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SHORT TITLE 

Nanoparticles-induced toxicity in rats 

SUMMARY 

Nanomaterials or nanoparticles are commonly used in the cosmetics, medicine, and food 
industries. Many researchers studied the possible side effects of several nanoparticles 
including aluminium oxide (Al2O3-nps) and zinc oxide nanoparticles (ZnO-nps). Although, 
there is limited information available on their direct or side effects, especially on the brain, 
heart, and lung functions. This study aimed to investigate the neurotoxicity, cardiotoxicity, 
and lung toxicity induced by Al2O3-nps and ZnO-nps or in combination via studying changes 
in gene expression, alteration in cytokine production, tumor suppressor protein p53, 
neurotransmitters, oxidative stress, and the histological and morphological changes. Obtained 
results showed that Al2O3-nps, ZnO-nps and their combination cause an increase in 8-
hydroxy-2´-deoxyguanosine (8-OHdG), cytokines, p53, oxidative stress, creatine kinase, 
norepinephrine, acetylcholine (ACh), and lipid profile. Moreover, significant changes in the 
gene expression of mitochondrial transcription factor-A (mtTFA) and peroxisome proliferator 
activator receptor-gamma-coactivator-1α (PGC-1α) were also noted. On the other hand, a 



significant decrease in the levels of antioxidant enzymes, total antioxidant capacity (TAC), 
reduced glutathione (GSH), paraoxonase 1 (PON1), neurotransmitters (dopamine – DA, and 
serotonin - SER), and the activity of acetylcholine esterase (AChE) in the brain, heart, and lung 
were found. Additionally, these results were confirmed by histological examinations. The 
present study revealed that the toxic effects were more when these nanoparticle doses are 
used in combination. Thus, Al2O3-nps and ZnO-nps may behave as neurotoxic, cardiotoxic, 
and lung toxic, especially upon exposure to rats in combination. 
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List of Abbreviations 

ACh: acetylcholine  

AChE: acetylcholinesterase  

AD: after death 

Al2O3-nps: aluminium oxide nanoparticles 

BBB: blood-brain barrier 

BW: body weight 

BWG: body weight gain  

CAT: catalase 

CKCM: creatine kinase in cardiac muscle  

DA: dopamine 

DNA: deoxyribonucleic acid 

DNase I: deoxyribonuclease I 

DTNB: 5,5′-dithiobis-(2-nitrobenzoic acid)  

ELISA: enzyme-linked immunosorbent assay 

FBW: final body weight  

GLM: general linear model  

GPX: glutathione peroxidase  

GSH: reduced glutathione 

GSSG: glutathione disulfide 

GST: glutathione S-transferase  



HDL-c: high-density lipoprotein cholesterol  

H&E: haematoxylin and eosin  

IBW: initial body weight 

IL: interleukin 

LDL-c: low-density lipoprotein-cholesterol 

MDA: malondialdehyde 

mRNA: messenger ribonucleic acid  

mtDNA: mitochondrial DNA 

mtTFA: mitochondrial transcription factor-A 

NADPH: nicotinamide adenine dinucleotide phosphate 

NO: nitric oxide 

NOx: nitrite and nitrate  

PGC-1α: peroxisome proliferator activator receptor gamma-coactivator-1α 

PON1: paraoxonase enzyme activity 

p53: a protein encoded by the gene tumor protein P53 (TP53) 

qRT-PCR: quantitative real time reverse transcriptase-polymerase chain reaction 

RNA: ribonucleic acid 

ROS: reactive oxygen species 

SAS: Statistical Analysis Systems Institute  

SER: serotonin  

SOD: superoxide dismutase 

TAC: total antioxidant capacity  

TAG: triacylglycerol 

TBA: thiobarbituric acid 

TBARS: thiobarbituric acid-reactive substances 

TNB: 5-thio-2-nitrobenzoic acid  

TNF-α: tumor necrosis factor-alpha  

TC: total cholesterol  

TL: total lipids  



TG: triglycerides 

vLDL-c: very low-density lipoprotein-cholesterol  

ZnO-nps: zinc oxide nanoparticles 

8-OHdG: 8-hydroxy-2´-dexoyguanosine 

 

Introduction 

Aluminium oxide nanoparticles (Al2O3-nps) are generally found in skin care products, such as 
cosmetics [1]. Although, direct or oral exposure to Al2O3-nps may cause genotoxic effects [2]. Exposure 
to Al2O3-nps may produce reactive oxygen species (ROS) within the cells and impair the level of 
antioxidant activities [3]. Sarkar et al. also reported that Al2O3-nps generate ROS, which can further 
result in increased pro-inflammatory reactions and oxidative stress [4]. Moreover, Al2O3-nps cause 
bioaccumulation in some organisms and result into harmful effects in the environment [5]. Al2O3-nps 
have been reported toxic in behavior [6], where they may induce oxidative stress and lead to oxidative 
damage of organs and tissues. Although, it depends on the exposure doses, where higher exposure 
doses of Al2O3-nps may induce free radical formation, leading to impaired inflammatory and blood-
brain barrier (BBB) functions [7].  
Zinc oxide nanoparticles (ZnO-nps) are commonly used in food industries and due to this, humans 
come in contact quite easily [8]. Their use particularly in the food packaging industry and as a source 
of food also leads to ZnO-nps consumption and entry to the human body [9]. Major sources of such 
exposure maybe from breathing, ingestion, or absorption by the gastrointestinal tract [10]. ZnO-nps 
enter the brain through the BBB and cause inflammation and cellular toxicity due to the formation of 
free radicals [11]. Exposure to high concentrations of ZnO-nps to the human epithelial cells results in 
the overproduction of ROS, which may also induce oxidative stress and lead to apoptosis and/or 
necrosis [12].  
The present study aimed to explore the effects of Al2O3-nps and ZnO-nps alone or in combination on 
rat brain, heart, and lung functions. Several qualitative and quantitative studies including 
inflammatory cytokines, redox status, and gene expression (mitochondrial transcription factor-A – 
mtTFA; and peroxisome proliferator activator receptor-gamma-coactivator-1α – PGC-1α) were 
measured to investigate the cytotoxic and genotoxic role of nanoparticles. 
 

Methods 

Tested compounds and doses 
Al2O3-nps nanopowder (50 nm particle size) and ZnO-nps nanopowder (100 nm particle size), were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The doses were chosen based on the previous 
reports by Park et al. and Saman et al., where 70 mg/kg BW (dissolved in distilled water) dose of Al2O3-
nps and 100 mg/kg BW of ZnO-nps were supplemented to the animals [13,14]. 
 
Animals and experimental groups  
Forty (n = 40) male Wistar rats (adult) of 5-6 months of age weighing 150-165 g were used in this study. 
Rats were acquired from the College of Medicine, Alexandria University, Egypt. The local animal ethics 
committee approved the design of the experiments, and the procedure was followed as per 
recommendations of the National Institutes of Health (NIH). Rats were housed in stainless-steel wire 
cages and provided a standard chow diet (53% starch, 20% protein, 9% fat, 5% fibre, purchased from 
Elfager Company, Alexandria, Egypt) with a tap drinking water supply. Rats were kept in a normal 
atmospheric condition where room temperature (25 ± 5 °C) and humidity (50-60%) were maintained 
throughout the experiments. After acclimation for fourteen days, rats were divided into four equal 
groups (n = 10 for each group) as follows: a control group and 3 treated groups; groups 2, 3, and 4 which 



were orally gavaged with Al2O3-nps (70 mg/kg BW, dissolved in distilled water), ZnO-nps (100 mg/kg 
BW, dissolved in distilled water) and Al2O3-nps plus ZnO-nps (combined), respectively. Rats were 
administered orally the doses every day for 75 days. 
 
Blood samples and tissue preparations 

 
After 75 days the experiment was completed, and all the animals were sacrificed by cervical dislocation 
under deep anesthesia (ketamine 100 mg/kg and xylazine 10 mg/kg; intraperitoneally). Blood samples 
were collected by cardiac puncture from anesthetized animals in test tubes coated with heparin (as an 
anti-clotting agent) and immediately transferred into the ice. Thereafter, for the separation of plasma, 
the blood samples were centrifuged at 860×g for 20 min and stored at - 80°C until the analysis of the 
tested parameters. Furthermore, the brain, heart, and lungs were removed and washed with chilled 
saline solution, and the adhering fat and connective tissues were separated. The tissues were divided 
into 4 different groups for - 1) DNA isolation and 8-hydroxy-2´-deoxyguanosine (8-OHdG), 2) RNA 
isolation for gene expression analysis, 3) immersed immediately in formalin for histopathological 
examinations, and 4) minced and homogenized (10%, w/v), separately, in ice-cold sucrose buffer (0.25 
M) in a Potter–Elvehjem type homogenizer. Further, homogenates were centrifuged at 10,000×g for 20 
min at 4 °C, to pellet the cell debris, and the supernatant was collected and stored at −80 °C which were 
used to determine the rest of the parameters. 
 
Body and organs weights 

 
The initial and final weights of animals were recorded first and then, body weight gain (g/75 days) was 
calculated. 
 

Body weight gain (g/75 days) = Final weight – Initial weight 
 
The internal organs were detached and washed with chilled saline solution. Thereafter, the adhering 
lipid and connective tissues were detached and dried with tissue papers, and weights were calculated.  
 
Quantitative analysis of gene expression of mitochondrial transcription factor A (mtTFA) and peroxisome 
proliferator activator receptor gamma-coactivator 1α (PGC-1α) using qRT-PCR 

 
GF-1 total RNA extraction kit (Vivantis, Malaysia) was used to isolate total RNA from animals’ tissues. 
In further steps, ViPrimePLUS one step quantitative real time reverse transcriptase-polymerase chain 
reaction (qRT-PCR) Green Master Mix (Vivantis, Malaysia) for the relative quantitative determination 
of the gene expression of mtTFA [15] and PGC-1α [16] at mRNA level using specific primer sequences 
as follow: β-actin; F: 5'-AGCCATGTACGTAGCCATCC-3' and R: 5'-CTCTCAGCTGTGGTGGTGAA-
3', PGC-1α; F: 5'-AAACTTGCTAGCGGTCCTCA-3' and R: 5'-TGGCTGGTGCCAGTAAGAG-3', and 
mTFA; F: 5'CCCTGGAAGCTTTCAGATACG-3' and R: 5'-AATTGCAGCCATGTGGAGG-3'. 
 
Assay of 8-hydroxy-2´-deoxyguanosine (8-OHdG)  
 
GeneJet genomic DNA purification kit (Thermo Scientific, USA) was used to extract genomic DNA of 
tissues. The isolated DNA was digested by incubation with DNase I, nuclease P1 and alkaline 
phosphatase (Bio-Basic, Canada). The detailed protocol can be found from following link- 8-hydroxy-
2-deoxyguanosine-elisa-kit-protocol-book-v6-ab201734 (website).pdf (abcam.com). Furthermore, 8-
OHdG ELISA kit (ab201734, Abcam, Cambridge, UK) was used to measure 8-OHdG content in the 
resultant DNA hydrolysates, following the manufacturer’s protocol. 
 
Assay of lipid peroxidation 

 
Lipid peroxidation has been found to result in the end-product of malondialdehyde (MDA). Therefore, 
MDA was determined by the thiobarbituric acid-reactive substances (TBARS) assay [17]. In this assay, 

https://www.abcam.com/ps/products/201/ab201734/documents/8-hydroxy-2-deoxyguanosine-elisa-kit-protocol-book-v6-ab201734%20(website).pdf
https://www.abcam.com/ps/products/201/ab201734/documents/8-hydroxy-2-deoxyguanosine-elisa-kit-protocol-book-v6-ab201734%20(website).pdf


MDA was heated with thiobarbituric acid (TBA) at a low pH to produce a pink chromogen with a 
maximum absorbance at 532 nm. 
 
Assay of nitric oxide end products (nitrite and nitrate; NOx) 

 
The concentration of nitrite and nitrate (NOx) end products in the deproteinized samples was 
determined via the Griess reaction. This reaction was supplemented with the reduction of nitrate to 
nitrite by NADPH-dependent nitrate reductase. This assay was performed in two steps: the first 
required the diazotization of sulphanilic acid with nitrite ions followed by the second step of coupling 
this product with a diamine, resulting in a measurable pink metabolite. This was measured at 540 nm 
[18]. 
 
ELISA 

 
Rat ELISA kit (MyBioSource, San Diego, USA) was used to measure the tumor necrosis factor-alpha 
(TNF-α), tumor suppressor gene p53 and interleukin-6 (IL-6) in brain, heart, and lung tissue 
homogenates according to the manufacturer’s instructions. Dopamine (DA), serotonin (SER), 
norepinephrine and acetylcholine (ACh) levels in plasma and brain tissues were assayed by using a 
competitive ELISA kit (Cloud-Clone Corp. Houston, USA). 
 
Assay of antioxidants parameters 

 
A number of factors were measured such as, colorimetric kits (Biodiagnostic, Egypt) for measuring of 
total antioxidant capacity (TAC) and the activities of superoxide dismutase (SOD), glutathione 
peroxidase (GPX), glutathione S-transferase (GST) and catalase (CAT) in the tissue homogenates. 
Reduced glutathione (GSH) content was measured after protein precipitation using a metaphosphoric 
acid reagent. The assay was based on the oxidation of GSH by 5,5′-dithiobis-(2-nitrobenzoic acid) 
(DTNB) to yield glutathione disulfide (GSSG) and 5-thio-2-nitrobenzoic acid (TNB). The rate of TNB 
formation was assayed at 412 nm and, was also found proportional to the GSH present in the sample 
[19]. The rate of formation of TNB was monitored by recording the change in absorbance. This was 
found to be 412 nm per minute (∆A/min). The total glutathione content in the samples was determined 
from a GSH standard curve and the results were subsequently expressed as nmol/g tissue by dividing 
the concentration of glutathione in the sample by the weight (in grams) of tissue used to prepare the 
sample. 
 
Determination of paraoxonase (PON1) and creatine kinase cardiac muscle (CKCM) activities in the heart 

 
Standard method [20] was followed to measure the paraoxonase (PON1) enzyme activity in the heart, 
and the creatine kinase in cardiac muscle (CKCM) by using an ELISA kit (BioVision, USA). 

 
Lipid profile  

 
Stored plasma samples were analyzed for total lipids, cholesterol, triacylglycerol (TAG) and high-
density lipoprotein cholesterol (HDL-c) by using commercial kits (Biosystems, Barcelona, Spain). Low-
density lipoprotein-cholesterol (LDL-c) was determined by the calculation [LDL-c = cholesterol – 
(HDL+ vLDL)]. Very low-density lipoprotein-cholesterol (vLDL-c) was calculated by dividing the 
values of the TAG with factor 5.  
 
Histological preparation of brain, heart, and lung 

 
Brain, heart, and lung specimens were obtained from rats and fixed in 10% formalin before being 
treated with a conventional grade of alcohol and xylol, embedded in paraffin, and sectioned at 4-6 µm 
thickness. The sections were stained with hematoxylin and eosin (H&E) stain to study the histological 
changes [21]. 



 
Statistical analysis  
 
Obtained data were summarized as means ± SE. The general linear model (GLM) was used to see the 
statistical differences within the group and parameters were analyzed by the GLM [22 SAS, 1998]. 
Duncan's New Multiple Range was used to test the significance of the differences between means, 
where values of p<0.05 were considered statistically significant [23]. 
 
 
Results 

Body and Organ Weights 
 
The results indicate no significant changes in the initial body weight (IBW) among the study groups. 
However, final body weight (FBW) and body weight gains (BWG) of the male rats treated with Al2O3-
nps (70 mg/kg BW), ZnO-nps (100 mg/kg BW) or Al2O3-nps + ZnO-nps were significantly reduced (p < 
0.05) in comparison to the control group. Although, the differences were not significant among the three 
nanoparticles-treated groups. At the organ level, there were no significant differences in the weights of 
the brain and lung among all groups. However, heart weight was significantly lower (p < 0.05) in all 
the nanoparticles-treated rats especially those treated with ZnO-nps alone or in combination with 
Al2O3-nps (Table 1). 

 
Table 1: The body and organ weights of male rats treated with aluminum oxide nanoparticles (Al2O3-
nps), zinc oxide nanoparticles (ZnO-nps) and their combination. 

 

 

 

 

 

 

 
Mean values within a row not sharing common superscript letters (a, b, c, d) were significantly different, p < 0.05. 
IBW - initial body weight, FBW - final body weight, BWG - body weight gain. 

 
Oxidative DNA Damage 
 
The genomic DNA contents of 8-OHdG in the brain, heart, and lung tissues of rats exposed to Al2O3-
nps, ZnO-nps and their combination showed marked elevation (p < 0.05) compared to the control 
tissues (Figure 1). The highest levels of 8-OHdG were observed in the tissues of rats exposed to the 
combination of nanoparticles where whereas the highest-level changes were detected in the brain of 
rats treated with both nanoparticles (Figure 1). 
 

Experimental groups Weight (g) 
Al2O3-nps + ZnO-

nps   
ZnO-nps Al2O3-

nps   
Control 

 

168±2.91a 170±2.24a 167±2.38a 169±3.17a IBW 
195±4.53b 201±5.50b 207±3.67b 222±6.16a FBW 
27±6.61b 30.5±6.97b 40±6.49ab 53.5±8.45a BWG 

0.63±0.02b 0.65±0.02b 
0.68±0.02a

b 
0.81±0.10a Heart weight 

1.44±0.04a 1.41±0.04a 1.43±0.05a 1.52±0.07a Brain weight 
1.59±0.09a 1.57±0.07a 1.64±0.10a 1.63±0.06a Lung weight 



  

Figure 1: The DNA content of 8-OHdG in the brain, heart and lung tissues of rats treated with 
aluminum oxide (Al2O3-nps) and zinc oxide nanoparticles (ZnO-nps) and their combination. 8-OH-dG: 
8-hydroxydeoxyguanosine. Statistical analysis was performed to measure the significant differences 
with p-values < 0.05 and has been denoted as [*]. The significant differences were compared to the 
control and the treatment groups. 
  
Gene expression of mtTFA and PGC-1α 
 
Results showed significant downregulation of the expression of genes in the tissues regulating 
mitochondrial biogenesis and mtTFA function along with PGC-1α in rats exposed to Al2O3-nps, ZnO-
nps individually and in combination (Figures 2 A and B). Moreover, treatment with ZnO-nps showed 
a higher decrease in mtTFA and PGC-1α compared with Al2O3-nps (p < 0.05). It shows that the 
suppression of brain, heart, and lung mtTFA and PGC-1α expression was more pronounced in the rats 
exposed to the combination of Al2O3-nps and ZnO-nps than each one alone. 
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Figure 2: The gene expression of mtTFA (A) and PGC-1α (B) in the brain, heart and lung tissues of rats 
treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), and their 
combination. Statistical analysis was performed to measure the significant differences with p-values < 
0.05 and has been denoted as [*]. The significant differences were compared in the control and the 
treatment groups. 
 
Lipid Peroxidation, Oxidative Stress, and Antioxidants 
 
Results showed significantly higher contents of TBARS, an index of lipid peroxidation, and NOx in the 
rats exposed to any of the used nanoparticles compared to control (p < 0.05). The animals treated with 
the combination of Al2O3-nps and ZnO-nps showed significant elevation of TBARS and NOx compared 
to control rats and also treated by the individual nanoparticles (Table 2). On the other hand, all studied 
tissues showed a significant decline in the contents of GSH, TAC, and the activities of SOD, CAT, GPx 
and GST also decreased significantly (p < 0.05) in the rats exposed to Al2O3-nps and/or ZnO-nps (with 
the lowest levels in the rats exposed to the combination of the nanoparticles used) (Table 2). 

 
Table 2: The levels of glutathione (GSH), total antioxidant activity (TAC), nitric oxide (NO) and 
thiobarbituric acid-reactive substances (TBARS) and the activities of superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GPx), and glutathione S-transferase (GST), in the brain, heart 
and lung tissues of male rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide 
nanoparticles (ZnO-nps) and their combination. 
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Experimental group  
Parameter Al2O3-nps + ZnO-

nps   
ZnO-nps Al2O3-nps Control 

 
2.4±0.13c 

 
3.0±0.13b 

 
3.3±0.10b 

 
5.6±0.09a 

Brain 
GSH (µmol/g tissue) 

8.0±0.8d 13.2±0.8c 28.4±2.8b 49.3±2.6a SOD (mU/mg protein) 
12±0.90d 16±0.80c 24±1.27b 40±1.66a CAT (mU/mg protein) 

20.9±2.38d 32.3±1.15c 41.3±2.1b 56.5±3.20a GPx (mU/mg protein) 
0.25±0.01d 0.36±0.01c 0.56±0.02b 0.71±0.02a GST (U/mg protein) 

* * * 



Mean values within a row not sharing common superscripts (a, b, c, d) were significantly different, p < 0.05. 

 
Inflammatory Cytokines and p53 
 

Results showed that treatment with Al2O3-nps and/or ZnO-nps caused a significant increase 
in the brain, heart, and lung p53, TNF and IL-6 levels in comparison with the control group 
(p < 0.05). Although ZnO-nps were found more effective to induce these parameters compared 
with Al2O3-nps. The co-exposure of Al2O3-nps with ZnO-nps caused pronounced synergistic 
effects on p53, TNF-α and IL-6 compared to each one alone (Figures 3 A-C).  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
A 

12.37±0.54c 14.51±0.39b 17.40±0.25b 20.03±0.36a TAC (µM/g tissue) 
1.16±0.03a 0.84±0.01b 0.57±0.01c 0.43±0.02d NO (µmol/g tissue) 

90±0.8a 73±3.3b 62±0.6c 35±0.9d TBARS (nmol/g tissue) 
 

2.0±0.03d 

 
2.6±0.06c 

 
3.0±0.04b 

 
5.1±0.08a 

Heart 
GSH (μmol/g tissue) 

8.6±0.8d 13.3±1.2c 25.7±2.8b 28.7±2.6a SOD (mU/mg protein) 
14±1.80c 27±4.37b 31±5.61b 59±4.20a CAT (mU/mg protein) 

17.2±0.417d 24.8±1.255c 34.6±0.647b 56.3±1.738a GPx (mU/mg protein) 
0.28±0.0c 0.34±0.0c 0.40±0.01b 0.50±0.01a GST (U/mg protein) 

1.38±0.01c 1.71±0.03b 1.73±0.05b 2.31±0.15a TAC (µM/g tissue) 
0.50±0.01a 0.44±0.01b 0.33±0.00c 0.28±0.01c NO (µmol/g tissue) 
113±0.5a 90±2.1c 104±0.7b 61.9±0.9d TBARS (nmol/g tissue) 

 
4.8±0.08d 

 
5.7±0.20c 

 
6.5±0.12b 

 
7.4±0.14a 

Lung 
GSH (µmol/g tissue) 

3.8±0.2d 4.7±0.8c 6.0±0.8b 10.4±0.6a SOD (mU/mg protein) 
23±0.82d 31±1.58c 46±2.24b 62±2.59a CAT (mU/mg protein) 

17.1±0.89d 41.8±2.15c 48.1±2.86b 58.8±1.95a GPx (m/mg protein) 
0.40±0.0d 0.49±0.0c 0.51±0.01b 0.75±0.0a GST (U/mg protein) 

1.63±0.01d 1.87±0.01c 2.11±0.02b 2.37±0.01a TAC (µM/g tissue) 
0.8±0.01a 0.7±0.01b 0.5±0.01c 0.4±0.01d NO (µmol/g tissue) 
32±0.6a 22±0.6b 20±0.3c 17±0.2d TBARS (nmol/g tissue) 
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Figure 3: The levels of p53 (A), and inflammatory cytokines TNF-α (B) and IL-6 (C) in the brain, heart, 
and lung tissues of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide 
nanoparticles (ZnO-nps), and their combination. TNF-α: Tumor necrosis factor-α; IL-6: interleukin-
6. Statistical analysis was performed to measure the significant differences with p-values < 0.05 and has 
been denoted as [*]. The significant differences were compared in the control and the treatment groups. 
 
Brain and Plasma Neurotransmitters 

 
The measurements showed that treatment with Al2O3-nps and ZnO-nps and their combination caused 
significant inhibition in plasma and brain activities of acetylcholinesterase (AChE), and significant elevation 
in the plasma and brain levels of ACh (Figures 4 A and B).  Also, the levels of norepinephrine in the plasma 
and brain cortex were markedly raised in the nanoparticles exposed rats. On the other hand, the levels of DA 
and SER showed a significant increase in the plasma and brain compared to that of the control group 
(Figures 5 A-B). The level of norepinephrine also showed a significant difference (p < 0.05) as compared 
to that of the control with an increase in brain but a decline in plasma (Figure 5 C). From the figures it 
may appear that ZnO-nps show a more prominent effect than Al2O3-nps regarding the levels of SER 
and norepinephrine while the reverse is true regarding the levels of ACh and DA. Furthermore, it may 
seem that the combination group showed a synergistic effect on the above parameters compared with each 
nanoparticle treatment (Figures 4 and 5). 
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Figure 4: The activity of acetylcholine esterase - AChE (A) and the level of acetylcholine – ACh (B) in 
the brain cortex and plasma of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide 
nanoparticles (ZnO-nps), and their combination. Statistical analysis was performed to measure the 
significant differences with p-values < 0.05 and has been denoted as [*]. The significant differences were 
compared in the control and the treatment groups. 
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Figure 5: Levels of dopamine (A), serotonin (B), and norepinephrine (C) in the brain cortex and plasma 
of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), 
and their combination. Statistical analysis was performed to measure the significant differences with p-
values < 0.05 and has been denoted as [*]. The significant differences were compared to the control and 
between the treatment groups. 
 
 
Cardiac Muscle Creatine Kinase Activity (CKCM) and Paraoxonase (PON1) Activity 

 
The plasma and heart PON1 and CMCK enzyme activities of male rats treated with Al2O3-nps, ZnO-
nps and their combination are presented in Figures 6 (A and B). Treatment with Al2O3-nps, ZnO-nps 
and their combination resulted in a significant decrease in PON1 and an increase in CMCK activities in 
plasma and heart compared to the control group (p < 0.05). The individual treatment with ZnO-nps has 
found more prominent effects than Al2O3-nps. Although, combined treatment has been found to cause 
more pronounced effects compared to each treatment of nanoparticles (Figures 6 A and B). 
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Figure 6: The activities of paraoxonase 1 (PON1) (A) and CKCM (B) in the cardiac tissues and plasma 
of rats treated with zinc oxide nanoparticles (ZnO-nps), aluminum oxide nanoparticles (AlO-nps) and 
their combination. Statistical analysis was performed to measure the significant differences with p-
values < 0.05 and has been denoted as [*]. The significant differences were compared in the control and 
the treatment groups. 
 
 
Lipid Profile 
 
Lipid profile data including the total lipids (TL), total cholesterol (TC), triglycerides (TG), HDL-c, LDL-
c and vLDL-c are presented in Table 3. Measurements showed that the treatment with Al2O3-nps, ZnO-
nps, and their combination produced a marked increase in the TL, TG, TC, LDL-c, and vLDL-c and a 
significant decrease in the level of HDL-c compared to the control group. The treatment with ZnO-nps 
appeared to show significant changes compared to Al2O3-nps. Also, it may seem that the treatment with 
the combination of nanoparticles showed significantly more pronounced effects than each nanoparticle 
treatment. 
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Table 3: Plasma lipid profiles of male rats treated with aluminum oxide nanoparticles (AlO-nps), zinc 
oxide nanoparticles (ZnO-nps), and their combination. 

 

Mean values within a row not sharing a common superscript (a, b, c, d) were significantly different (p < 0.05). 

 
Brain Histopathology 
 
Microscopic examination of brain (cerebral cortex) sections of the control group (Figure 7 B 1) demonstrated 
normal arrangements in layers - external granular, external pyramidal, inner granular, inner pyramidal, and 
polymorphic cell layers. These layers were lying towards the white matter (note, neuroglial cells) and seen 
within the homogenous compact acidophilic neuropil. While sections in the cerebral cortex of the ZnO-nps-
exposed group showed disorganized cortical layers with widespread neuronal loss. The neurophil exhibited 
several fissures and small cysts. The pyramidal neurons shrunk with evident perineuronal edematous areas. 
They also showed neuronal degeneration, pyknosis of the nuclei with pericellular edema, dilation of blood 
vessels and vacuolization as seen in Figure 7 (B 2) compared to the control group. Sections in the cerebral 
cortex of Al2O3-nps -treated group showed ill-defined cortical layers, too. The brain surface showed 
irregularity with a broad molecular layer and thick meninges. The pyramidal neurons are dark acidophilic 
pyknotic nuclei (note, multiple cysts of variable sizes were seen within the neurophil) seen in Figure 7 (B 3) 
as compared to the control group. The histopathological observations in Al2O3-nps and ZnO-nps treated 
groups showed disorganized cortical layers with evident neuronal loss. The brain surface exhibited irregular 
depressed areas and thick meninges with cellular infiltrations. The neurophil showed spongiform 
vacuolations with severely shrunk neurons exhibiting dark cytoplasm as seen in Figure 7 (B 4), compared 
to Al2O3-nps and ZnO-nps alone. 
 

 

  

Parameter  
(mg/dl) 

 Experimental groups 
Control AlO-nps  ZnO-nps Al2O3-nps + ZnO-nps   

TL 533±4.6d 843±30.9b 738±28.9c 986±53.2a 

TC 110±3.2c 259±12.9b 169±11.3c 300±3.0a 

TG 144±1.13d 174±5.41b 164±1.65c 197±1.48a 

HDL-c 46±0.92a 33±0.67c 38±0.75b 26±0.35d 

LDL-c 35±3.31d 166±2.02b 78±3.77c 234±5.53a 

vLDL-c 29±0.0d 35±0.0b 33±0.0c 39±0.0a 

B 1 B 2 



  
 

Figure 7: Light micrographs of the control group (B 1) rat brain (cerebral cortex) demonstrating 
normally arranged layers, external granular, external pyramidal, inner granular, inner pyramidal and 
polymorphic cell layer lying towards the white matter (note, neuroglial cells) were seen within the 
homogenous compact acidophilic neurophil. Light micrographs of zinc oxide nanoparticles (ZnO-nps) 
(B 2) in rat brain showed disorganized cortical layers with widespread neuronal loss. The pyramidal 
neurons shrun (arrow heads) with evident perineuronal edematous areas. Light micrographs of 
aluminum oxide nanoparticles (Al2O3-nps) group (B 3) rat cerebral cortex showed ill-defined cortical 
layers. The pyramidal neurons (p) were dark acidophilic with pyknotic nuclei. Multiple cysts (*) of 
variable sizes were seen within the neurophil. Light micrographs of combination (ZnONPs+Al2O3NPs) 
group (B 4) rat brain showed disorganized cortical layers with evident neuronal loss. Neurophils 
showed spongiform vacuolations (arrowheads) with severely shrunken neurons (p) exhibiting dark 
cytoplasm (H & E stain. Microscopic magnification X 400). 
 
Heart Histopathology 
 
The qualitative observations showed a normal histological pattern in the cardiac muscle fibres which 
exhibit acidophilic sarcoplasm and ran in different directions with branching and anastomosing (Figure 
8 H 1). The histological observations in the ZnO-nps-treated group showed a thin distorted cardiac 
muscle fibre with areas of fragmentation and complete fibre loss. Waviness and hyper-eosinophilia of 
myofibres were also noticed as shown in Figure 8 (H 2). The histological observations in the Al2O3-nps-
treated group showed variable alterations of the myocardium in the form of thin, distorted fibres with 
some areas of fragmentation, the interstitial spaces appeared wide with some foci of extravasation. 
Some fibers exhibited pale sarcoplasm, other fibers showed localized hyper-eosinophilia with pyknotic 
nuclei, as seen in Figure 8 (H 3). ZnO-nps and Al2O3-nps treated groups showed widespread 
fragmentation and degeneration of cardiac muscle fibers. Large areas appeared with pale vacuolar 
content, and other areas of localized hyper-eosinophilic sarcoplasm with pyknotic nuclei were also seen 
in Figure 8 (H 4). 
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Figure 8: Light micrographs of left ventricular myocytes of heart in control group (H 1) rats showing a 
normal histological pattern. The cardiac muscle fibers exhibited acidophilic sarcoplasm and ran in 
different directions with branching and anastomosing. The cardiac muscle nuclei were vesicular and 
centrally located (N). Light micrographs of zinc oxide nanoparticles (ZnO-nps) group (H 2) rat heart 
showed thin distorted cardiac muscle fibers with areas of fragmentation and complete fiber loss 
(arrows). Waviness and hypereosinophilia of myofibres were also noticed (double arrows). Light 
micrographs of aluminum oxide nanoparticles (Al2O3-nps) group (H 3) rat heart showed the interstitial 
spaces appearing wide (*) with some foci of extravasation (E). Some fibers exhibited pale sarcoplasm 
(arrowhead), and other fibers showed localized hypereosinophilia with pyknotic nuclei (n). Light 
micrographs of combination (ZnO-nps+Al2O3-nps) group (H 4) rat heart showed widespread 
fragmentation and degeneration of cardiac muscle fibers. Large areas appear with pale vacuolar content 
(circles), and other areas of localized hypereosinophilic sarcoplasm with pyknotic nuclei (n) were also 
seen (H & E stain. Microscopic magnification X 400). 
 
Lung Histopathology 
 
Micrographs of the control group rat lung showed a normal histological appearance of the alveolar 
tissue with patent alveoli and thin inter-alveolar septa (Figure 9). High power view of the control rat 
alveolar tissue revealed pneumocytes. Moreover, a bronchiole with folded epithelium and part of the 
respiratory bronchiole, and a blood vessel was seen in Figure 9 (L 1). Micrographs of the ZnO-nps 
treated group in rat lungs showed wide areas of collapsed and narrow alveoli. The interalveolar septa 
appeared thickened with an area of destruction and extruded cells into the alveolar lumina. Although, 
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few foci have been found to exhibit emphysematous changes and destructed septa. Additionally, a 
wide patch of cellular infiltration has been noticed along with congested blood vessels as seen in Figure 
9 (L 2). Micrographs of Al2O3-nps treated group in rat lung showed areas of collapsed alveoli and thick 
interalveolar septa. Several areas demonstrated emphysematous changes with collapsed alveoli and 
ruptured walls. Pyknotic nuclei of degenerated cells in the interalveolar septa have been observed in 
Figure 10 (L 3). Micrographs of combined treatment (ZnO-nps + Al2O3-nps) to rat lungs revealed that 
most of the alveolar tissues showed severe cellular infiltration and congested blood vessels as compared 
to the control group. Some alveoli revealed emphysematous changes, however, others collapsed. Area 
of hyalinization and vacuolation were depicted within the thickened interalveolar septa  (Figure 10 L 
4). 

 

  

  
 

Figure 9:  Light micrographs of control (L 1) group of rat lung showing a normal histological 
appearance of the alveolar tissue with patent alveoli (A) and thin inter-alveolar septa. High power view 
of the control rat alveolar tissue revealed pneumocytes type I (arrows) and type II (arrowheads). A 
bronchiole (B) with folded epithelium was also noticed. Light micrographs of zinc oxide nanoparticles 
(ZnONPs) (L 2) group of rat lung showed the interalveolar septa appearing thickened with an area of 
destruction and extruded cells into the alveolar lumina (arrowheads). Few foci exhibited 
emphysematous changes and destructed septa (AA). Congested blood vessels (BV) were also seen. 
Light micrographs of aluminum oxide nanoparticles (Al2O3NPs) (L 3) group of rat lung showed 
alternation with areas of collapsed alveoli (CA) and thick interalveolar septa (S). Several areas 
demonstrated emphysematous changes with collapsed alveoli and ruptured walls (AA). Pyknotic 
nuclei of degenerated cells in the interalveolar septa were noticed (Arrows). Light micrographs of the 
combination (ZnONPs+Al2O3NPs) (L 4) group of rat lungs showed severe cellular infiltration (circles) 
and congested blood vessels (BV) as compared to the control group. Some alveoli revealed 
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emphysematous changes (AA), and others were collapsed (CA). Areas of hyalinization and vacuolation 
are depicted within the thickened interalveolar septa (S) (H & E stain. Microscopic magnification X 400). 
 
Discussion 

 
The current study aimed to explore the nanotoxicity profile and general toxicity mechanism of Al2O3-
nps or ZnO-nps alone, and their combination in rat brain, heart, and lung. Oral route for the 
administration of nanoparticles was opted for because it is the main route of exposure of these 
nanoparticles as they are being used in food packaging. Our study is also important because there are 
no guidelines available for conducting in vivo toxicity assessments. Therefore, the doses at which 
humans could be exposed to nanoparticles are unknown to date. The doses of nanoparticle treatment 
for this study have been selected based on available literature for studying sub-chronic oral toxicity. 
Although, baseline data has been utilized for the assessment of health hazards due to exposure to these 
metal oxide nanoparticles. The present study concludes that the oral administration with Al2O3-nps, 
ZnO-nps or their combination for 75 consecutive days induced changes in the expression of genes 
regulating mitochondrial biogenesis, DNA oxidation, disturbed cytokine production, tumor 
suppressor protein p53, neurotransmitters and lipid peroxidation in rat brain, heart, and lung.   
Previously, Al2O3-nps have been reported to affect genes due to their toxic nature [24]. However, 
exposure to ZnO-nps may lead tos genotoxicity, and cellular toxicity, and proinflammatory cytokines 
are believed to play a role in it [25]. Recently, Yousef et al. reported that Al2O3-nps and ZnO-nps cause 
epigenetic and toxic alterations in the DNA and produce harmful effects in liver and kidney tissues 
[26].  
Mitochondrial biogenesis plays a major role in conserving mitochondrial homeostasis to meet the 
physiological requirements of neuronal cells. The brain, heart, and lung are highly metabolic tissues 
with extreme demand for mitochondria in cardiac muscles and lung alveoli. The main regulators of 
mitochondrial biogenesis include mtTFA and PGC-1α - the essential controller of mitochondrial 
biogenesis [27]. Downregulated expression/function of PGC-1α and mtTFA were reported in neuron 
damage, which may lead to Parkinson's disease, Alzheimer's disease, and Huntington's disease [28]. 
Therefore, the downregulation effects of Al2O3-nps and ZnO-nps on brain PGC-1α implicate their 
exposure to susceptibility for the development of neurodegenerative diseases. In the current study, the 
lower expression of mtTFA and PGC-1α in the brain, heart, and lung tissues of rats exposed to Al2O3-
nps and ZnO-nps might show a lowered mitochondrial biogenesis and replication of mtDNA and 
transcription that could cause dysfunction of mitochondria.  
A number of molecules cannot transit through the BBB, which defends the brain from xenobiotics 
penetration. However, the nanoparticles can overcome through BBB and get entry into the brain due 
to their particle size [29]. The suppressive influence of the used nanoparticles on the expression of 
mtTFA and PGC-1α can be suggestive of these nanoparticles’ ability to enter through the BBB to reach 
the neuronal cells leading to induction of free radicals, oxidative stress, and lipid peroxidation as 
confirmed in our study. 
Exposure to metallic nanoparticles such as Al2O3-nps and ZnO-nps are found at different industrial 
levels. These may come in contact quite easily with humans and start generating cellular oxidative 
stress. This was evident by elevated NOx, lipid peroxidation, and 8-OHdG and, also by a decline in 
GSH, TAC, and impaired antioxidant enzymes in the brain, heart, and lungs of rats. Several recent 
findings reported an increase in the intracellular ROS levels, induction of oxidative stress, and 
inflammation induced by Al2O3-nps toxicity [30-32]. Shah et al. also reported that Al2O3-nps are very 
toxic to human and mouse neuronal cells [33].  
Yang et al. investigated that exposure to ZnO-nps may generate ROS and cellular oxidative stress [34]. 
Even small amounts of ZnO-nps integrated into cells may elevate the ROS formation [35]. Our results 
indicate elevated TBARS and NO levels in all the groups treated with nanoparticles clearly indicating 
oxidative stress in the brain, heart, and lungs of rats. Such oxidative stress may result from inducted 
ROS generation and/or impaired antioxidant systems. Although, organisms protect against the toxic 
impact of free radicals via the consumption of a different group of antioxidant enzymes. Our studies in 
the rat brain, heart, and lung have shown a significant inhibition in the antioxidant enzyme activities 



investigated (CAT, SOD, GST, and GPx) and reduced level of glutathione due to the exposure to Al2O3-
nps and/or ZnO-nps. 
Humans exposed to the nanoparticles may produce cellular toxicity and then DNA damage leading to 
hazard excess of cancer [36]. In the present study, the measurement of 8-OHdG has been found a good 
indicator of oxidative DNA damage. It showed a marked rise in brain, heart, and lung tissues as a 
product of the exposure to Al2O3-nps and/or ZnO-nps, and the level increased further when animals 
have been exposed to a combination of these nanoparticles. Alshatwi et al. reported that the Al2O3-nps 

may cause mitochondria-mediated cellular toxicity in human mesenchyme stem cells by producing free 
radicals [37]. Al2O3-nps induced neurotoxicity through impairments in learning behavior and 
mitochondrial dysfunctions, too [38]. 
The current study presented that Al2O3-nps and ZnO-nps alone or in combination may produce an 
increase in the tumor suppressor p53 and cytokines (IL-6 and TNF-α). In this connection, Riley et al. 
reported that the tumor suppressor p53 plays in part an essential role in the maintenance of cell cycle 
progression, differentiation, DNA repair, and apoptotic cell death [39]. This could be due to the excess 
production of ROS which may cause pro-inflammatory effect because it may activate the p53 and 
upregulate the IL6 kinases and TNF-α [40]. Moreover, Turkez et al. reported that ROS can cause DNA 
destruction via activating p53 [41]. However, p53 plays an essential role in the maintenance of the 
genome through the inhibition of mutations [42]. 
Administration of Al2O3-nps and/or ZnO-nps disturbs the normal homeostasis of neurotransmitters as 
indicated by the inhibited activity of AChE and associated elevation of Ach in both plasma and brain 
cortex. Also, the exposure to studied nanoparticles caused a significant decline in DA and SER and a 
significant elevation in norepinephrine in both plasma and brain cortex. The most prominent effects 
were observed in the rats exposed to the combination of nanoparticles, which showed the synergism 
between them. The mechanism(s) of Al-induced neurotoxicity involves many interrelated pathways. 
Rather et al. reported that the size of Al3+ enables it to circulate through the body and cross the BBB and 
entry into brain cells thus accumulating in rat brain, especially in the hippocampus and cortex [43]. 
Functionally, Al can alter the BBB and produce alterations in the cholinergic and noradrenergic 
neurotransmission [44], which support to our present findings.  
The neurotoxicity of Al2O3-nps also involves the serotonergic pathway as indicated by the significant 
decline of SER. SER is known to be found in several psychological conditions such as depression, 
anxiety, aggression, or psychosis. In line with this study, post-mortem AD brain demonstrated a decrease 
in SER, and its reduction in the cortex correlated with the neuronal loss at the raphe nuclei [45]. In line 
with our data, it was documented that metal oxide nanoparticles (TiO2, ZnO, and Al2O3) cause an 
increase in the level of norepinephrine in the cortex region of the mouse brain thus leading to an 
inability to conserve an appropriate activity in the central nervous system because of their toxic nature 
[3]. Our results suggest that accumulation of Al2O3-nps and ZnO-nps in the brain may cause changes 
in the production and release of certain neurotransmitters leading to neural damage, mitochondrial 
dysfunction, neuroinflammation, and oxidative stress that showed in histological changes in the brain 
architecture. 
Regarding the cardiovascular system, our results showed that exposure to Al2O3-nps and/or ZnO-nps 
have atherogenic risk as indicated by the decline in the cardiac and plasma PON1 activity and elevated 
CKCM activity. Also, the exposures markedly affect the plasma lipid profile as indicated by elevated 
TL, TC, TG, and LDL-C and a decline in HDL-C (dyslipidemia). PON1 is a hydrolytic enzyme able to 
decrease the hazard of cardiovascular diseases through the reduction of the oxidation of LDL and lipid 
peroxidation [46].  
The decline of PON1 and dyslipidemia in rats documented in this study might have led to atherogenic 
and cardiovascular diseases. This danger is shown in the current study by a marked rise of plasma and 
cardiac activities of CKCM and histological distortions of cardiac tissues such as myocardial congestion 
and damage. Moreover, the high plasma activity of CKCM is an indication of the injury to myocardium. 
Brook et al. also reported that the uptake to nanoparticles may cause health hazards and lead to 
cardiovascular diseases [47]. These nanoparticles possibly translocate through the air to the circulation 
and generate free radicals, trigger inflammation, vasomotor dysfunction, and neuronal signaling [48]. 
Also, in agreement with the obtained data, exposure to ZnO-nps via inhalation have been reported to 
lead to reactive acute alveolar inflammation in the lungs [49].  



The present results of histological changes in the brain are in a similar range with the results of Shrivastava 
et al. [3], where the accumulation of metal oxide nanoparticles (ZnO and Al2O3) in the brain were found to 
cause neural damage through a change in the production and release of central neurotransmitters and 
receptors in the nerve. Moreover, the present results of heart histological changes are in agreement with 
those of Brook et al. who found that contact with nanoparticles are capable to cause health hazards such 
as cardiovascular diseases [47]. Also, the present observations of the histological changes are in the 
same line as that of Kreyling et al. who reported that the exposure to nanoparticles via inhalation may 
enter the lungs, where they may translocate to the circulatory system and lead to cardiovascular injuries 
[50]. 
Obtained results have therefore revealed the adverse impact of long-term exposure to Al2O3-nps and 
ZnO-nps in the brain, heart, and lung tissues. The neuro-, cardio- and lung toxicities were prompted 
through different pathways such as impaired mitochondrial biogenesis, oxidative DNA modification, 
inflammation, generation of free radicals, and reduction of antioxidant enzymes. Moreover, 
nanoparticless lad to inauspicious changes in the tissue histology and lipid profile. So, the results 
indicate that concurrent co-exposure to Al2O3-nps and ZnO-nps lead to greater effects on the brain, 
heart, and lungs in comparison to the effect of each nanoparticles acting alone. The possible damaging 
effects of co-exposure to nanoparticles to other organs of the rat should be studied in the future, 
especially on the liver, kidney, and male reproductive organs. 
 

Conclusions 
Al2O3-nps and ZnO-nps alone and in combination induced neurotoxicity, cardiotoxicity, and 
pulmonary toxicity via increased 8-OHdG, decreased mtTFA and PGC-1α levels. These may also 
induce the inflammatory pathways through increased production of p53, TNF-α, and IL-6, generation 
of free radicals, oxidative stress, lipid peroxidation, imbalance in neurotransmitters, CKCM, PON1, 
lipid profile and destructive effects of histological changes. The neurotoxicity, cardiotoxicity, and 
pulmonary toxicity induced by the combination of Al2O3-nps and ZnO-nps appeared to be more 
pronounced than each one alone and these nanotoxicity result from the possible synergistic effect of 
metal oxide nanoparticles. 
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	Body and Organ Weights
	The results indicate no significant changes in the initial body weight (IBW) among the study groups. However, final body weight (FBW) and body weight gains (BWG) of the male rats treated with Al2O3-nps (70 mg/kg BW), ZnO-nps (100 mg/kg BW) or Al2O3-np...
	Table 1: The body and organ weights of male rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps) and their combination.
	Mean values within a row not sharing common superscript letters (a, b, c, d) were significantly different, p < 0.05. IBW - initial body weight, FBW - final body weight, BWG - body weight gain.
	Oxidative DNA Damage
	The genomic DNA contents of 8-OHdG in the brain, heart, and lung tissues of rats exposed to Al2O3-nps, ZnO-nps and their combination showed marked elevation (p < 0.05) compared to the control tissues (Figure 1). The highest levels of 8-OHdG were obser...
	Figure 1: The DNA content of 8-OHdG in the brain, heart and lung tissues of rats treated with aluminum oxide (Al2O3-nps) and zinc oxide nanoparticles (ZnO-nps) and their combination. 8-OH-dG: 8-hydroxydeoxyguanosine. Statistical analysis was performed...
	Gene expression of mtTFA and PGC-1α
	Results showed significant downregulation of the expression of genes in the tissues regulating mitochondrial biogenesis and mtTFA function along with PGC-1α in rats exposed to Al2O3-nps, ZnO-nps individually and in combination (Figures 2 A and B). Mor...
	A
	Figure 2: The gene expression of mtTFA (A) and PGC-1α (B) in the brain, heart and lung tissues of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), and their combination. Statistical analysis was performed...
	Lipid Peroxidation, Oxidative Stress, and Antioxidants
	Results showed significantly higher contents of TBARS, an index of lipid peroxidation, and NOx in the rats exposed to any of the used nanoparticles compared to control (p < 0.05). The animals treated with the combination of Al2O3-nps and ZnO-nps showe...
	Table 2: The levels of glutathione (GSH), total antioxidant activity (TAC), nitric oxide (NO) and thiobarbituric acid-reactive substances (TBARS) and the activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and gluta...
	Mean values within a row not sharing common superscripts (a, b, c, d) were significantly different, p < 0.05.
	Inflammatory Cytokines and p53
	Figure 3: The levels of p53 (A), and inflammatory cytokines TNF-α (B) and IL-6 (C) in the brain, heart, and lung tissues of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), and their combination. TNF-α: T...
	Brain and Plasma Neurotransmitters
	The measurements showed that treatment with Al2O3-nps and ZnO-nps and their combination caused significant inhibition in plasma and brain activities of acetylcholinesterase (AChE), and significant elevation in the plasma and brain levels of ACh (Figur...
	Figure 4: The activity of acetylcholine esterase - AChE (A) and the level of acetylcholine – ACh (B) in the brain cortex and plasma of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), and their combinatio...
	A
	Figure 5: Levels of dopamine (A), serotonin (B), and norepinephrine (C) in the brain cortex and plasma of rats treated with aluminum oxide nanoparticles (Al2O3-nps), zinc oxide nanoparticles (ZnO-nps), and their combination. Statistical analysis was p...
	Cardiac Muscle Creatine Kinase Activity (CKCM) and Paraoxonase (PON1) Activity
	The plasma and heart PON1 and CMCK enzyme activities of male rats treated with Al2O3-nps, ZnO-nps and their combination are presented in Figures 6 (A and B). Treatment with Al2O3-nps, ZnO-nps and their combination resulted in a significant decrease in...
	A
	B
	Figure 6: The activities of paraoxonase 1 (PON1) (A) and CKCM (B) in the cardiac tissues and plasma of rats treated with zinc oxide nanoparticles (ZnO-nps), aluminum oxide nanoparticles (AlO-nps) and their combination. Statistical analysis was perform...
	Lipid Profile
	Lipid profile data including the total lipids (TL), total cholesterol (TC), triglycerides (TG), HDL-c, LDL-c and vLDL-c are presented in Table 3. Measurements showed that the treatment with Al2O3-nps, ZnO-nps, and their combination produced a marked i...
	Table 3: Plasma lipid profiles of male rats treated with aluminum oxide nanoparticles (AlO-nps), zinc oxide nanoparticles (ZnO-nps), and their combination.
	Brain Histopathology
	Microscopic examination of brain (cerebral cortex) sections of the control group (Figure 7 B 1) demonstrated normal arrangements in layers - external granular, external pyramidal, inner granular, inner pyramidal, and polymorphic cell layers. These lay...
	Figure 7: Light micrographs of the control group (B 1) rat brain (cerebral cortex) demonstrating normally arranged layers, external granular, external pyramidal, inner granular, inner pyramidal and polymorphic cell layer lying towards the white matter...
	Heart Histopathology
	The qualitative observations showed a normal histological pattern in the cardiac muscle fibres which exhibit acidophilic sarcoplasm and ran in different directions with branching and anastomosing (Figure 8 H 1). The histological observations in the Zn...
	Figure 8: Light micrographs of left ventricular myocytes of heart in control group (H 1) rats showing a normal histological pattern. The cardiac muscle fibers exhibited acidophilic sarcoplasm and ran in different directions with branching and anastomo...
	Lung Histopathology
	Micrographs of the control group rat lung showed a normal histological appearance of the alveolar tissue with patent alveoli and thin inter-alveolar septa (Figure 9). High power view of the control rat alveolar tissue revealed pneumocytes. Moreover, a...
	Figure 9:  Light micrographs of control (L 1) group of rat lung showing a normal histological appearance of the alveolar tissue with patent alveoli (A) and thin inter-alveolar septa. High power view of the control rat alveolar tissue revealed pneumocy...
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