.

Although, to the best of our knowledge, the mechanism of Mn interaction, especially in nanoparticle form, on immune status has not been clearly explained, its role in regulating immune response is undeniable. Huang et al. (16) report that manganese homeostasis plays a key regulatory role in innate immunity against infections, tumors, and acquired immunity. Mn2+ derived from the dissociation of inorganic salts as well as released from MnO2NPs enhances the activation of the cGAS-STING pathway to induce IRF3 phosphorylation, activate the NF-κB pathway, and promote IFN-I production to achieve an antiviral effect (17). There are also reports that Mn can sequester during infections and in this way, it can inhibit pathogen growth (18). It is also assumed that MnO2NPs may directly interact with the bacterial cell membrane or release Mn2+ ions, which participate in Fenton-type reactions generating large amounts of free radicals that damage the bacterial cell membrane. Consequently, the membrane becomes destabilized, leading to electrolyte/intracellular content leakage and reduced ATPase activity, ultimately resulting in bacterial death (16). Most of the studies conducted so far on manganese nanoparticles, however, focus primarily on determining their potential anticancer activity and their possible use in cancer diagnostics and therapy (19, 20). There is a lack of information regarding the impact of Mn nanoparticles on the immune status of healthy, uninfected, non-cancerous animals, especially when administered orally as a dietary supplement.

However, there is a certain risk associated with the use of nanoparticles as dietary supplements due to their potential toxicity. Although the available literature indicates that the mechanisms of Mn absorption in the intestines are strictly regulated and effectively protect the body against excessive Mn penetration from the gastrointestinal tract, and thus their toxicity (21), it cannot be ruled out that they will prove less effective or completely ineffective in the case of more bioavailable nanoparticles. This may be primarily due to the nature of nanoparticles, which are much smaller than inorganic Mn, so they can easily penetrate cell membranes and permeate cell organelles (22). As a result, an inappropriately selected dose of nanoparticles may result in their excessive accumulation in the body and the manifestation of their potential toxicity. Harischandra et al. (23) indicate that in the event of excessive exposure to Mn, its largest amounts accumulate in the central nervous system (especially in the basal ganglia of the brain) causing a disease called manganism, whose neurological symptoms are similar to those observed in Parkinson’s disease. It is assumed that Mn neurotoxicity results from disruption of neurotransmission, dopaminergic neurodegeneration, damage to cellular organelles, oxidative stress, and activation of cell death pathways (24, 25).

The study aimed to determine the effect of complete Mn exclusion from the mineral mixture added to the rat diet and replacing the recommended level of MnCO3 (65 mg Mn/kg diet) with Mn2O3NPs in the diet on blood hematology and selected immunological indices of the blood, jejunum, and brain.




2 Material and methods



2.1 Characterization of nanomaterial

Manganese (III) oxide nanoparticles (Mn2O3NPs) with a size of 40-60 nm were purchased from Sky Spring Nanomaterials Inc. (Houston, TX, USA).




2.2 Animal protocol and dietary treatments

All animal care and experimental protocols complied with the current laws governing animal experimentation in the Republic of Poland and by an ethical committee according to the European Convention for the Protection of Vertebrate Animals Used for Experimental and other Scientific Purposes, Directive 2010/63/EU for animal experiments (26), and were approved by the respective Local Institutional Animal Care and Use Committee (Approval No. 13/2022; Olsztyn, Poland, 16.03.2022). All efforts were made to minimize the suffering of the experimental animals.

Twenty-four, healthy, male, albino Wistar rats (Cmdb: WI) aged 4 weeks were divided into 3 groups (n=8, each). The number of animals in the group (n=8) was selected based on calculations determining the minimum group size necessary to obtain reliable research results that can be subjected to reliable statistical analysis. At the same time, this choice ensured compliance with the 3R principle (Replacement, Reduction, Refinement), guaranteeing an ethical approach to animal research. Rats were housed randomly and individually in stainless steel cages under a stable temperature (21-22°C), relative humidity of 60 ± 10%, a 12-h light-dark cycle, and a ventilation rate of 15 air changes per hour. For 12 weeks, the rats had free access to tap water and semi-purified diets, which were prepared and then stored at 4°C in hermetic containers until the end of the experiment (details in Table 1). The diets were modified from a casein diet for laboratory rodents recommended by the American Institute of Nutrition. Three experimental treatments were used to evaluate the effects of different treatments with supplemental Mn in the diet in the study. The control (K) group received a diet containing 65 mg/kg of additional Mn originating from the mineral mixture), group B (negative control) was fed a diet deprived of Mn from the mineral mixture, and group N was fed a diet containing 65 mg/kg Mn from the Mn2O3 nanoparticles (Mn2O3NPs) preparation (40-60 nm). Preparation of the experimental diets began with the calculation of the amount of standard MnCO3 and Mn2O3NPs that had to be added to the base diet to obtain diets containing 65 mg Mn/kg (this information is given in Table 1). In the case of the diet containing the standard form of Mn, the appropriately weighed MnCO3 was added directly to the mineral mixture, which was then mixed with the base diet. Because Mn2O3NPs occur as a fine, dusty powder that floats in the air, after weighing nanoparticles were not added directly to the mineral mixture but emulsified in the appropriate amount of rapeseed oil included in the diet. This was to avoid their loss and ensure consistency in manganese dosing, as well as to prepare a homogeneous diet because particles of such small size are difficult to distribute in a matrix containing larger particles. Mn2O3NPs emulsified with rapeseed oil were added to the basal diet previously mixed with the mineral mixture containing other essential microelements. The diet was then thoroughly mixed to obtain an appropriate dispersion of nanoparticles throughout the diet. The prepared experimental diets were re-mixed before administration to the rats to ensure the homogeneity of their components. The detailed composition of mineral mixtures used in all experimental groups has been provided in Tables 2, 3.


Table 1 | Composition of basal experimental diet fed to rats, %.




Table 2 | Experimental schema *(provided manganese dosage was calculated taking into account MnCO3 in MX or Mn from Mn2O3 nanoparticles (Mn2O3NPs) preparation).




Table 3 | Composition of mineral mixtures (MX) used in experimental diets.



At the end of the experiment, the rats will be fasted for 12 hours and anesthetized i.p. with ketamine and xylazine (K, 100/kg BW; X, 10 mg/kg BW) according to recommendations for anesthesia and euthanasia of experimental animals. Following laparotomy, blood samples were collected from the caudal vena cava into heparinized tubes and EDTA tubes, and finally, the rats were euthanized by cervical dislocation. After that, the jejunum and brain were dissected. Although the ileum is the part of the small intestine with the most lymph nodes, which promotes the body’s immune defense, it was decided to use the jejunum for the study. The choice of jejunal tissue instead of ileal tissue for studies of immune status in conditions of insufficient Mn supply in the diet and the inclusion of Mn2O3NPs in the diet was dictated by the fact that the jejunum is a key site for the absorption of nutrients and minerals, which is of great importance in nutritional studies, especially on innovative dietary components, which undoubtedly are nanoparticles. Due to the potentially greater reactivity of Mn nanoparticles and its compounds and better bioavailability, it is the jejunal enterocytes that may be exposed to direct contact with the highest concentrations of Mn2O3NPs present in the food content, which in consequence may cause the most visible changes in the function and integrity of the intestines, which may be reflected in both the local and general immune status of the organism. In addition, important processes related to the immune response, such as antigen presentation and cytokine production, take place in the jejunum.

The brain was selected as the next tissue for the study because it is an organ for which Mn shows high affinity and significant toxicity. The blood plasma was prepared by solidification and low-speed centrifugation (350 × g, 10 min, 4°C). Samples of the collected organs were used to prepare tissue homogenates. For this purpose, 1 g of tissue from the appropriate organ was weighed and homogenized with 9 mL of PBS. Then the homogenate was centrifuged (3000 × g, 10 min, 4°C), and the supernatant was collected into a new tube. Plasma samples and tissue homogenates were stored at −80°C until analysis.




2.3 Blood and tissue analyses

Hematological examination was performed on whole blood using the ABACUS Jr VET Analyzer (DIATRON MI PLC, Budapest, Hungary), which included determination of the following parameters: total white blood cell (WBC) count, lymphocyte (LYM) count and percentage, medium-sized cell (MID) count and percentage, neutrophils (NEU) count and percentage, red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDWc), platelet count (PLT), platelet percentage (PCT), mean platelet volume (MPV), and platelet distribution width (PDWc). Selected indicators of immune status were determined in blood plasma and homogenates of the jejunum and brain. In plasma, levels of interleukin-2 (IL-2; QY-E11521), interleukin-6 (IL-6; QY-E11509), tumor necrosis factor α (TNF-α; QY-E10880); immunoglobulins IgA (QY-E11193), IgM (QY-E11190) and IgG (QY-E11191), C-reactive protein (CRP; QY-E11591) and activity of ceruloplasmin (Cp; QY-E10365) were determined. In jejunum and brain homogenates, levels of interleukin-6 (IL-6; QY-E11509), tumor necrosis factor α (TNF-α; QY-E10880); immunoglobulins IgA (QY-E11193) and IgG (QY-E11191), C-reactive protein (CRP; QY-E11591), and activity of ceruloplasmin (Cp; QY-E10365) were determined. All immune parameters were determined using a commercial measurement enzyme-linked immunosorbent assay (ELISA) kit, following the protocol provided by the manufacturer (Shanghai Qayee Biotechnology Co., Ltd., Shanghai, China). Absorbances were measured at 450 nm via an ELISA reader (SunriseTM, Tecan Group Ltd., Männedorf, Switzerland).




2.4 Statistical analysis

Results were expressed as mean values with standard error of the mean (SEM). The statistical significance of differences between the experimental groups [Control (K), Nano-Mn (N), and Without Mn (B)] was assessed using a one-way analysis of variance (ANOVA) followed by a post-hoc test.





3 Results



3.1 The effect of excluding Mn from the diet (B group vs. K group)

Complete exclusion of Mn from the mineral mixture used in the rat diet resulted in decreased RBC, HGB, and HCT (P = 0.013, P = 0.025 and P = 0.019, respectively) in the blood (Table 4). This treatment also resulted in increased levels of IL-2, IgG, and TNF-α (P = 0.002, P < 0.001, and P = 0.032, respectively) and decreased levels of CRP (P < 0.001) and Cp activity (P = 0.016) in the blood plasma of rats (Table 5). In the jejunum tissue of rats fed a diet containing a mineral formula without added Mn, increased levels of IL-6 (P < 0.001) and Cp activity (P < 0.001) were noted, while CRP and IgA levels were decreased (P < 0.001 and P = 0.019, respectively) (Table 6). Complete exclusion of Mn from the mineral formula used in the rat diet also resulted in increased Cp activity (P < 0.001), while IgG levels (P < 0.001) were decreased in the brain (Table 7).


Table 4 | Hematology parameters in rats fed experimental diets supplemented with manganese from MnCO3, Mn2O3-nanoparticles or without manganese supplementation#.




Table 5 | Immune parameters in blood plasma of rats fed experimental diets supplemented with manganese from MnCO3, Mn2O3-nanoparticles or without manganese supplementation#.




Table 6 | Immune parameters in the jejunum of rats fed experimental diets supplemented with manganese from MnCO3, Mn2O3-nanoparticles or without manganese supplementation#.




Table 7 | Immune parameters in brains of rats fed experimental diets supplemented with manganese from MnCO3, Mn2O3-nanoparticles or without manganese supplementation#.






3.2 The effect of replacing the recommended level of MnCO3 with Mn2O3 nanoparticles in the dietary mineral mixture (N group vs. K group)

Replacing the standard form of Mn (MnCO3) with Mn2O3NPs in the mineral mixture added to the rat diet resulted in a decrease in the level of CRP (P < 0.001) in the blood plasma (Table 5). Moreover, this treatment caused a reduction in the level of CRP and TNF-α (P < 0.001, both) and an increase in the level of IL-6 (P < 0.001) in the jejunum tissue of rats (Table 6). In the brain of rats receiving a diet containing Mn2O3NPs instead of the standard form of MnCO3, an increase in the level of TNF-α (P < 0.001) and Cp activity (P < 0.001) was noted, while the level of IgG (P < 0.001) was decreased (Table 7).





4 Discussion

An appropriate level of Mn in the body is necessary to maintain proper blood morphology (2, 27, 28). The results of the conducted studies are consistent with the above statements, as they showed that Mn deficiency in the diet caused by the complete exclusion of this micronutrient from the mineral mixture worsened hematological parameters by reducing the level of RBC, HGB, and HCT in the blood. Manganese is a cofactor of numerous enzymes directly or indirectly involved in the processes of erythropoiesis (porphobilinogen synthase, arginase, and carboxylase or glycosylases) (29), therefore a deficiency of this element in the diet could lead to a significant limitation of the synthesis of functional, catalytically active forms of these enzymes, as a result resulting in the occurrence of anemia symptoms.

Wu et al. (30) indicate that although manganese is necessary for maintaining proper immunity, its deficiency in the diet has a rather mild effect on the immune system, and its impact may include impaired production and secretion of antibodies. However, the results of the conducted studies indicate that the effect of manganese deficiency in the diet may have more serious immunological effects as it contributes to the development of systemic inflammation and increased activity of the immune system, as evidenced by the increased level of IgG, but also proinflammatory cytokines such as IL-2 and TNF-α in the blood plasma of the tested rats. The deterioration of the body’s systemic immunity due to insufficient Mn in the diet may result from the weakness of the immune functions and inflammation of individual organs under the influence of this procedure. The conducted studies showed the presence of local inflammation in the jejunal tissue of the tested rats, as evidenced by the increased level of the pro-inflammatory cytokine Il-6 in this tissue. Moreover, deficiency of manganese in the diet contributed to a deterioration of the immune response in both the small intestine and the brain, as evidenced by the corresponding decrease in the level of the main mucosal antibody IgA - in the intestinal tissue and IgG in the brain. Reduced levels of immunoglobulins and developing inflammation in the intestinal tissue may adversely affect the intestinal immune barrier, increasing susceptibility to infections and disorders of the intestinal microflora, which is consistent with the results of studies conducted by Jiang et al. (31). The reduced level of IgG in the brain may resulting from a weakening of IgG production by plasma cells or impaired transport of these antibodies across the blood-brain barrier due to Mn deficiency in the body. Inflammatory states are usually accompanied by increased production of acute phase proteins such as CRP or Cp. It is therefore interesting that in the case of the studied rats, a decrease in CRP levels was noted in the blood plasma and jejunal tissue, while in the case of Cp activity, its activity decreased in the blood plasma and increased in the tissue of the small intestine and the brain. The results suggest that the decreasing Cp activity should be considered in the context of its antioxidant effect. It is likely that in the conditions of MnSOD deficiency caused by Mn deficiency, the organism activates adaptive mechanisms as a result of which its antioxidant role was largely taken over by Cp. Increased activity of this protein in the brain and intestinal tissue may indicate the mobilization of the antioxidant response in conditions of increased ROS synthesis accompanying Mn deficiency. In turn, a decrease in its activity in the blood plasma may indicate that this protein is actively distributed to organs that currently show a high demand for antioxidant enzymes or that as a result of increased general oxidative stress, the reserves of active, catalytically functional protein are depleted at the systemic level. In addition, ROS produced in excess may directly or indirectly through the products of oxidation of cellular components activate numerous signaling pathways involved in the inflammatory response, such as NF-κB and MAPK (32, 33). As a result, there is an increased synthesis of proinflammatory cytokines that stimulate the development of inflammation (32). It has been proven that the secretion of CRP protein – one of the main acute phase proteins, occurs in the liver and is regulated mainly by IL-6, the action of which can be additionally enhanced by IL-1β and TNF-α (34). The results of our studies showed that despite the increase in IL-2 and TNF-α levels in the blood of rats, the IL-6 level remained at a level close to physiological. It can therefore be assumed that the observed reduction in CRP levels in the blood of the tested rats receiving a diet deficient in Mn resulted from an insufficient amount of IL-6 to induce increased synthesis of CRP protein despite the ongoing inflammation, e.g. due to the limitation of IL-6 mRNA stability caused by excessive amounts of ROS. It is also possible that as a result of probable oxidative stress, hepatocyte damage occurred, which reduced their ability to produce CRP protein. It is worth emphasizing also that the main organ responsible for the production of CRP protein is the liver, not the jejunum. The observed increase in IL-6 levels in intestinal tissue, which probably occurred as a result of activation of the NF-κB pathway in intestinal epithelial cells and macrophages under the influence of increased ROS synthesis, may not have been sufficient to induce a systemic increase in CRP, especially if additional limitations in IL-6 transport to the liver were also present.

Although manganese is necessary for the proper functioning of the body, it can have potentially toxic effects, especially when present in excess (4). Therefore, supplementation of microelements in the form of nanoparticles is particularly risky, even when the recommendations regarding their dosage are followed, as there are some reports that they can easily cross standard barriers in the body, including the blood-brain barrier (13, 14). However, this study did not show that replacing standard MnCO3 with Mn2O3NPs in the rat diet harmed the systemic immune response confirmed by the lack of negative change of immunological parameters level in the rats’ blood. Moreover, this procedure favorably reduced the level of CRP in the blood plasma, which may indicate a systemic effect of the nanoparticles, which affect immune homeostasis by modifying signaling pathways.

However, this study also demonstrated that Mn2O3NPs inclusion in the rat diet may cause adverse local inflammatory changes in individual organs. The results have shown that the brain is an organ particularly sensitive to the immunotoxic effects of manganese nanoparticles as evidenced by increased levels of proinflammatory TNF-α and the activity of Cp as an acute-phase protein but also an unfavorable decrease in brain IgG levels. It is consistent with the results of studies by other authors (35–38). Meng et al. (35) found that intratracheal injection of MnO2NP in rats caused dose-dependent degradation of hippocampal and choroid plexus (CP) cell structure and impaired learning and memory ability. According to the results of the study by Afeseh Ngwa et al. (36), manganese nanoparticles show high affinity for N27 dopaminergic neurons, where they induce a time-dependent upregulation of the transport protein-transferrin. Sun et al. (37) in in vitro studies demonstrated that MnO2 nanoparticles can induce inflammatory changes in BV2 microglial cells by increasing the level of intracellular ROS and further activation of the p38 MAPK pathway. Afeseh Ngwa et al. (36) indicate that the mechanism of nanoparticle neurotoxicity also includes autophagy and activation of the apoptosis signaling pathway, as evidenced by the proteolytic cleavage of proapoptotic protein kinase Cδ (PKCδ) dependent on caspase, as well as phosphorylation of the activation loop (36). It is consistent with the results of Sadeghi et al. (39) who administered MnO2-NPs (30-60 nm) to rats for 15 days and observed a dose-dependent increase in oxidative stress, a decrease in catecholamine levels, and an increase in the number of apoptotic and necrotic cells in the hippocampal tissue, as well as behavioral changes similar to depression in the animals studied. Mehdizadeh et al. (38) in an in vitro study conducted on SH-SY5Y cells also demonstrated that exposure to manganese nanoparticles (1–200 μg/ml Mn for 24 h) activates caspase-3 and caspase-9, increases the Bax/Bcl-2 ratio, and leads to the adoption of a more compact structure by the microtubule-stabilizing protein tau in neurons, which indicates the activation of apoptotic pathways. Meng et al. (35) also indicate that adverse changes, including inflammatory changes, in brain tissue may be related to transcriptome disturbances caused by MnO2-NP, including primary changes in the expression of transporters, ion channel proteins, and ribosomal proteins. Higher neurotoxicity of nanoparticles of Mn or its chemical compounds may probably be due to their high bioavailability, because after absorption from the gastrointestinal tract are rapidly transported to high-energy organs containing numerous mitochondria - in particular to the liver, pancreas, and especially the brain, where they quickly gain of high levels (40). Our study also showed that replacing MnCO3 with Mn2O3NPs in the rat diet increased the level of pro-inflammatory cytokine IL-6 in the jejunum tissue of the tested rats. This could suggest that Mn2O3NPs included in the diet have an immunotoxic effect not only on the brain but also on the jejunum. Studies conducted by Cheng et al. (41–43) indicate that xenobiotics introduced into the body orally can affect intestinal cells, causing damage and inducing inflammation through various mechanisms. These include increased synthesis of reactive oxygen species (ROS) leading to disruption of autophagic flux and activation of the apoptosis pathway (41, 42) and disruption of the intestinal microbial balance, which can lead to abnormal activation of AhR and NF-κB, resulting in intestinal inflammation (43). Saod et al. (44) showed that MnONP has potent antibacterial activity against pathogenic bacteria such as Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa, which may be due to their tendency to generate free radicals promoting damage to bacterial cell membranes. However, the presence of manganese nanoparticles in food may have a biocidal effect not only on pathogenic bacteria, but also on beneficial bacteria, leading to an unfavorable reconstruction of the intestinal microflora and the occurrence of inflammation, which probably occurred in the case of the rats we studied. Interestingly, however, in the intestinal tissue of rats receiving a diet containing Mn2O3NPs instead of MnCO3, a simultaneous decrease in CRP and TNF-α levels was found, which rather excludes the presence of inflammation and even suggests an enhancement of local defense mechanisms in response to the presence of Mn2O3NPs. The difference in the response of the brain and jejunum to Mn2O3NPs may result from different mechanisms of transport and accumulation of nanoparticles in different tissues and differences in tissue microenvironments. The small intestine, being the first point of contact with the diet, may better cope with the attendance of Mn2O3NPs than the brain through defense mechanisms, such as mucus secretion or increased enzymatic activity. In light of the presented results, it can therefore be assumed that under the influence of the inflammation initiated by Mn2O3NPs in the brain, adaptive mechanisms that efficiently prevented the spread of these changes at the systemic level were activated.

Because the results of our studies and the results of other authors (35, 36, 38, 39) indicate that nanoparticles of manganese and its compounds exhibit neurotoxic effects, their use as a dietary supplement does not seem to be safe. Moreover, the detailed bibliometric analyses conducted by Ghassemi Nejad et al. (45) showed that currently there are also other alternative forms of manganese, such as organic chelates. Similarly to nanoparticles, they are characterized by high bioavailability, but at the same time, they exhibit lower toxicity, because they are less susceptible to excessive accumulation, which reduces the risk of oxidative stress. Khoshbin et al. (46) showed that the inclusion of manganese-methionine chelate (Mn-Met) in the diet of laying hens increased the bioavailability of this element and enhanced antioxidant protection and immune response, and these benefits were greater when Mn-Met was added to the diet in higher proportions (50 or 75% of the recommended dietary amount of Mn). Further comparative studies are therefore necessary to determine the mechanisms behind the differential effects of nanoparticles and manganese chelates on antioxidant pathways and immune response. Their results may pave the way for hybrid manganese preparations that combine nanoparticles’ rapid action with chelates’ safety. In summary Mn, exclusion from the rat diet led to anemia, disrupted the body’s immune response, and caused systemic and local inflammation including the jejunum and brain. It was therefore confirmed that maintaining proper Mn homeostasis in the body is necessary to ensure the proper functioning of the immune system. In turn, replacing the recommended level of MnCO3 with Mn2O3NPs in the rat diet disrupted the immune response and caused local inflammation in the brain, which was not observed at the jejunum or systemic level. The obtained results may suggest that the body has activated adaptive mechanisms that efficiently limit the spread of immune system disorders throughout the body. Therefore, one should be very careful when introducing Mn2O3NPs supplementation into the rat diet.
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Control diet (K Pooled SEM

CRP, ng/g 247 +11.08" 113 + 10.48° 175 £ 4.31° 12.418
IgA, nglg 3237 + 1549° 2906 + 1833 2350 + 331.8° 15112
1gG, ng/g 4280 + 156.0 4348 + 189.3 4264 + 108.1 85.724
1L-6, ng/g 0.032 + 0.001° 0.050 + 0.001* 0.047 + 0.003" 0.002
TNF-0, ng/g 0.462 + 0.038" 0.249 + 0.006” 0.501 + 0.037" 0.029
Cp, Ulg 0419 + 0016 0.539 + 0.084" 1.03 + 0.092° 0.063

<0.001

0.019

0.721

<0.001

<0.001

<0.001

*Group K fed a diet supplemented with 65 mg/kg Mn from MnCOs; Group N fed a diet supplemented with 65 mg/kg Mn from Mn,05 nanoparticles; Group B fed a diet with a mineral mixture

deprived of Mn.

*>Mean values + SEM (n=8 per group) within a row with unlike superscript letters are shown to be significantly different (P<0.05); Pooled SEM: pooled standard error of the mean (standard

deviation for all rats divided by the square root of rat number, n=24).
CRP, C-reactive protein; IgA, immunoglobulin A; IgG, immunoglobulin G; IL-6, interleukin-6; TNF-0,, tumor necrosis factor ¢ Cp, ceruloplasmin.
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OEBPS/Images/table2.jpg
Group 12 weeks of feeding

B (Negative CONT, without Mn in MX) A diet with MX deprived of
Mn (n=8)

K (Control, with standard supplementation A diet containing 65 mg/kg Mn

of Mn in MX) from MnCOj3 (n=8)

N (Nano-Mn, with standard A diet containing 65 mg/kg Mn
supplementation of Mn but from novel from Mn,05

nanoparticle source) nanoparticles (n=8)

n=8, number of rats used in a particular feeding period.

*Experimental groups: B, during all twelve weeks of feeding the Mn deficient rats were given a
diet with MX deprived of Mn (MnCO; excluded from MX); K, the rats were fed a diet with
standard mineral mixture (MX) resulting in 65 mg Mn (from MnCOj; in MX) per 1 kg of a
diet during 12 weeks of feeding; N - the rats were given a diet containing 65 mg/kg Mn from
Mn,O3NPs preparation per 1 kg of a diet during 12 weeks of feeding.
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Diet with Nano-Mn (N) Pooled SEM P-value

WBC, 10°/uL 6.80 £ 0.392 6.23 +0.285 6.06 + 398 0211 0.183
LYM, 10%/pL 5.03 + 0.405 4.53 £ 0.266 4.12 £0.202 0.184 0.057
MID, 10°/uL 0.146 + 0.038 0.221 + 0.078 0.250 + 0.069 0.037 0.294
NEU, 10*/uL 1.63 + 0.086 1.47 £ 0.068 1.69 + 0.268 0.094 0392
LYM, % 72.99 + 2.38 7240 + 1.16 68.54 +2.18 1.169 0.148
MID, % 2.14 + 0493 375 £143 448 + 1.34 0.675 0.194
NEU, % 24.86 + 230 23.83 + 0.986 27.01 +2.16 1.089 0.277
RBC, 10°/uL 9.60 £ 0.117° 930 + 0.179% 9.06 + 0.094" 0.087 0013
HGB, g/dL 14.03 + 0.149* 13.30 + 0.364"" 13.14 + 0.173" 0.159 0.025
HCT, % 41.67 + 0474° 4045 + 0.785" 39.55 +0.329" 0.359 0.019
MCV, fL 43.58 + 0.175 43.50 £ 0.189 43.88 £ 0.125 0.097 0.143
MCH, pg 14.61 £ 0.159 14.26 + 0.141 14.54 £ 0.143 0.087 0.127
MCHC, g/dL 33.66 + 0.296 32.80 + 0.307 3321 £0.298 0.181 0.067
RDWc, % 19.75 + 0.136™ 19.85 £ 0.105" 1941 £ 0.114° 0.076 0.022
PLT, 10°/uL 686 + 15.84 641 + 39.25 602 + 3843 19.558 0.103
PCT, % 0.566 + 0.017 0.553 £ 0.035 0511 +0.031 0.017 0213
I MPV, fL 8.44 +0.038 8.66 + 0.091 855+ 0.113 0.051 0.095
PDWc, % 3725+ 0.224 3746 + 0.257 37.26 + 0.427 0.175 0.658

“Group K fed a diet supplemented with 65 mg/kg Mn from MnCOj3; Group N fed a diet supplemented with 65 mg/kg Mn from Mn,O3 nanoparticles; Group B fed a diet with a mineral mixture
deprived of Mn.

**Mean values + SEM (n=8 per group) within a row with unlike superscript letters are shown to be significantly different (P<0.05); Pooled SEM: pooled standard error of the mean (standard
deviation for all rats divided by the square root of rat number, n=24).

WBC, total white blood cells; LYM, lymphocytes; MID, mid-sized cells; NEU, neutrophils; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDWe, red cell distribution width; PLT, platelet count; PCT, platelet percentage; MPV, mean platelet
volume; PDW(, platelet distribution width.
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MX with standard MX dezprived
Mn dosage® of Mn
Calcium carbonate 357 357
anhydrous CaCO;
Potassium phosphate 196 196
monobasic K;HPO,
Potassium 70.78 70.78
citrate CsHsK50,
Sodium chloride NaCl 74 74
Potassium sulphate K,SO, 46.6 46.6
Magnesium oxide MgO 24 24
Microelements mixture” 18 18

Starch

To 1000g = 213.62

To 1000g = 213.62

#Microelements mixture:

Ferric citrate [16,7% Fe] 31 31
Zinc carbonate ZnCOj3 4.5 45
[56% Zn]

Manganous carbonate 234 0
MnCOj5 [44.4% Mn]

Copper carbonate CuCO; 1.85 1.85
[55.5% Cu]

Potassium iodate KJ 0.04 0.04

Citric acid C¢HgO,

To100g=39.21g

To 100 g = 62.61

!given to the K group (12 weeks of feeding).
%given to the B and the N groups (12 weeks of feeding), but the N group was provided with the
appropriate amount of Mn from Mn,O; nanoparticles (Mn,O;NPs) preparation as an

emulsion along with dietary rapeseed oil.
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Diet with Nano-Mn (N) hout Mn (B) Pooled SEM
CRP, ng/g 4246 + 3.92 47.82 +5.53 50.64 + 5.20 2.815 0.280
IgA, ng/g 3087 + 1867 2734 + 2703 2585 + 266.2 141.70 0.183
1¢G, ng/g 15535 + 1125 7870 + 214.9° 10991 + 942.3" 808.65 <0.001
1L-6, ng/g 0.057 + 0.002" 0.061 + 0.001° 0.053 + 0.001° 0.001 0.003
TNF-0, ng/g 1.27 + 0.026" 1.58 + 0.035 1.34 + 0.075" 0.039 <0.001
Cp, Ulg 0.934 + 0.023° 1.65 + 0.084" 113 + 0.051° 0.070 <0.001

* Group K fed a diet supplemented with 65 mg/kg Mn from MnCOs; Group N fed a diet supplemented with 65 mg/kg Mn from Mn,O; nanoparticles; Group B fed a diet with a mineral mixture

deprived of Mn.

*b< Mean values + SEM (n=8 per group) within a row with unlike superscript letters are shown to be significantly different (P<0.05); Pooled SEM: pooled standard error of the mean (standard

deviation for all rats divided by the square root of rat number, n=24).

CRP, C-reactive protein; IgA, immunoglobulin A; IgG, immunoglobulin G; IL-6, interleukin-6; TNE-0i, tumor necrosis factor o; Cp, ceruloplasmin.
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Ingredient Content

Unchangeable ingredients:

Casein' 14.8
DL-methionine 0.2
Cellulose® 8.0
Choline chloride 0.2
Rapeseed oil 8.0
Cholesterol 0.3
Vitamin mix’ 1.0
Maize starch® 64.0

Changeable ingredient:

Mineral mix (MX)® 35

Calculated content:

Crude protein 13.5

Casein preparation: crude protein 89.7%, crude fat 0.3%, ash 2.0%, and water 8.0%.
20-Cellulose (SIGMA, Poznan, Poland), the main source of dietary fiber.

*AIN-93G-VM (47), g/kg mix: 3.0 nicotinic acid, 1.6 Ca pantothenate, 0.7 pyridoxine-HCL, 0.6
thiamin-HCl, 0.6 riboflavin, 0.2 folic acid, 0.02 biotin, 2.5 vitamin B-12 (cyanocobalamin,
0.1% in mannitol), 15.0 vitamin E (all-rac-o-tocopheryl acetate, 500 1U/g), 0.8 vitamin A (all-
trans-retinyl palmitate, 500000 IU/g), 0.25 vitamin D-3 (cholecalciferol, 400000 1U/g), 0.075
vitamin K-1 (phylloquinone), 974.655 powdered sucrose.

“Maize starch preparation: crude protein 0.6%, crude fat 0.9%, ash 0.2%, total dietary fiber 0%,
and water 8.8%.

®Changeable dietary ingredient to manganese level; mineral mixture (48) with standard Mn
level and deprived of Mn, see Tables 2, 3.
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Diet with Nano-Mn (N) (B) Pooled SEM
IL-2, ng/mL 297 + 14.06° 266 + 7.15° 347 +21.59* 10.984 0.002
CRP, ng/mL 97.82 + 4.98° 6000 + 2.20° 67.77 + 1.84° 3.863 <0.001
IgA, ng/mL 7117 + 1361 7719 + 2859 7752 + 809.0 2833 0.406
1gG, ng/mL 40014 + 1041° 43148 + 2450 61777 + 3721° 2477.1 <0.001
IgM, ng/mL 361 +21.93 299 + 21.80 347 £22.17 13.325 0.072
IL-6, ng/mL 4.80 + 0.183 5.03 £0.136 4.72 £ 0.100 0.084 0.167
TNF-0, ng/mL 131 +7.24° 141 + 7.07%° 155 + 6.61* 4.359 0.032
Cp, UIL 112 + 485 107 + 476" 93,51 + 4.74° 3.107 0.016

*Group K fed a diet supplemented with 65 mg/kg Mn from MnCOs; Group N fed a diet supplemented with 65 mg/kg Mn from Mn,0, nanoparticles; Group B fed a diet with a mineral mixture

deprived of Mn.

“bMean values + SEM (n=8 per group) within a row with unlike superscript letters are shown to be significantly different (P<0.05); Pooled SEM: pooled standard error of the mean (standard

deviation for all rats divided by the square root of rat number, n=24).

IL-2, interleukin-2; CRP, C-reactive protein; IgA, immunoglobulin A; 1gG, immunoglobulin G; IgM, immunoglobulin M; IL-6, interleukin-6; TNF-ct, tumor necrosis factor 0; Cp, ceruloplasmin.





