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Enhanced Cognitive and Behavioral Function as well as Neurobiochemical 1 

Enzyme Activities in Aluminum-Exposed Rats through Cerium Oxide 2 

Nanoparticles (CeO2 NPs) 3 

Abstract  4 

Neurological and behavioral diseases caused by toxic metals, particularly aluminum, continue to 5 

pose a substantial issue for humans. Given that aluminum is the most prevalent metal found in 6 

the earth's crust, it is inevitable to come into touch with aluminum for humans in all over the 7 

world. This work focuses on the synthesis and assessment of the therapeutic impact of cerium 8 

oxide nanoparticles (CeO2 NPs) in rats that have been exposed to aluminum. We assessed the 9 

effect of CeO2 nanoparticles on the functionality of enzymes and markers related to oxidative 10 

stress, including catalase (CAT), cholinesterase (ChE), malondialdehyde (MDA), total 11 

antioxidant capacity (TAC), monoamine oxidase (MAO), reduced glutathione (GSH), and 12 

superoxide dismutase (SOD) in the cerebral and hepatic tissues of rats subjected to aluminum 13 

exposure. Aluminum chloride was administered to the rats through subcutaneous injection at a 14 

daily dosage of 150 mg/kg for a duration of 3 weeks in order to generate oxidative stress. CeO2 15 

nanoparticles (NPs) were administered intraperitoneally at dosages of 5 and 10 mg/kg for one 16 

week, starting from the third week. The findings demonstrated that CeO2 nanoparticles (NPs) 17 

were very successful in enhancing cognitive-behavioral patterns and increasing the activity of 18 

neurobiochemical enzymes in both liver and brain tissues. The findings indicated that CeO2 NPs 19 

might serve as a good therapeutic approach for addressing neuro-cognitive and neurobiochemical 20 

impairments caused by high levels of aluminum pollution in aluminum exposed rats model. 21 

However, it is indisputable that more investigation is necessary to evaluate the therapeutic 22 

effectiveness of CeO2 NPs on conditions caused by hazardous metal exposure. 23 
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1. Introduction 28 

Neurological and behavioral diseases caused by exposure to toxic metals, particularly aluminum, 29 

continue to pose a substantial issue for humans. Aluminum, which is the most prevalent metal 30 

found in the upper mantle, may be introduced into the human body by many means such as 31 

dietary intake, oxygen inhalation, water consumption, use of cosmetic products, and some 32 

pharmaceuticals (1, 2). Exposure to aluminum may result in neurological diseases since it 33 

specifically affects different bodily tissues, with a special emphasis on the brain. The chemical 34 

characteristics of this substance inhibit biological functioning and have harmful consequences. 35 

The absorption and accumulation of aluminum in the brain may result in the deposition of Aβ 36 

oligomers, in the hippocampus and cerebral cortex, as well as the commencement of Alzheimer's 37 

disease, can be observed (3-5). Aluminum has been discovered to accumulate in tissues other 38 

than the brain, including the bone, liver, and kidney. Aluminum pollution in cells first triggers 39 

disruption of mitochondrial function, resulting in changes to energy metabolism, oxidative stress, 40 

and apoptosis. Aluminum's interference with neurotransmitter metabolism and signal 41 

transmission is a process that contributes to neurological issues after being exposed to aluminum 42 

(6, 7). Aluminum neurotoxicity may have several consequences, which are caused by different 43 

methods. One such mechanism is the potential of aluminum to produce reactive oxygen species 44 

(ROS) and free radicals. Additionally, aluminum can hinder the function of antioxidant enzymes 45 

and disturb the balance of calcium in the body (8). Aluminum, although being a trivalent cation 46 

and not undergoing redox shifts, increases oxidative damage due to its substantial pro-oxidant 47 

activity (9). Cells employ various defense mechanisms to counteract the detrimental effects of 48 

reactive oxygen species (ROS), with enzymatic systems such as catalase (CAT), superoxide 49 

dismutase (SOD), and glutathione reductase (GR) playing a crucial role in safeguarding cellular 50 
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integrity. Superoxide, a negatively charged molecule, undergoes a significant transformation 51 

facilitated by the SOD enzyme, resulting in the production of oxygen and hydrogen peroxide. On 52 

the other hand, catalase plays a vital role in decomposing hydrogen peroxide into water and 53 

oxygen (10). The proper functioning of the glutathione redox cycle is heavily dependent on the 54 

activity of glutathione reductase and helps regulate the concentration of intracellular thiols, 55 

namely glutathione, which is the most prevalent (11). Aluminum, a very prevalent and readily 56 

assimilated metal, has the potential to induce neurological and psychiatric problems. The primary 57 

emphasis of biomedical research has been on the development of diagnostic and therapeutic 58 

techniques using medical nanotechnology for the management of neurological disorders. CeO2 59 

nanoparticles, or ceria, are attracting interest due to their distinctive properties. Cerium oxide 60 

nanoparticles, or ceria, possess a lattice fluorite crystalline structure and are capable of 61 

mimicking the functions of catalase (CAT) and superoxide dismutase (SOD) enzymes. The 62 

catalytic activity of CeO2 nanoparticles surpasses that of SOD and CAT enzymes owing to their 63 

diminutive size and elevated surface-to-volume ratio. Hence, it is essential to advance the 64 

creation of effective treatment and diagnostic methods for neurological illnesses (12). This 65 

research assesses the neuroprotective efficacy of CeO2 nanoparticles (NPs) in enhancing 66 

cognitive-behavioral patterns and neurobiochemical enzyme activity in rats subjected to 67 

aluminum exposure. These nanoparticles exhibit potential in the management of ailments related 68 

to oxidative stress and inflammation, particularly neurological disorders. The current 69 

investigation serves as the initial examination of the neuroprotective properties of CeO2 NPs in 70 

rats that have undergone aluminum exposure. 71 

2. Materials and Methods 72 

2.1. CeO2 nanoparticles Synthesis  73 
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Numerous methodologies are available for the synthesis of CeO2 nanoparticles. The process of 74 

synthesizing CeO2 NPs was carried out utilizing the straightforward approach described by 75 

Chelliah et al. (13). The primary precursors used in this process for the manufacture of cerium 76 

oxide are cerium nitrate and sodium hydroxide. Initially, a solution of cerium nitrate with a 77 

concentration of 0.1 M was prepared and a solution of NaOH with a concentration of 0.3 M. 78 

Then, the NaOH solution was slowly added to the precursor solution while stirring it with a 79 

magnetic stirrer. Ultimately, sediment with a pinkish-white coloration was acquired. The 80 

sediment underwent centrifugation at a velocity of 15000 RPM for a period of 15 minutes. The 81 

aqueous part above the sediment, known as the supernatant, was eliminated, and the solid mass 82 

that remained, referred to as the pellet, was gathered. The pellet underwent a washing process 83 

using deionized water and ethanol subsequently; the material is to be dried by placing it in an 84 

oven set at a temperature of 80 °C a period of one hour. Subsequently, it was annealed at a 85 

temperature of 270 °C.   86 

2.2. CeO2 nanoparticles characterization  87 

The physicochemical properties of the synthesized CeO2 nanoparticles were examined through 88 

the utilization of various analytical techniques. These techniques included the Field Emission 89 

Scanning Electron Microscope (FE-SEM), thermogravimetric analysis (TGA), Fourier transform 90 

infrared (FTIR) spectroscopy, and X-ray diffraction analysis (XRD). 91 

FE-SEM technique, utilizing the MIRA3 TESCAN electron microscope, was employed to 92 

ascertain the size and shape characteristics of the generated CeO2 nanoparticles. 93 

XRD analysis was employed to ascertain the crystalline structure of the synthesized CeO2 94 

nanoparticles. In particular, a Bruker AXS model D8 Advance Diffractometer was utilized for 95 
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this test. Utilizing a Cu Ka radiation (k = 1.542 A) X-ray diffractometer, the XRD patterns of the 96 

CeO2 nanoparticles (NPs) were acquired. The measurements were performed within an angular 97 

range of 20 to 80°. 98 

FTIR was employed to determine the chemical composition of the CeO2 nanoparticles produced. 99 

The analysis was conducted using the Bruker Tensor 27 instrument, which is manufactured by 100  

Biotage in Germany. The NPs that were produced underwent pulverization and were 101  

subsequently mixed with 200 mg of KBr. The resultant powder was then compressed to create 102  

standard clear pellets for analysis. Throughout the frequency range of 400 to 4000 cm −1, a 103  

series of 16 scans were performed to acquire the spectra of the produced pellets. 104  

The Thermogravimetric Analyzer (Linseis STA PT 1000, Germany) was employed to evaluate 105  

the thermal stability of CeO2 NPs. The TGA measurements were conducted in a nitrogen 106  

environment, spanning a temperature range from room temperature (RT) to 700°C.  107  

2.3. Animals 108  

Male Wistar rats weighing (200 - 250 g) were utilized in this study. Animals were purchased 109  

from the Pasteur Institute of Iran. The rats were housed in sets of three within a standard cage, 110  

ensuring a temperature-controlled environment maintained at 22 ± 2 °C with a 12-hour light and 111  

dark cycle. Rats were provided with unrestricted access to water and were given conventional 112  

diet. The rats were divided into two main groups: the stress groups and the control groups. The 113  

control group did not undergo any form of intervention and had unrestricted access to food and 114  

water. On the other hand, the stress group received subcutaneous injections of aluminum 115  

chloride, with a dosage of 150 mg per kilogram of body weight, on a daily basis for a period of 3 116  

weeks. The stress group was separated into three subgroups two weeks after receiving aluminum: 117  
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subgroup 1 (AL), subgroup 2 (AL + CeO2 NPs at a dose of 5 mg/kg), and subgroup 3 (AL + 118  

CeO2 NPs at a dose of 10 mg/kg). Commencing from the third week, CeO2 nanoparticles were 119  

administered intraperitoneally for a duration of one week.   120  

2.4. Behavioral assessment 121  

The cognitive functions of rats that were subjected to aluminum exposure and subsequently 122  

treated with CeO2 NPs were evaluated using a shuttle box, measuring both their short-term and 123  

long-term memory. The shuttle box is partitioned between a dim room and a bright chamber by a 124  

guillotine door. The shuttle box-based behavioral evaluation consists of three phases: adaption, 125  

learning acquisition, and recall. In order to adapt, the animal underwent exposure to the light 126  

chamber for a period of 10 seconds during the adaptation phase. Following this, the guillotine 127  

door was unlocked, allowing the animal to transition to the dark room, where it stayed for around 128  

30 seconds. After duration of 30 minutes, this action was replicated. The animal was once again 129  

subjected to the light chamber during the subsequent learning period, which started 30 minutes 130  

after the first phase. Following the transfer of the animal into the enclosed space devoid of light, 131  

the guillotine door was promptly sealed shut, and an electrical shock of 30 seconds duration was 132  

administered. Following a 30-second duration of electric shock, the animal was then confined to 133  

a dark location for an additional 30 seconds before being taken out referred to as short-term 134  

memory. During the third phase which is known as long-term memory, the animal was 135  

transferred to the well-lit section after a 24-hour period, followed by the subsequent opening of 136  

the guillotine door. During this phase, no electric current shock was administered. The 137  

investigation focused on three factors: the frequency of transitioning is influenced by the 138  

movement from the light chamber to the dark chamber, the duration of time spent in the dark 139  

chamber, and the delay in entering the dark chamber from the light chamber. Moreover, it is 140  
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important to mention that the long-term memory stage typically persists for a duration of around 141  

10 minutes. 142  

2.5. Histopathological analysis 143  

After the therapy, all animals were killed and their tissues (brain and liver) were extracted for 144  

histological investigation. Subsequently, a 10% formalin solution was used to preserve the tissue 145  

samples.   146  

2.6. Determination of aluminum content  147  

The concentration of aluminum in the tissues (brain and liver) was quantified using the ELAN 148  

6100 DRC-e instrument from Perkin Elmer, through the application of Inductively Coupled 149  

Plasma-Mass Spectrometry (ICP-MS) analysis. In order to determine the quantity of aluminum 150  

content, about 0.5 g of tissue samples (brain or liver) were fully dissolved in nitric acid (10 ml) 151  

with the application of heat. Subsequently, the solution obtained was subjected to purification via 152  

filter paper, followed by dilution to a volume of 50 cc using distilled water. This purified 153  

solution was then used. 154  

2.7. Biochemical tests 155  

2.7.1. CAT activity Determination 156  

Catalase, a pivotal antioxidant enzyme, plays a vital role in the transformation of two hydrogen 157  

peroxide molecules into one oxygen molecule and two water molecules. Catalase malfunction 158  

may lead to many neurological issues, including Alzheimer's disease. The decomposition of 159  

hydrogen peroxide and the regulation of cellular redox are crucial processes that underscore the 160  

significance of catalase (14). The catalase activity in the animal tissues )brain and liver(, which 161  
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were exposed to aluminum and received treatment with CeO2 NPs, was evaluated in this 162  

research. For this assessment, the NactazTM Catalase Activity Assay Kit (IRAN) was employed. 163  

The methodology is based on the response of the CAT enzyme detected in tissue samples. The 164  

process involves catalase (CAT) producing formaldehyde, a specific aldehyde, When hydrogen 165  

peroxide and methanol coexist as a source of hydrogen donation (15). The process is ultimately 166  

halted by the addition of potassium hydroxide. The resulting formaldehyde may thereafter be 167  

quantified using spectroscopy, namely in a wavelength range of 540 to 550 nm, in conjunction 168  

with a chromogen. Initially, a tissue sample (brain/liver) weighing 100 mg was removed, rinsed 169  

with cold PBS, and then disintegrated in 1 ml of lysing solution to create the tissue homogenate. 170  

Subsequently, the mixture underwent centrifugation at a rate of 8000 revolutions per minute for a 171  

period of 10 minutes. The liquid that settled above the sediment, recognized as the supernatant, 172  

was then utilized for biochemical examination. Subsequently, the tissue samples were examined 173  

for catalase (CAT) activity according to the instructions provided in the kit methodology. 174  

2.7.2. Determination of MAO activity 175  

Monoamine oxidases (MAOs), a class of enzymes, facilitate the process of oxidative 176  

deamination of monoamines. These enzymes are located within the outer membrane of 177  

mitochondria. The malfunction of MAOs, which regulate neurotransmitters, has been associated 178  

with several illnesses like schizophrenia, drug misuse, migraines, depression, and Parkinson's 179  

disease (16). A 100 mg sample of tissues (brain or liver) was well mixed in lysis solution (1 ml) 180  

in order to measure the degree of MAO activity. Following the application of centrifugal force 181  

for a period of 10 minutes at a rate of 8000 revolutions per minute (RPM), the liquid fraction 182  

situated above the sediment was scrutinized via spectrophotometry at a wavelength of 250 183  

nanometers (nm). 184  
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2.7.3. Cholinesterase (ChE) activity evaluation 185  

Cholinesterase (ChE) is a class of enzymes that catalyzes the hydrolysis of choline esters, which 186  

includes acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). These enzymes control 187  

the transmission of nerve signals by quickly breaking down the neurotransmitter ACh by 188  

hydrolysis can lead to the development of various neurological disorders, including Alzheimer's 189  

disease, depression and Parkinson's disease (17, 18). In this investigation, the activity of the salt 190  

soluble (SS) and detergent soluble (DS) isoforms of AChE and BuChE in animal’s tissues (brain 191  

and liver) exposed to aluminum and treated with CeO2 NPs was evaluated using Ellman's test 192  

and established spectrophotometric techniques. The substrates employed to assess the levels of 193  

total cholinesterase (ChE) activity and butyrylcholinesterase (BuChE) activity were 194  

acetylthiocholine iodide (ATCh) and S-butyrylthiocholine iodide (BuTCh), respectively. These 195  

substrates were obtained from Sigma-Aldrich in the UK and Switzerland, respectively. The 196  

measurement of acetylcholinesterase (AChE) activity was determined by subtracting the activity 197  

of butyrylcholinesterase (BuChE) from the total cholinesterase (ChE) activity (19-22).  198  

2.7.4. Determination of lipid peroxidation level 199  

The production of malondialdehyde (MDA) is a consequential outcome of the peroxidation 200  

process that occurs within cells, specifically as a result of unsaturated fatty acids. This compound 201  

plays a crucial role as a reliable indicator for evaluating the level of oxidative stress present in 202  

the cells. Individuals suffering from brain trauma often have heightened levels of MDA (23, 24). 203  

The NalondiTM lipid peroxidation test kit was used to evaluate MDA levels in brain and liver 204  

tissue samples.   Colorimetry is employed to measure the extent of the chromogenic compound 205  

formation resulting from the interaction between MDA and thiobarbituric acid (TBA), thereby 206  
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establishing the fundamental principle of this technique. In summary, a tissue sample weighing 207  

100 mg (either brain or liver) was combined with 1 ml of lysing buffer. Subsequently, the 208  

resulting blend underwent centrifugation at a velocity of 13000 RPM for a period of 3 minutes. 209  

The aqueous component was then analyzed utilizing a spectrophotometer set at a wavelength of 210  

550 nm, in accordance with the guidelines outlined in the kit, to determine the concentration of 211  

MDA.   212  

2.7.5. Determining reduced glutathione (GSH) level 213  

Within the human body, Glutathione (GSH) serves as an indispensable cellular constituent, 214  

constituting 95% of non-protein thiol groups. The quantities of GSH present in various organs 215  

fluctuate, and any imbalances in GSH levels and enzyme activity can potentially contribute to 216  

the onset of neurodegenerative diseases. GSH serves multiple roles within cells, including 217  

functioning as a redox buffer, a cofactor for signal transduction, and an antioxidant defense 218  

mechanism. Its significance is particularly notable in the brain, where it plays a crucial role in 219  

maintaining cellular homeostasis and protecting against oxidative stress (25, 26). To measure the 220  

level of GSH in the brain and liver tissues of animals exposed to aluminum and treated with 221  

CeO2 NPs, the NarGulTM test kit for reduced glutathione (GSH) was employed. Initially, a 100 222  

mg tissue sample was thoroughly mixed with lysing buffer, followed by centrifugation at a speed 223  

of 9000 revolutions per minute for a duration of 15 minutes. The established methodology was 224  

employed to assess the optical absorbance of the tissue sample through spectrophotometry at a 225  

wavelength of 412 nm. 226  

2.7.6. Determination of SOD activity 227  
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The breakdown of superoxide into oxygen and hydrogen peroxide is a fundamental process that 228  

occurs within cells, and it is facilitated by the essential enzyme called superoxide dismutase 229  

(SOD). The key aim of this is to manage reactive oxygen and nitrogen species (ROS and NOS), 230  

thereby diminishing their possible harm and preventing illnesses related to oxidative stress in 231  

cells and extracellular environments (27, 28). The assay kit for measuring the activity of 232  

superoxide dismutase (SOD) was used to evaluate the amount of SOD activity in brain and liver 233  

tissue samples. The tissue sample was first combined with lysing buffer at a concentration of 100 234  

mg. Subsequently, the mixture was homogenized and subjected to centrifugation at a speed of 235  

12000 RPM for a period of 5 minutes. Supernatant was used to quantify the amount of 236  

superoxide dismutase (SOD) activity using a spectrophotometric technique at a wavelength of 237  

405 nm, following the instructions provided by the kit's protocol.   238  

2.7.7. Total antioxidant capacity (TAC) evaluation 239  

The concept of total antioxidant capacity (TAC) encompasses the collective effect exerted by the 240  

entirety of antioxidants existing within a given matrix, be it bodily fluids or dietary elements. 241  

Evaluation of TAC levels in liver and brain tissue samples was conducted through the utilization 242  

of the total antioxidant capacity test kit. This kit use the FRAP approach and a process involving 243  

the transfer of a single electron to assess the potential of biomolecules to undergo bivalent 244  

reduction and their capability to act as antioxidants. To make tissue homogenate, a lysing buffer 245  

was added to a 100 mg of tissue samples. The mixture underwent homogenization and 246  

subsequent centrifugation at a speed of 10000 RPM for a duration of 10 minutes. Supernatant 247  

remaining after centrifugation was used to measure the total antioxidant capacity (TAC) 248  

operating a spectrophotometer at 593 nm wavelength, following the provided kit instructions. 249  
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2.8. Statistical analysis 250  

The statistical analysis was performed utilizing SPSS 27 and GraphPad Prism 9 software 251  

packages. The statistical significance of the comparisons was assessed through the application of 252  

the one-way analysis of variance (ANOVA) method. A significance level of P<0.05 was 253  

employed to determine the statistical significance. The data were presented in the form of mean 254  

± standard deviation (SD). 255  

3. Results 256  

3.1. Characterization of CeO2 NPs 257  

3.1.1. FE-SEM analysis of CeO2 NPs 258  

The FE-SEM technique was employed to examine the morphology and surface characteristics of 259  

CeO2 nanoparticles. Figure 1.a demonstrates that CeO2 NPs had a spherical shape and were of 260  

nanoscale dimensions, In accordance with the discoveries made by Chelliah et al., the results 261  

remain in line with their research (13). The CeO2 nanoparticles produced in this work had an 262  

average size ranging from 36.84 to 73.68 nm.  263  

3.1.2. FTIR Analysis 264  

The chemical contents of the produced nanoparticles were analyzed using FT-IR analysis. The 265  

large peak observed at location 3499 cm-1 in the IR spectra of CeO2 NPs is ascribed to the 266  

stretching vibrations of hydroxyl groups. The peak seen at the location of 1559 cm-1 is attributed 267  

to the bending vibration of C-H stretching.  268  

 269  
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Furthermore, the band seen at the location of 1058 cm-1 indicates the C-O stretching vibration. 270  

The synthesis of CeO2 nanoparticles was verified by the examination of the FTIR spectrum 271  

(Figure 1.b).   272  

3.1.3. XRD Analysis 273  

The XRD analysis depicted in Figure 1.c show cases the distinctive peaks of cerium oxide 274  

nanoparticles (CeO2 NPs) at 28.64, 33.16, 47.56, and 56.38 degrees. These peaks correspond to 275  

the JCPDS No: 34-0394 reference pattern (13).  276  

3.1.4. Thermal analysis 277  

The thermal stability of the produced nanoparticles was assessed using the Thermogravimetric 278  

Analysis (TGA) method in a nitrogen environment. Figure 1.d depicts the pyrolysis curve used to 279  

analyze the thermal properties of produced CeO2 nanoparticles. The pyrolysis curve of CeO2 280  

NPs revealed a weight reduction of around 1% within the temperature range of 30 to 100 °C, and 281  

a weight reduction of approximately 3% within the temperature range of 100 to 700 °C.   282  

3.2. Accumulation of aluminum in animal tissues (liver and brain) 283  

The ICP-MS technique was employed to measure the levels of aluminum in animal tissues (brain 284  

and liver) exposed to aluminum, as presented in Table 1. Table 1 displays the findings of ICP-285  

MS analysis, which detected significant aluminum buildup in the brain tissues, particularly in the 286  

liver tissues, of treated animals. The findings indicate that the injection of CeO2 NPs may 287  

effectively clean and minimize the buildup of aluminum in both liver and brain tissues. 288  

Table 1. Accumulation of aluminum in animal tissues (liver and brain).  289  
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Groups Brain Liver 

Control 0.28 ±0.2 2.91 ±0.6 

Al treated 2.16 ±0.3 *** 9.19 ±0.2 *** 

5 mg/kg 2Al+ CeO 0.41 ±0.5** 5.64 ±0.3 *** 

10 mg/kg 2Al+ CeO 0.11 ±0.1 *** 4.15 ±0.5 *** 

The data showcases the average ± SEM, demonstrating statistically significant variations from 290  

the control group (**P < 0.01, ***P < 0.001, Tukey post hock test). 291  

3.3. Serum biochemical parameters 292  

3.3.1. CAT activity  293  

Figure 2 depicts the outcomes of catalase enzyme activity in rat’s tissues (brain and liver) that 294  

received aluminum and administered CeO2 NPs. Figure 2 demonstrates a significant reduction in 295  

catalase enzyme activity in rat’s tissues (brain and liver) after the administration of aluminum. 296  

The administration of CeO2 NPs, as predicted, yielded an increase in the catalase enzyme 297  

activity within the liver and brain tissues. Notably, the administration of a dosage of 10 mg/kg 298  

led to a more significant elevation in catalase activity levels in both brain and liver tissues, as 299  

compared to a dose of 5 mg/kg.   300  

3.3.2. MDA levels  301  

Figure 3 depicts the concentrations of MDA (malondialdehyde) in rat’s tissues (brain and liver) 302  

that received aluminum and then treated with CeO2 NPs (cerium oxide nanoparticles). 303  

According to the Figure, the injection of aluminum resulted in a little elevation in the 304  

concentration of MDA in rat’s tissues (brain and liver). The administration of CeO2 305  
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nanoparticles has resulted in a reduction in MDA activity compared to aluminum exposed group 306  

and control group. Nevertheless, CeO2 nanoparticles have not shown any discernible impact on 307  

liver tissue. 308  

3.3.3. GSH contents 309  

Figure 4 depicts the levels of glutathione (GSH) in rat’s tissues (brain and liver) that received 310  

aluminum and then treated with cerium oxide nanoparticles (CeO2 NPs). Figure 4 shows a 311  

substantial decrease in brain tissue GSH levels in animals that received aluminum.   312  

Nevertheless, the presence of aluminum did not have a discernible impact on the concentration 313  

of GSH in the liver tissue. The administration of CeO2 NPs at a concentration of 10 mg/kg 314  

resulted in an increase in the concentration of GSH within the brain tissue. An substantial 315  

elevation in the concentration of GSH, as opposed to the control group, was seen after the 316  

administration of CeO2 NPs in the liver tissue.   317  

3.3.4. TAC levels 318  

Figure 5 displays the concentrations of TAC (total antioxidant capacity) in rat’s tissues (brain 319  

and liver) that received aluminum and then treated with CeO2 NPs (cerium oxide nanoparticles). 320  

According to the Figure, the injection of aluminum did not result in a substantial alteration in the 321  

levels of TAC within brain tissue. Nevertheless, the introduction of aluminum infusion leads to a 322  

substantial decrease in TAC levels in the liver tissue. The injection of CeO2 NPs (at both 323  

dosages) leads to a significant increase of the TAC level in the liver tissue.   324  

3.3.5. SOD activity  325  
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Figure 6 depicts the extent of Superoxide Dismutase (SOD) activity in rat’s tissues (brain and 326  

liver) that received aluminum and then treated with Cerium Oxide Nanoparticles (CeO2 NPs).   327  

Rats received aluminum, have shown reduction in SOD activity in their liver tissue significantly, 328  

but their brain tissue has only showed a little drop. Administration of CeO2 nanoparticles has 329  

resulted in elevated superoxide dismutase (SOD) activity in rat’s tissues (brain and liver). 330  

3.3.6. MAO activity  331  

Figure 7 depicts the degree of activity of the MAO enzyme in the brain tissue of rats that 332  

received aluminum and CeO2 NPs. According to the Figure, the introduction of aluminum and 333  

CeO2 nanoparticles did not result in a noticeable alteration in the level of MAO activity.   334  

3.4. Memory and behavioral patterns 335  

The research assessed the behavioral patterns and memory of rats that were subjected to 336  

aluminum exposure and administered CeO2 nanoparticles. The animals were confined in a dimly 337  

lit enclosure, subjected to a gradual transition from a well-lit area to a dark room, and then 338  

transferred from the illuminated area to the dark chamber. Following the electric shock, the 339  

control group failed to continue staying in the dark room. Exposure to aluminum resulted in a 340  

prolonged presence in the dark room. The administration of CeO2 nanoparticles resulted in 341  

enhanced animal activity and decreased persistence rates in the dark region. Rats that received 342  

aluminum exhibited a reduced latency in moving from the illuminated room to the dark room, 343  

when compared to the control group. Nevertheless, the administration of CeO2 nanoparticles 344  

enhanced behavioral patterns and decreased the frequency of entering the dark room. The control 345  

group exhibited no movement from the brightly lit chamber to the dimly lit space, but aluminum 346  

exposure led to cognitive impairment and disorientation (Figure 8).  347  
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3.5. Cholinesterase activity  348  

The research demonstrates that exposure to aluminum in rat’s results in a marked decrease in the 349  

activity of both SS and DS isoforms of AChE in brain tissue, in comparison to control group. 350  

Nevertheless, the introduction of CeO2 nanoparticles (NPs) mitigated the impact of aluminum on 351  

these isoforms and resulted in an augmentation of their activity in brain tissue. In addition, all 352  

isoforms of AChE (SS and DS) were reduced in the liver tissue of rats that received aluminum. 353  

Nevertheless, the introduction of CeO2 nanoparticles enhanced the performance of these 354  

isoforms in liver tissue. Likewise, the presence of aluminum decreased the activity of the SS 355  

isoform of BuChE in brain tissue, whereas the DS isoform exhibited a modest increase. The 356  

activity of the SS isoform in the brain exhibited a significant decline following the administration 357  

of CeO2 nanoparticles at a dosage of 5 mg/kg. Also, improvement was observed with the 10 358  

mg/kg dosage. The hepatic tissue of aluminum-exposed rats exhibited a decrease in the activity 359  

of all isoforms of BuChE (SS and DS). 360  

Table 2. The functionality of AChE and BuChE isoforms, specifically SS and DS, in rats tissues 361  

(brain and liver). 362  

Enzymes Groups 
Whole Brain (-ce) Liver 

SS-ChE DS-ChE SS-ChE DS-ChE 

AChE activity 

(μmol/min/g 

tissue) 

Control 13.27 81.94 3.43 0.81 

Al treated 8.22*** 58.72*** 2.48 0.52* 

Al + CeO2 5 

mg/kg 
9.46*** 62.13* 2.65 0.53 

Al + CeO2 10 11.25** 73.28 2.98 0.66 
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mg/kg 

BuChE activity 

(μmol/min/g 

tissue) 

Control 1.89 2.28 25.86 8.80 

Al treated 1.59 2.34 19.64*** 5.70* 

Al + CeO2 5 

mg/kg 
1.65 2.38 20.35** 6.08 

Al + CeO2 10 

mg/kg 
1.74 2.24 23.43 7.19 

The data showcases the average ± SEM, demonstrating statistically significant variations from 363  

the control group (*P < 0.05, **P < 0.01, ***P < 0.001, Tukey post hock test). 364  

3.6. Histopathological parameters 365  

Figures 9 and 10 depict the histopathological appearances of rat’s brain and liver tissues that 366  

were subjected to aluminum exposure and administered CeO2 nanoparticles. The examination of 367  

histological pictures revealed aberrant alterations in the morphology of neurons, as well as the 368  

initiation of programmed cell death, known as apoptosis, in mice that were subjected to 369  

aluminum exposure. 370  

4. Discussion  371  

Elevated exposure to aluminum leads to the onset of neurodegenerative disease, including 372  

dementia and Alzheimer's disease. Put simply, the buildup of excessive amounts of aluminum in 373  

the human body results in the degeneration of neurofibrils. Aluminum poisoning primarily 374  

affects the brain, where it accumulates and causes impairments in regions associated with 375  

memory and learning (7, 29, 30). CeO2 nanoparticles, which are extensively used and highly 376  

efficient, possess strong antioxidative characteristics and have the potential to inhibit free 377  
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radicals. Ranjbar et al. assessed the impact of CeO2NPs on oxidative toxic stress damage in the 378  

brain caused by PQ. According to the results, CeO2 NPs exhibited neuroprotective and 379  

antioxidant properties in brain damage caused by PQ (31). Zavvari et al. showed the 380  

neuroprotective and neural plasticity effects of CeO2NPs in a stress-induced model of 381  

depression. The study revealed that administering a single dosage of CeO2NPs treatment 382  

resulted in increased immobility behavior, improved proliferation of hippocampal cells, and 383  

significant reduction in levels of inflammatory and oxidative markers caused by unexpected 384  

chronic mild stress (UCMS) (32). Soluki et al. evaluated the role of CeO2 NPs on the peripheral 385  

nerve regeneration following the sciatic nerve crush injury in rat models. The results indicated 386  

that the injection of large dosages of CeO2NPs enhanced the motor and sensory nerve 387  

regeneration (33). The current research assessed the neuroprotective impact of CeO2NPs on 388  

enhancing behavioral-cognitive processes and antioxidant enzyme activity in animals that 389  

received aluminum. Rats were treated with aluminum chloride subcutaneously at a dosage of 150 390  

mg/kg for a duration of 3 weeks in order to generate oxidative stress. By analyzing the 391  

behavioral and cognitive attributes of rats that were exposed to aluminum, it became evident that 392  

aluminum has a deleterious influence on the nervous system and memory. An IC-PMS study 393  

revealed the significant buildup of elevated concentrations of aluminum in animal tissues (brain 394  

and liver). Benyettou et al. conducted a study which revealed that exposure to aluminum leads to 395  

the occurrence of oxidative stress and behavioral alterations (30). The investigation included the 396  

intraperitoneal delivery of CeO2NPs to rats, with two different doses. The evaluated biomarkers 397  

included CAT, MDA, SOD, GSH, and other enzymes. It was discovered through the study that 398  

being exposed to aluminum led to a significant reduction in CAT activity within the rats tissues 399  

(brain and liver). Nevertheless, the injection of CeO2NPs, specifically at higher dose, leads to an 400  
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increase in CAT activity, indicating the positive influence of CeO2NPs. Lipid peroxidation refers 401  

to the oxidative degradation of fatty acids containing numerous double bonds in the cell 402  

membrane, resulting in damage. MDA, generated during continuous oxidative breakdown, 403  

impacts the function of other molecules and the overall cellular activity. A small uptick in MDA 404  

level within brain tissues was observed following aluminum infusion. The application of 405  

CeO2NPs has been seen to enhance and decrease the levels of MDA in animal’s tissues (brain 406  

and liver). Administering CeO2NPs at higher dosage resulted in elevated levels of GSH in brain 407  

tissue and a notable rise in GSH levels in liver tissue in comparison with control group. Animals 408  

exposed to aluminum exhibited lower superoxide dismutase (SOD) activity in their liver tissue in 409  

comparison with their brain tissue. However, the presence of cerium oxide nanoparticles 410  

(CeO2NPs) boosted SOD activity in both brain and liver tissues. The levels of TAC in animal 411  

tissues exhibited a notable reduction in liver tissue, but the administration of aluminum and 412  

CeO2 NPs did not induce substantial alterations in MAO activity levels. The levels of AChE and 413  

BuChE isoforms (SS and DS) were seen to decrease in animal tissues (brain and liver). However, 414  

the presence of CeO2NPs dramatically enhanced the activity of these isomers. Histopathological 415  

examinations revealed heightened apoptosis in neurons and dystrophic alterations in tissue 416  

morphology, although no notable modifications were seen in liver tissue. Similarly, in other 417  

studies, the antioxidant and neuroprotective effects of cerium oxide nanoparticles have been 418  

observed, for example: In an attempt by Dutta et al., the pro-oxidant (toxic effect) and 419  

antioxidant (protective effect) activity of cerium oxide nanoparticles synthesized in different 420  

conditions was evaluated in zebrafish as a model system )43(. The results obtained from this 421  

study showed that cerium oxide nanoparticles synthesized in alkaline pH do not show any toxic 422  

effects. However, cerium oxide nanoparticles synthesized at acidic pH showed significant toxic 423  
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effect )43(. Antioxidant and neuroprotective activity of cerium oxide nanoparticles in mouse 424  

ischemia model was shown by Estevez et al )43(. In a study by Elshony et al., the ameliorative 425  

effects and antioxidant activity of cerium oxide nanoparticles against the effect of fipronil on 426  

brain function, apoptotic cascades, and oxidative stress were investigated )43(. The results of this 427  

study showed that the treatment with cerium oxide nanoparticles led to the transformation of the 428  

degenerative changes resulting from the effects of fipronil on the brain tissue to an almost 429  

normal brain structure. Generally, the results obtained from this study indicate the antioxidant 430  

activity of cerium oxide nanoparticles against the toxic effects of fipronil )43(.  431  

Ultimately, the findings indicate that rats exposed to aluminum have significant impairments in 432  

both behavioral and cognitive functions. Furthermore, biochemical tests have shown that rats 433  

exposed to aluminum have diminished or disrupted levels of CAT, MDA, SOD, GSH, ChE, and 434  

TAC. The use of CeO2NPs in this investigation led to a significant enhancement in behavioral-435  

cognitive patterns and neurobiochemical enzyme activity, indicating the considerable therapeutic 436  

effectiveness of CeO2 NPs. 437  
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 541  

Figure legends  542  

Figure 1. Nanoparticles Characterization. a) FE-SEM image, b) FTIR spectrum, c) XRD patterns, 543  

and d) Thermal analysis of synthesized CeO2 NPs 544  

Figure 2. The graphs illustrate the CAT activity in the brain (A) and liver (B) tissues of rats 545  

exposed to aluminum and received CeO2 NPs. 546  

Figure 3. MDA level in the brain (A) and liver (B) tissues of rats exposed to aluminum and 547  

received CeO2 NPs. 548  

Figure 4. GSH level in brain (A) and liver (B) tissues of rats exposed to aluminum and received 549  

CeO2 NPs. 550  

Figure 5. TAC level in brain (A) and liver (B) tissues of rats exposed to aluminum and received 551  

CeO2 NPs. 552  

Figure 6. SOD activity in the brain (A) and liver (B) tissues of rats exposed to aluminum and 553  

received CeO2 NPs.  554  

Figure 7. MAO activity in brain tissue of rats exposed to aluminum and received CeO2 NPs. 555  



 

25 

 

Figure 8. The graphs illustrate of memory and behavioral patterns of animals exposed to 556  

aluminum or received cerium oxide NPs. A) Persistence in the dark chamber, B) Light-to-dark 557  

delay and C) Entry times from light to dark. 558  

Figure 9. Photomicrographs of hippocampus tissue following hematoxylin and eosin staining. 559  

Control group (A), Al treated group showing increased apoptotic neurons with dystrophic 560  

changes in the form (arrows) (B), CeO2 NPs 5 mg/kg (C) and CeO2 NPs 10 mg/kg, 561  

magnification 400× (D). 562  

Figure 10. Photomicrographs of liver tissue following hematoxylin and eosin staining showed no 563  

alteration in any groups. Control group (A), Al treated group (B), CeO2 NPs 5 mg/kg (C) and 564  

CeO2 NPs 10 mg/kg, magnification 400× (D). 565  
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