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Abstract

:

Aging is a neurological disease that is afforded by incidence of oxidative stress. Chitosan has received global interests due to its wide medical uses. Quercetin (Q) is a bioflavonoid and widely distributed in vegetables and fruits. Resveratrol is considered as a potent antioxidant and is a component of a wide range of foods. The using of either chitosan nanopartciles (CH-NPs), querectin (Q), and resveratrol (RV) to reduce the oxidative stress and biochemical alterations on brain and testicular tissues induced by D-galactose (DG) (100 mg/Kg) were the aim of the present study. This study investigated the probable protective effects of CH-NPs in two doses (140,280 mg/Kg), Q (20 mg/Kg) and RV (20 mg/Kg), against DG induced aging and neurological alterations. Brain antioxidant capacity as malonaldehyde (MDA), catalase (CAT), and glutathione reductase (GRx), as well as histopathological damages of the brain and testicular tissues were measured. The DG treated group had significantly elevated the oxidative stress markers by 96% and 91.4% in brain and testicular tissues respectively and lower significantly the antioxidant enzyme activities of both brain and testicular tissues than those of the control group by 86.95%, 69.27%, 83.07%, and 69.43%. Groups of DG that treated with a combination of CH-NPs in two doses, Q and RV, the levels of oxidative stress marker declined significantly by 68.70%, 76.64% in brain tissues and by 74.07% and 76.61% in testicular tissues, and the enzymatic antioxidants increased significantly by 75.55%, 79.24%, 62.32%, and 61.97% as compared to the DG group. The present results indicate that CH-NPs, Q, and RV have protective effects against DG-induced brain and testis tissue damage at the biochemical and histopathological levels. Mechanisms of this protective effect of used compounds against neurological and testicular toxicity may be due to the enhanced brain and testis antioxidant capacities.
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1. Introduction


Oxidative stress is involved in the genesis of nervous system disorders during the aging. Reactive oxygen species play a vital role in simplifying the incidence of neurodegenerative diseases in aging [1]. For replication, the pathological alterations which are observed in aging (chemicals such as D-galactose (DG)) have been extremely used. DG is a reduced sugar found in the human diets; when its level is released in the body, it is oxidized by galactose oxidase to aldehydes and hydrogen peroxide [1].



Rodents injected with DG showed deterioration progressively of memory properties and learning outcomes and increased the free radicals production in the brain [2].



Chitosan is a polysaccharide derived from the deacetylation of chitin, which is mainly found in crustacean shells, parts of fungi, and insect exoskeleton [3]. Chitosan has been receiving attention in drug delivery applications. It succeeds mainly due to its unique physicochemical characters, as it has different and wide biological properties [4]. The chitosan nanoparticles (CH-NPs) are of major interest in nanomedicine field due to its diminished pharmacological toxicity[5].



Chitosan has attracted more attention due to its wide biomedical activity. It has a wide range of biological activities, such as antitumor agent, anti-inflammatory capacities, and free radical scavenging activities [6].



Chitosan is a polysaccharide composing of various amounts of glucosamine. Chitosan nanoparticles (CH-NPs) display more superior actions as these particles have multiple immune-ameliorative effect and antimicrobial activities. Additionally, CH-NPs possess a potent surface warp, as compared to the large particles; this produces more decay pressure with an analogous increment in saturation solubility. The elevated saturation solubility elevates an increment in concentration between the cells in the intestine and the mesenteric circulation which is of high medical importance.



Quercetin (Q) (3, 5, 7, 39, 49-pentahydroxyflavone) is one of the most common flavonol in plants that contains a lot of beneficial effects to the human health, and can be found in capers, onions, tomatos, and lettuce. Q is a part of the polyphenols that is considered as a strong antioxidant agent to prevent oxidant harm and cell death, which could lead to many health problems [7,8]. Nowadays, Q has antioxidant properties that helped in improving learning abilities and memory [9].



Sperms are particularly not easily attacked by the reactive oxygen species or free radicals, as sperms’ membranes are rich in a lot of polyunsaturated fatty acid. Studying the effect of natural compounds which has antioxidant properties is attractive as it can offer the therapeutic options possibility for male infertility and for the development of new strategies of media supplementation in vitro used for semen handling [9]. A comprehensive review of recent literature agrees in a protective effect of Q on testicular damage induced by several toxicants in animal models [10].



Q is a flavonoid present in food, beverages, and plants that has been demonstrated to have a role in the prevention of neurodegenerative diseases. In neuronal culture, quercetin elevates survival against oxidative stress. Q also regulates the activity of kinases, changing the phosphorylation state of target molecules, resulting in modulation of genes and cellular function. Higher Concentrations of Q showed cytotoxic and apoptotic effects by its autoxidation and generation of toxic quinones [11]; thus, using safe doses of Q, according to previous studies, are of great interest in our study.



The beneficial effects of Q and related flavonoids have been attributed mainly to their antioxidant capacity, including their direct free radical scavenger and their metal chelating activity properties [11]. Additionally, Q can modulate antioxidant enzyme activities. Earlier work already demonstrated that the in vitro free radical scavenger activity of Q depends on the arrangement of functional groups on its core structure [12].



Resveratrol (RV) is related to compounds called polyphenols with antioxidant properties and it is found in many foods, especially grapes, and is also found in berries and peanuts and is extracted from natural resources [13]. Recently, RV has possessed a wide spectrum of pharmacologic characteristics such as anti-aging, antioxidant activity, anti-inflammatory, and anti-carcinogenic activities besides cardioprotective and neuroprotective effects [14]. RV has multi-protective activities that can be assigned due to its antioxidant actions [15]. Recent studies have shown that RV has protective effects on spermatogenesis against lipid peroxidation and increases the sperm viability and motility [16]. Additionally, RV is more efficient in reducing the DNA damage than other known antioxidants [17]. The aim of the mentioned study was to approve the RV protective effects against reproductive toxicity induced by cisplatin with reference to spermatogenesis and epididymal oxidative toxicity and sperm characteristics.



Resveratrol, an antioxidant found in many foods, including grapes and blueberries, has been shown to elevate the latency to fall on the rotarod [18]. One of the limitations to the use of resveratrol is that it has limited bioavailability [19]. Therefore, methylated resveratrol analogs with greater bioavailability have gained interest as potential antioxidant treatments. One such analog has been shown to protect neurons against oxidative stress in vitro and in vivo [20]. So, it’s use in the safe doses as determined by previous studies is required for safety and efficacy.



The supplementation of RV to rats leading to the reinforcement of hypothalamic-pituitary-gonad axis activity related to improving sperms quality [10]. However, there is no report on whether resveratrol has any ameliorative effects on type one diabetes mellitus—which afforded DNA damage and abnormalities in sperms [11]. RV has multi-protective activities that can be assigned due to its antioxidant actions [12].



RV has a beneficial effect on the blood vessels and thus prevents the atherosclerotic plaques formation [13]. Therefore, this study assessed the probable neuroprotective and testicular protective effects of CH-NPs in two doses and RV against DG induced neurological damages in male mice.



Therefore, this study assessed the probable protective effects of CH-NPs, Q, and RV against DG induced brain damage testicular oxidative injury in male mice.




2. Materials and Methods


2.1. Chemicals


D-galactose, Chitosan particles, and Quercetin (purity ≥ 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA), while resveratrol was purchased from china company (Xi’an Natural Field Bio-Technique Co., Xi’an, China) for chemicals under code number 430075000. Male mice were injected intraperitoneally daily by DG at a dose of 100 mg/kg per day [14] for 30 days, as previously demonstrated. Continuous administration of D-galactose for successive days induces alterations that mimic the aging cases in animals. Quercetin was administrated intraperitoneally in a dose of 20 mg/kg [21] for 30 successive days. Resveratrol was administrated intraperitoneally in a dose of 20 mg/kg [22] for 30 days.




2.2. Preparation of Chitosan Nanoparticles (CNPs)


Twenty-five mg of chitosan was dissolved in 30 mL of acetic acid. A 25 mL of sodium tripolyphosphate was used drop by drop with continuous gentle stirring. Chitosan nanoparticles were collected as suspension [23].




2.3. Characterization of Chitosan


Sizes of CH-NPs were analyzed using a special analyzer. CH-NPS were put into various sizes. Chitosan nanoparticles were given to male mice in doses of 140 and 280 mg/kg (low dose and high dose) according to El-Denshary et al. [13]. Chitosan nanoparticles were characterized by transmission electron microscope (TEM, JEOL, Tokyo, Japan).




2.4. Experimental Animals


Sixty-nine adult male mice, their weight ranging from 40–50 g, were kept under standard laboratory conditions, while following European rules (86/609/EEC) on animal care. The experimental studies were approved by the ethical committee of Deanship of scientific research in Taif University. Then, accommodation occurred for two weeks before the experiment started under approval number: 39-31-0043.




2.5. Experimental Design


The male mice were split into 12 groups, eight rats within each group as follows: The first control group was given 1 mg/kg of DMSO (1%) as a vehicle; the second group was given a dose of D-galactose (100 mg/kg) dissolved in the vehicle (DMSO). The third group was treated with chitosan nanoparticles (high dose) (280 mg/kg) dissolved in the vehicle (DMSO). The fourth group was treated with chitosan nanoparticles (low dose) (140 mg/kg) dissolved in the vehicle (DMSO). The fifth group received a dose of resveratrol (20 mg/kg). The sixth group was treated with a dose of querectin (20 mg/kg). The seventh group was given a dose of chitosan nanoparticles (low dose) (140 mg/kg) followed by administration of resveratrol (20 mg/kg). The eighth group was given a dose of chitosan nanoparticles (high dose) (280 mg/kg) followed by administration of resveratrol (20 mg/kg). The ninth group was given a dose of chitosan nanoparticles (low dose) (140 mg/kg) followed by administration of quercetin (20 mg/kg). The tenth group was given a dose of chitosan nanoparticles (high dose) (280 mg/kg) followed by administration of quercetin (20 mg/kg). The eleventh group was treated with chitosan nanoparticles (low dose) (140 mg/kg) followed by administration of resveratrol (20 mg/kg) and then followed by quercetin (20 mg/kg). The twelfth group was treated with a dose of chitosan nanoparticles (high dose) (280 mg/kg) followed by administration of resveratrol (20 mg/kg) and then followed by quercetin (20 mg/kg). Treatment for all groups was intraperitoneally for 30 successive days as shown in experimental protocol ( Figure 1).




2.6. Preparation of Brain and Testis Homogenates for Estimation of Redox State


Brain tissues (0.23 g) and testicular tissues (0.25 g) were used for the determination of oxidative damage markers. They washed with saline for the removal of blood. Tissues were immersed with a sodium phosphate buffer (pH 7.4) in an ice medium. Then, tissues were homogenized and were centrifuged at 6000 r.p.m for 1/4 h. The homogenates supernatant was preserved at −80 °C untill it was used for measurement of catalase (CAT), GR, and malonaldehyde (MDA) [24,25].




2.7. Determination of Oxidative/Antioxidant Biomarkers


The lipid peroxidation end product (MDA) level was determined by Ohkawa et al. [26] and expressed as µmol/g tissue. Catalase (CAT) activity was measured according to Aebi [27]. CAT activity was measured in tissues by assaying the hydrolysis of H2O2 and the resulting decrease in absorbance at 240 nm over a 3 min period at 25 °C and expressed as mmol/mg. Glutathione reductase (GRX) activity was determined by commercial kits. GPx activity was determined in the brain tissues. The peroxide substrate (ROOH), glutathione reductase (GRx), and nicotinamide adenine dinucleotide phosphate (NADPH) are included.




2.8. Determination of the Testosterone Hormone Levels


Testosterone levels were measured by Enzyme-linked immunosorbent assay (ELISA) test according to the method of Wheeler [28]. Briefly, working solutions of the testosterone-HRP conjugate and wash buffer were prepared, then 50 μL of each calibrator, control, and specimen sample were pipetted into correspondingly labeled wells in duplicate. One hundred μL of the conjugate working solution was pipetted into each well and incubated on a plate shaker (approximately 200 rpm) for 1 h at 25 °C. Fifty μL of stop solution was pipetted into each well at the same timed intervals. The plate was read on a microwell plate reader at 450 nm within 20 min after addition of the stop solution.




2.9. Histological Evaluation


A part of brain tissues were fixed in 10% neutral buffered formalin as described by Gabe [29]. Brain tissue pieces were fixed in 10% formalin, then it was removed by washing the samples with tap water overnight. The tissue was dehydrated using a series of alcohols and were embedded in paraffin. Sections were cut using a microtome at 6 μm thickness. The thin sections were stained with hematoxylin and eosin. The slides were examined by light microscope and photographed by a digital camera.




2.10. X-ray Examination


Some of selected mice from some treated groups were given light anesthesia by sodium thiopental and then were examined by X-ray unit under special control in Kingdome Faisel Hosiptal in Taif City, Saudi Arabia.




2.11. Statistical Analysis


Data are expressed as mean values ± SE (n = 8). Statistical analysis was performed by using (ANOVA). For each significant effect, the Duncan’s Test [30] and post hoc Tukey’s test were used.





3. Results


3.1. TEM Characterization of Chitosan Nanoparticles


Spherical form of chitosan nanoparticles within the scale of nanoparticles (50 nm) Zeta potential confirmed its nano-range scale Zeta Potential (mV): −3.77 ( Figure 2).




3.2. Oxidative Stress Biomarkers


The data in Table 1 and Table 2 demonstrated that there is no significant change in catalase (CAT) and glutathione reductase (GRx) of brain and testis homogenates in control rats and those treated with CH-NPs, RV, and Q and their combinations. In contrast, a decrease from all the previously mentioned antioxidant enzymes was recorded in the brain and testis of animals treated with DG for 30 days. The administration, both of the CH-NPs in two doses, RV, and Q combined with DG induced a significant increment in antioxidant enzymes as compared to its related group of DG.



The neuro-and testicular oxidative parameters (MDA) levels were significantly elevated by DG (Table 1). Either CH-NPs, Q, and RV declined MDA in brain and testis tissue homogenates which is the end product marker of lipid peroxidation as compared to the control group. The decrease in MDA levels was observed in combination groups of CH-NPs, RV, and Q with DG as compared to DG treated group.




3.3. Testosterone Hormone Levels


The level of testosterone hormone in chitosan nanoparticles, quercetin, and resveratrol groups elicited a significant increase as compared to the normal control group. The level of testosterone decreased only in animals that were treated with D-galactose. The chitosan nanoparticles, querectin, and resveratrol improved the level of testosterone when given with D-galactose as compared with D-galactose treated group (Figure 3).




3.4. Histopathology Evaluation of Brain Tissues


The brain tissues from control group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100) (Figure 4A). The DG treated group showed disorganized pyramidal cells (red head arrow) with small dark nuclei with granular cells showing apoptotic nuclei (H&EX400) (Figure 4B). CH-NPs (high dose) showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) and normal blood vessels (H&EX400) (Figure 4C). The CH-NPs (low dose) group showed normal cerebral cortex with normal glial cells with normal sized nuclei (black arrow) (H&EX400) (Figure 4D). The RV group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX400) (Figure 4E). The Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX400) (Figure 4F). The CH-NPs (low dose) + resveratrol group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX400) (Figure 4G). The CH-NPs (High dose) + RV group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100) (Figure 4H). The CH-NPs (low dose) + Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100) (Figure 4I). CH-NPs (high dose) + Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100) (Figure 4J). DG + CH-NPs (Low dose) + RV+ Q showed mild congested blood vessels (red arrow) and neural cells showing small dark stained nuclei (H&EX400) (Figure 4K). DG + CH-NPs (High dose) + RV + Q showed the brain with highly ameliorative effect than DG group with few scattered apoptotic cells (**) with dark stained nuclei (black arrow) (H&EX400) (Figure 4L).




3.5. Histopathology Evaluation of Testicular Tissues


The testicular tissues from the control group was in a normal appearance and showed normal seminiferous tubules (ST) with normal spermatogenic cells (black arrow) and an appearance of plenty of sperms (H&EX400) (Figure 5A). The DG group showed a testis section of a group treated with DG showing degeneration of most parts of the seminiferous tubules (***) with oligospermia (red arrow) and hyperplasia of spermatogonia with high disintegration (black arrow) (H&EX400) (Figure 5(B1,B2)). The CH-NPs (high dose) group showed a normal spermatogonia (yellow arrow) with a lot of sperms (***) and an appearance of plenty of sperms (H&EX400) (Figure 5C). The CH-NPs (low dose) group showed a normal spermatogonia (***) with a lot of sperms (green arrow) and an appearance of plenty of sperms (H&EX400) (Figure 5D). The RV group showed a normal spermatogonia (blue arrow) and normal seminiferous tubules and ledyig cells (H&EX400) (Figure 5E). The Q group showed a normal spermatogonia (red arrow) with plenty of sperms (***) (H&EX400) (Figure 5F). The CH-NPs (low dose) + RV group showed a normal spermatogonia (red arrow) with plenty of sperms (***) and ledyig cells (H&EX400) (Figure 5G). The CH-NPs (high dose) + RV group showed a normal spermatogonia (blue arrow) with plenty of sperms (***) (H&EX400) (Figure 5H). CH-NPs (low dose) + Q group showing a normal spermatogonia (red arrow) (H&EX400) (Figure 5I). The CH-NPs (high dose) + Q group showed a normal spermatogonia (red arrow) (H&EX400) (Figure 5J). The DG + CH-NPs (low dose) + RV + Q showed restoration of spermatogonia layers (black arrow) and plenty of sperms (H&EX400) (Figure 5K). DG + CH-NPs (high dose) + RV + Q showed high restoration of spermatogonia layers (black arrow) and plenty of sperms (H&EX400) (Figure 5L).




3.6. X-ray Alterations in Brain Structure of Some Selected Groups


Control group: Appearance of normal structure of the brain of control group showing appearance of Corpus callosum with normal size and appearance of two equal sized internal horns both interior and posterior with normal sized thalamus (Figure 6A).



D-galactose group: Appearance of the diminished Corpus callosum with reduced size as a spot and very reduced horns, both anterior and posterior with unequal sizes and reduced thalamus (Figure 6B).



D-galactose + Chitosan (Low dose) + Quercetin Resveratrol group: Appearance of mild ameliorative effect on internal horns, both anterior and posterior with mild restoration of thalamus and normal sized Corpus callosum (Figure 6C).



D-galactose + Chitosan (High dose) + Quercetin Resveratrol group: Appearance of highly ameliorative effect on brain structure x-ray with restoration of both horns the normal appearance with a mid-sized thalamus (Figure 6D).





4. Discussion


In the present study, the evaluation of the protective role of chitosan nanoparticles in two doses, resveratrol and quercetin against the toxicity resulting from the administration of D-galactose in male mice, was considered. Therefore, the main goals of the current study were to determine the neurological toxic effect of D-galactose for the long term by measuring the oxidative/antioxidant status as well as the brain histological and X-ray changes.



There is no specific scientific report that assayed the protective role of chitosan nanoparticles alone or combined with either quercetin and/or resveratrol against neurological alterations induced by D-galactose, chitosan, Quercetin, and resveratrol. They have potent antioxidant effects, which decline lipid peroxides production and increase antioxidant enzyme activities.



The study was undertaken to estimate the protective effect of Quercetin separately or in combination with either chitosan nanoparticles in two doses and resveratrol against D-galactose-afforded oxidative stress in different tissues of male mice. There is no literature report which is available on the efficacy of the three combinations of Quercetin, Resveratrol, and Chitosan nanoparticles in cases of D-galactose exposure in male mice. In this respect, the present study is original.



The study on D-galactose showed an increase in lipid peroxodation levels in brain tissues with a significant decrease in superoxide dismutase (SOD), Catalase (CAT), and Glutathione reductase (GRx) activities. These changes indicated the excessive production of oxygen free radicals in the brain tissues of D-galactose treated male mice, and such an imbalance is referred to as oxidative stress [31].



The obtained results reported that the balance between the oxidative system and antioxidant system in the male mice was damaged during D-galactose exposure.



Oxidative stress is elaborated through enzymatic and non-enzymatic mechanisms, which form the cellular defense mechanism. The antioxidant enzymes SOD and CAT play an important role in these mechanisms. SOD converts the superoxide radicals into hydrogen peroxide (H2O2), and CAT is accountable for the breakdown of H2O2 into water and oxygen. Therefore, the effects of these two enzymes are highly complementary to each other [31].



Some studies suggest the use of antioxidants and antioxidant-rich foods for the management of oxidative damage [32] and also for the beneficial effects of antioxidants as antidotes for any toxicity [33,34].



Interestingly, Quercetin could markedly renew the activities of glutathione in all tissues, SOD level, and other enzymes in other tissues of D-galactose-treated male mice as well as significantly enhance the antioxidant capacity of the body, and this is parallel to the present finding as these enzymes were significantly declined in the D-galactose treated group. Meanwhile, there was an increase in the groups treated with either chitosan nanoparticles, resveratrol and quercetin either with or without D-galactose.



The bioactivity of Quercetin is donating to its specific molecular structure, in which the oxygen active group, phenolic hydroxyls and 2,3-unsaturated double bond, give Quercetin strong antioxidant ability not from accepting oxygen free radicals but also by forming metal chelation compounds, and thus the metals excessive levels can be reduced [35] and this can help in maintaining brain tissue’s viability and maintenance of nerve cells.



Q acts as an antioxidant by prohibiting the oxidative enzymes such as xanthine oxidase and lipoxygenase. Inhibition of these enzymes is also responsible for the attenuation of oxidative stress as they play key roles in the free radical initial process which induced cellular damage [36]. Further, it has been reported that Q metabolites can also inhibit some chemical compounds oxidation, similar to free Q [37].



In the present study, treatment with RV either separately or combined with Q after DG administration caused normalization of levels of oxidative/antioxidant parameters in brain tissues. It also caused significant improvement in inflammatory biomarkers in different tissues histopathological and changes as histological sections of the brain and changes in X-ray examination.



Resveratrol proved its antioxidant ability in our study by preserving SOD, CAT, and glutathione reduced as well as reducing MDA levels in the D-galactose combined with resveratrol and CH-NPs combined with RV and Q groups compared to the DG treated group.



Jiang et al. [38] found that resveratrol possesses potent antioxidant activity that may decline oxidative stress and inhibit free radicals. Results from the current study are in agreement with previous studies that reported the lowest level of serum lipid peroxide products in animals fed with resveratrol [39,40]. Toklu et al. [41] found that RV ameliorated the antioxidant status and decreased oxidative damage to the heart and brain of rats with induced hypertension and this is parallel with the current investigation.



Resveratrol is both a free radical scavenger and a potent antioxidant because of its ability to promote the activities of a variety of antioxidant enzymes, as previous studies found that resveratrol could function as SOD1 and GPx1. These findings supported our results that the LPO levels were significantly lower in the brain homogenates of groups treated with a combination of D-galactose with resveratrol while antioxidant enzymes increased.



The resveratrol antioxidant activity could be due to its capability to prohibit reductase in the ribonucleotide and cyclooxygenase-2 as previously reported. Others reported the resveratrol antioxidant effects that could be due to its capability to reduce the oxidative chain reactions of reactive oxygen species in comparable with coenzyme Q, remove the superoxide radicals from the mitochondria, and thus inhibit lipid peroxidation, and this is very important for brain tissues.



Our results promoted with previous findings. These histological alterations could be related to the biochemical alterations, especially contents of reactive oxygen species in the brain and liver that were markedly increased in male mice due to D-galactose administration.



Administration of either Q, RV, and CH-NPs resulted in improvement partially in all histopathological changes noticed from DG in a lot of tissues of mice. This may be due to antioxidative properties of Q polyphenols or active compounds of resveratrol. They are a part of the polyphenols group that have strong electrophilic centers, a property that provides an opportunity for them to react with compounds like DG, thus diminishing DG toxic effects.



Juan et al. [42] found that repeated trans-RV consumption at a dose of 20 mg/kg/day does not affect adversely on the hematologic or biochemical parameters as well as the histopathologic examination of different organs, but in the current study, the administration of RV induced neuroprotective effect in groups treated with a combination of DG combined with RV, Q, and CH-NPs.



The study on DG showed a significant increase in lipid peroxidation levels in the tested testis tissues and a decrease of SOD, CAT, and GRx activities. These alterations indicated the presence of free radicals excessive production in DG treated male mice, and this imbalance is considered as oxidative stress [43]. The antioxidant enzymes as CAT have a vital role in these mechanisms. CAT is accountable for the breakdown of H2O2 produced by superoxide radicals [43].



The current aim of the study is to prove the ameliorating effect of Q or RV and/or CH-NPs or their combination on DG-induced oxidative imbalance. No scientific reports have been published to describe the protective role of the used compounds against DG -induced testicular oxidative stress.



Interestingly, Q could greatly regenerate the activities of glutathione in all tissues, SOD level, and other enzymes in other tissues of D-galactose-treated male mice as well as significantly reinforced the antioxidant capacities.



Quercetin acts as an antioxidant by prohibiting the oxidative enzymes. Inhibition of these enzymes is responsible for the attenuation of oxidative stress by inhibiting the free radicals which induced cellular damage [44]. Further, it has been demonstrated that Q can inhibit some compound’s oxidation [45].



Jiang et al. [38] reported that resveratrol possesses potent antioxidant activity that may inhibit free radicals. Results from the current study are in agreement with studies that reported the lower level of serum lipid peroxides products in animals treated with resveratrol [46,47].



Our results promoted with previous findings. These histological alterations could be related to the biochemical alterations, especially contents of reactive oxygen species in testis that were markedly increased in male mice due to DG administration. According to DG dose regimen for male mice used in the current study, marked alterations in the histology of their testis taken, including denudation of seminiferous tubules that cause disturbance of spermatogenesis.



Administration of either Q, RV, and CH-NPs resulted in improvement partially in all histopathological changes noticed from D-galactose in a lot of tissues of mice. This may be due to antioxidative properties of Q polyphenols or active compounds of resveratrol. They are part of the polyphenols group that have strong electrophilic centers, a property that provides an opportunity for them to react with compounds like DG, thus diminishing DG toxic effects.



Additionally, the current study found that testis tissues structures were normal in the resveratrol treated groups, contrary to the DG group. These results were parallel to previous studies who reported the potent antioxidant activities of resveratrol [48].



The resveratrol administration is followed by DG ameliorated different histological injury, which was concerned with ameliorating some of the biochemical parameters. All the findings were proved by the histopathological examination, which confirmed the resveratrol capability to keep functionally active testicular tissues either histological sections or TEM sections in testis tissues.



Additionally, the current study found that brain tissue structures were generally normal in the groups combined with RV, Q, and two doses of CH-NPs contrary to the damage changes which are seen in DG group. These results were parallel to reports of Xiao, 2015 [48].




5. Conclusions


D-galactose induced neurotoxicity in the brain and testis of male mice. Neuro-ameliorative properties of CH-NPs, RV, and Q may be related to their ability to increase the endogenous antioxidant enzymes by decreasing the oxidative stress. Therefore, we want to pass through the light regarding the deleterious effects of oxidative stress, especially in brain and testicular tissues and their causes which leads to aging and reducing the antioxidant capacities of the brain and testicular tissues, thus reducing its general criteria through either learning or memory. So, the neuroprotective and testicular synergistic protective effects of these used antioxidant compounds are of great importance, especially for children to overcome the problems of delay in learning and reducing learning abilities. So, we recommend using CH-NPs in combination with both RV and Q to alleviate signs of aging and give protection to the tissues from sever oxidative stress.
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Figure 1. Experimental protocol. 
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Figure 2. Transmission electron microscope (TEM) and Zeta potential of Chitosan nanoparticles: (A) TEM characterization for chitosan nanoparticles; (B) Zata potential for Chitosan nanoparticles. 
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Figure 3. Effect of D-galactose, Chitosan nanoparticles, correcting and Resveratrol on testosterone hormone level (ng/mL) in male mice. 
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Figure 4. Cross sections of mice brain tissues from the treated groups showing structure alterations. H & E stain × 400: (A) Control group showed normal cerebral cortex with normal pyramidal cells (H&EX100); (B) DG treated group showed disorganized pyramidal cells (red head arrow) with small dark nuclei with granular cells showing apoptotic nuclei (H&EX400); (C) CH-NPs (high dose) showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (H&EX400); (D) CH-NPs (low dose) group showed normal cerebral cortex with normal glial cells with normal sized nuclei (H&EX400); (E) RV group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (H&EX400); (F) Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (H&EX400); (G) CH-NPs (low dose) + resveratrol group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX400); (H) CH-NPs (High dose) + RV group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (H&EX100); (I) CH-NPs (low dose) + Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100); (J) CH-NPs (high dose) + Q group showed normal cerebral cortex with normal pyramidal cells with normal sized nuclei (black arrow) (H&EX100); (K) DG + CH-NPs (Low dose) + RV + Q showed mild congested blood vessels (red arrow) and neural cells showing small dark stained nuclei (H&EX400); (L) DG + CH-NPs (High dose) + RV + Q showed the brain with highly ameliorative effect than DG group (H&EX400). 
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Figure 5. Cross sections of mice testis tissues from the treated groups showing structure alterations H & E stain X400: (A) The testicular tissues from the control group were in a normal appearance and showed normal seminiferous tubules (ST) with normal spermatogenic cells (black arrow) (H&EX400); (B1,B2) DG group showed a testis section of a group treated with DG showing degeneration of most parts of the seminiferous tubules (***) with oligospermia (red arrow) and hyperplasia of spermatogonia (H&EX400); (C) CH-NPs (high dose) group showed a normal spermatogonia (yellow arrow) with a lot of sperms (***); (D) CH-NPs (low dose) group showed a normal spermatogonia (***) with a lot of sperms (green arrow) and an appearance of plenty of sperms (H&EX400); (E) RV group showed a normal spermatogonia (blue arrow) and normal seminiferous tubules and ledyig cells (H&EX400); (F) Q group showed a normal spermatogonia (red arrow) with plenty of sperms (***) (H&EX400); (G) CH-NPs (low dose) + RV group showed a normal spermatogonia (red arrow) with plenty of sperms (***) and ledyig cells (H&EX400); (H) CH-NPs (high dose) + RV group showed a normal spermatogonia (blue arrow) with plenty of sperms (***) (H&EX400); (I) CH-NPs (low dose) + Q group showing a normal spermatogonia (red arrow) (H&EX400) ; (J) CH-NPs (high dose) + Q group showed a normal spermatogonia (red arrow) (H&EX400); (K) DG + CH-NPs (low dose) + RV + Q showed restoration of spermatogonia layers (black arrow) and plenty of sperms (H&EX400); (L) DG + CH-NPs (high dose) + RV + Q showed high restoration of spermatogonia layers (black arrow) and plenty of sperms (H&EX400). 
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Figure 6. X-ray changes in brain structure in different treated groups with D-galactose, chitosan nanoparticles, Resveratrol, Quercetin: (A) Control group: Appearance of normal structure of the brain; (B) D-galactose group: Appearance of the diminished Corpus callosum with reduced size as a spot with very reduced horns; (C) D-galactose + Chitosan (Low dose) + Quercetin Resveratrol group: Appearance of mild ameliorative effect on internal horns, both anterior and posterior with mild restoration of thalamus and normal sized Corpus callosum; (D) D-galactose + Chitosan (High dose) + Quercetin Resveratrol group: Appearance of highly ameliorative effect on brain structure x-ray with restoration of both horns the normal appearance with a mid-sized thalamus. 
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Table 1. Effect of D-galactose, Chitosan nanoparticles, Resveratrol, Quercetin, and their combination on antioxidant enzyme: Catalase, Glutathione reductase, and Malondialdhyde (in Brain homogenates) of male mice (mean ± SE).
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Groups

	
Glutathione Reductase

(GRx)

(U/g)

	
Catalase

(CAT)

(U/g)

	
Malondialdhyde

(MDA)

(U/g)






	
Group 1 Control

	
0.65 ± 0.09b

	
1.15 ± 0.56b

	
2.21 ± 0.79e




	
Group 2 D-galactose

	
0.11 ± 0.02e

	
0.15 ± 0.02e

	
52.06 ± 4.69a




	
Group 3 Chitosan (High dose)

	
0.65 ± 0.08b

	
1.30 ± 0.28ab

	
2.36 ± 0.86de




	
Group 4 Chitosan (Low dose)

	
0.68 ± 0.04b

	
1.20 ± 0.78b

	
2.33 ± 0.18de




	
Group 5 Resveratrol

	
0.61 ± 0.06b

	
1.23 ± 0.58b

	
2.38 ± 0.65de




	
Group 6 Quercetin

	
0.63 ± 0.05b

	
1.27 ± 0.58b

	
2.10 ± 0.77e




	
Group 7 Chitosan (Low dose) + Resveratrol

	
0.77 ± 0.09ab

	
1.21 ± 0.55b

	
2.62 ± 0.26de




	
Group 8 Chitosan (High dose) + Resveratrol

	
0.76 ± 0.09ab

	
1.26 ± 0.74b

	
2.38 ± 0.25de




	
Group 9 Chitosan (Low dose) + Quercetin

	
0.64 ± 0.05b

	
1.32 ± 0.56ab

	
2.47 ± 0.48de




	
Group 10 Chitosan (High dose) + Quercetin

	
0.64 ± 0.09b

	
1.35 ± 0.47ab

	
2.49 ± 0.58de




	
Group 11 D-galactose +Chitosan (Low dose) + Resveratrol + Quercetin

	
0.45 ± 0.02d

	
1.18 ± 0.81bc

	
16.29 ± 2.81b




	
Group 12 D-galactose + Chitosan (High dose) + Resveratrol + Quercetin

	
0.53 ± 0.05c

	
1.01 ± 0.52d

	
12.16 ± 1.18c




	
Groups

	
Post Hoc Power Analysis




	
Groups 1 versus 2

	
100%

	
100%

	
100%




	
Groups 2 versus 3

	
100%

	
14.95%

	
100%




	
Groups 3 versus 4

	
100%

	
80%

	
70.12%




	
Groups 4 versus 5

	
57.85%

	
13.92%

	
50.47%




	
Groups 5 versus 6

	
49.98%

	
51.25%

	
98.76%




	
Groups 6 versus 7

	
100%

	
24.36%

	
100%




	
Groups 7 versus 8

	
90%

	
100%

	
90%




	
Groups 8 versus 9

	
81.57%

	
52.58%

	
49.13%




	
Groups 9 versus 10

	
99.93%

	
100%

	
88.4%




	
Groups 10 versus 11

	
97.93%

	
99.94%

	
44.18%




	
Groups 11 versus 12

	
97.93%

	
95.94%

	
44.18%








Means within the same column in each category carrying different litters are significant at (p ≤ 0.05). 













 





Table 2. Effect of D-galactose, Chitosan nanoparticles, Resveratrol, Quercetin, and their combinations on antioxidant enzymes: Catalase, Glutathione reductase, and Malondialdhyde (in testis homogenates) of male mice (mean ± SE).
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Groups

	
Glutathione Reductase

(GRx)

(U/g)

	
Catalase

(CAT)

(U/g)

	
Malondialdhyde

(MDA)

(U/g)






	
Group 1 Control

	
2.65 ± 0.59ab

	
3.32 ± 0.44b

	
4.01 ± 0.89d




	
Group 2 D-galactose

	
0.81 ± 0.12e

	
1.01 ± 0.04d

	
40.46 ±3.69a




	
Group 3 Chitosan (High d