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ABSTRACT
Objective: Detect the neurotoxic effect of titanium dioxide nanoparticles by investigation of the biochemical and histological 
changes in cerebral cortex of albino rats, and to evaluate the potential protective role of β-carotene against this toxicity. 
Methods: Titanium dioxide nanoparticles (TiO2 NPs) administered intraperitoneal 100, 300 mg/kg, daily for 14 days besides 
one protected group received 10mg/kg β-carotene by gavage for 7 days prior and 14 days with 300 mg/kg nanoparticles 
administration, along with one control group and one group received 10mg/kg β-carotene by gavage for 21 days. Histological 
and histochemichal cerebral cortical tissue examination and standard biochemical methods for estimation of enzymes 
superoxide dismutase, glutathione peroxidase, catalase, alkaline phosphatase, gamma-glutamyl transpeptidase, and 5’ 
nucleotidase were implemented.
Results: In contrast to administration of low dose TiO2 NPs, administration of high dose TiO2 NPs led to marked histological 
changes in form of decrease number of vesicular neurons and loss of background homogeneity with appearance of 
vacuolations and hydropic changes. Moreover, increase in astrocytes number with appearance of area of gliosis and increase 
in apoptosis index. Biochemical analysis showed significant decreases in the activities of the antioxidant enzymes: superoxide 
dismutase, glutathione peroxidase and catalase. Besides, significant decrease in the activities of alkaline phosphatase and 
gamma-glutamyl transpeptidase, although the activity of 5’-nucleotidase was not inclined significantly by administration of 
nanoparticles. These changes didn’t markedly appear with the use of β-carotene. 
Conclusion: High dose TiO2 NPs has neurotoxic effects but application of β-carotene may serve as a beneficial medication 
to protect against neurotoxicity induced by nanoparticles.
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INTRODUCTION                                                                    

Titanium dioxide nanoparticles (TiO2 NPs) are one of 
the most broadly utilized engineered nanoparticles in the 
nanotechnology arena[1]. The yearly production of TiO2 
NPs is increasing continuously; it is estimated to increase 
to 2.5 million metric tons annually by 2025 instead of 3,000 
tons per year in 2002[2]. Titanium dioxide nanoparticles                                  
(TiO2 NPs) have gained much significance due to their 
extensive use in nanodermatology and nanocosmetology[3]. 
TiO2 NPs are used in approximately 50% of sunscreen 
and cosmetics products[4].  Also, According to Coelho et al                                                                                                     
a there is a higher amount of TiO2 NPs (<100 nm) in candies, 
sweets and chewing gums, all can pass in human body 
through dermal, inhalation and oral routes of exposure[5].  
The distinctive feature of TiO2 NPs is fast enter to the 
human body and then cause impending health hazards on 
human[6]. The adverse toxic effects of TiO2 NPs have been 
studied in several animal models like rats, mice, rabbits and 
human[1,7,8]. The blood-brain barrier (BBB) can be crossed 
by nanoparticles so the central nervous system can show 
toxicity in the exposed animals[9,10]. 

Studies have revealed numerous mechanisms by which 
these nanoparticles cause injuriousness, Exposure to TiO2 
NPs considerably reduces the survival rate of neuron cells in 
a typical time and dose-dependent mode[11]. Oxidative stress 
is one of the most significant toxicity mechanisms in lung, 
kidney, brain and spleen[12,13]. Also, Gao et al. reported that 
oxidative stress-induced damage and inflammatory response 
in rat brain[14]. TiO2 NPs can induce an acute stress reaction 
in glial cells of mouse brains, leading to neuron damage and 
dysfunction[15]. Moreover, Vasantharaja and Ramalingam 
reported that TiO2 NPs cause direct interference with neuronal 
cell membranes enzymes such as alkaline phosphatase 
(ALP), 5’ nucleotidase (5’-NT), and gamma-glutamyl 
transpeptidase (GGT)[16]. Other in vivo studies informed 
that glial fibrillary acidic protein (GFAP) is an intermediate 
filament-III protein uniquely found in astrocytes in the CNS, 
non-myelinating Schwann cells in the PNS and enteric glial 
cells, GFAP gene activation and protein induction appear to 
play a critical role in astroglia cell activation (astrogliosis) 
following CNS injuries and neurodegeneration[17]. 
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Carotenoids are naturally presented dyes and are 
responsible for the colors of some fruits and vegetables. 
β-carotene (βC) has a wide range of biological and 
pharmacological effects including anti-epilepsy,                                         
radio-protective, and also, oxidant resistance[18,19]. Escalation 
of apoptotic index of testicular germ cells in TiO2 NPs treated 
mice was prevented by βC[20]. 

This study aimed to detect to the neurotoxic effect of TiO2 
NPs by investigation of the pathological and biochemical 
changes in cerebral cortex after intraperitoneal injection 
of TiO2 NPs to albino rats, and to evaluate the potential 
protective role of β-carotene against this toxicity.

MATERIALS AND METHODS                                                            

Animals
50 healthy adult male albino rats (6–8weeks) 

weighing 150–200 g were used in this study. Rats were 
obtained from Animal House of the Faculty of Medicine, 
Zagazig University, Egypt. They were housed in a                                                                    
temperature- controlled and light-controlled room                                                                                
(12 h light/dark cycles) with free access to food and water. 

All experimental animals were performed in 
accordance with relevant guidelines and regulations of the 
Institutional Animal Care and Use Committee, Zagazig 
university (ZU-IACUC committee), approval number                                                                   
ZU-IACUC/3/F/101/2019.

Chemicals 
Nanopowder <100 nm particles size was used, surface 

area of 35-65 m2/g and purity ≥99.5% trace metals basis. 
It is white odorless fine powder mixture of rutile and 
anatase. Nanoparticles, β-carotene (in red orange powder 
form) and kits for enzymes assay were purchased from                                                  
(Sigma-Aldrich chemical company, Germany and purchased 
from Sigma-Egypt). 

Glial fibrillary acid protein (GFAP) antibodies were 
purchased from (AgilentDako, Copenhagen, Denmark). 
Caspase-3 antibodies were purchased from (Dako, Glostrup, 
Denmark). 

 Phosphate buffer (PBS), dissection set, 10% formal 
saline, alcohol, xylene and paraffin wax for preparation to 
light microscopic examination, and H&E were available at 
faculty of medicine, Zagazig University

Experiment Protocol
50 adult male albino rats were divided into five groups 

each contain 10 rats: Control group contained 10 rats that 
were received intraperitoneal (i.p.) injection of 2 ml saline, 
daily for 14 days. β-carotene (βC) group contained 10 rats that 
were received 10mg/kg β-carotene once daily by gavage for 
21 days[21]. Low dose (LD) group contained 10 rats that were 
received intraperitoneal (i.p.) injection of 100 mg/kg TiO2 
NPs, daily for 14 days[8]. High dose (HD) group contained 
10 rats that were received intraperitoneal (i.p.) injection of 
300 mg/kg TiO2 NPs, daily for 14 days[22]. Protected group 
contained 10 rats that were received 10mg/kg β-carotene[21] 

daily by gavage for 7 days prior and 14 days together with 
intraperitoneal (i.p.) injection of 300 mg/kg TiO2 NPs[22]. The 
extent of neurotoxicity was evaluated by biochemical and 
histological examination of cerebral cortical tissue samples 
from sacrificed rats.

Histological Examination 
Cerebrum from each animal was carefully dissected and 

the specimens were immediately immersed in 10% formalin 
saline for 48 h to be processed to prepare 5-μm-thick paraffin 
sections and stained with hematoxylin and eosin (H&E) to 
display the histological details according to Suvarna[18].

Immunohistochemical Study

The immunohistochemical staining of anti-glial fibrillary 
acidic protein (GFAP) antibody was performed according 
to Neri et al.[23]. 4-µm-thick paraffin sections mounted on 
slides covered with (3-aminopropyl) triethoxysilane. No 
pretreatment was necessary for antibody anti-GFAP. The 
dilution of primary antibody was: 1:300 ratio. The primary 
antibody was incubated for 120 min at 20◦C. The detection 
system utilized was the labeled streptavidin-biotin (LSAB+) 
Kit (Agilent Dako, Copenhagen, Denmark), a refined         
avidin-biotin technique in which a biotinylated secondary 
antibody reacts with several peroxidase conjugated 
streptavidin molecules.  In addition, double antigen labeling, 
using antibody anti GFAP, was performed. All sections were 
counter stained with Mayer’s hematoxylin and examined 
by light microscopy. This immunohistochemical technique 
was carried out in the Department of histology, Faculty of 
Medicine, El-Monofia University.

The immunohistochemical staining of for caspase-3 was 
performed according to Bebars et al.[24]. 4-µm-thick paraffin 
sections. The slides were incubated overnight at room 
temperature with a purified rabbit polyclonal antibody raised 
against caspase-3. It is received as 0.5 ml concentrated for 
use. The Envision method was used for detection of antibody 
binding. The reaction was visualized by an appropriate 
substrate/chromogen (diaminobenzidine). All sections were 
counter stained with Mayer’s hematoxylin and examined 
by light microscopy. This immunohistochemical technique 
was carried out in the Department of Histology, Faculty of 
Medicine, El-Monofia University.

Interpretations of the Results

Immunohistochemically, caspase-3 expression was 
confirmed by cytoplasmic and/or nuclear stain in examined 
cells. apoptotic index (the number of apoptotic (brown) 
cells present in a section expressed as a fraction of the total 
number of cells) was calculated in all examined sections. 

Immunohistochemical staining of glial fibrillary acidic 
protein (GFAP) antibodies was conducted to examine the 
astrogliosis (over proliferation of astrocyte, glial cells). 
Darkness of astrocytes and thickness of their processes 
was calculated in all examined sections as area % 
immunoreactivity.
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Quantitative Morphometrical Measurements
Sections stained with H&E and immunohistochemically 

per 400× magnification were morphometrically analysed 
using Leica Qwin 500 Image Analyzer Computer System 
(England) at Anatomy Department, Faculty of Medicine, 
El-Monofia University. Quantitative data were collected 
for number of neurons with vesicular nuclei in H&E 
sections, the apoptotic (brown) cells present in a section 
expressed as a fraction of the total number of cells, the 
so-called apoptotic index, measures an apoptotic state                                                                                                                   
(caspase-3 immunoreactivity)[25]. Area % anti-GFAP 
immunoreactivity in immunohistochemical stained 
sections[23]. Quantitative data were estimated in 5 different 
non overlapped fields for the same slide of each animal, in 
each animal 5 slides were counted and a total number of                      
25 fields of each group were counted.

Ex vivo Assay of Membrane Bounded Enzymes
After completions of experiment rats were sacrificed, 

and whole intact brain was cautiously removed. Parts of 
cerebrums were cooled in ice-cold, 50 mmol Tris–HCl 
buffer (pH 7.55) and homogenized. The homogenate was 
centrifuged for 10 min at 3000 rpm, the supernatant was used 
for the assay of alkaline phosphatase (ALP), which plays a 
crucial role in the metabolism of the CNS, transmembrane 
transport mechanism, ion transport and maintenance of 
ionic strength. Also, 5’ nucleotidase (5’-NT) which controls 
intracellular levels of nucleoside 5’ monophosphates, and 
it is a major contributor to the cascade that completely 
hydrolyzes extracellular ATP to adenosine, furthermore 
gamma-glutamyl transpeptidase (GGT) which is chiefly 
concentrated in the vascular endothelium in the brain also 
mediates the cleaving of the dipeptidyl cysteinyl glycine, 
which provides cells with cysteine, a rate-limiting factor for 
the synthesis of GSH[16].

Alkaline phosphatase (ALP): was performed according 
to Bessey et al.[26]. The ALP activity was calculated from 
the calibration curve obtained using paranitrophenol 
standard. ALP activity was expressed as units/mg protein,                            
Gamma-glutamyl transpeptidase (GGT): was performed 
according to Orlowski and Meister[27]. GGT activity was 
expressed as units/mg protein, and 5’-nucleotidase (5’-NT): 
was performed according to Bergmeyer et al.[28]. 5’-NT 
activity expressed as units/mg protein. 

Ex vivo assay of Antioxidant Enzymes
Other parts of cerebrums were separated instantly and 

homogenized in a phosphate buffer (pH 7.6), centrifuged at 
20,000 rpm, 4◦C for 2 h to obtain a soluble salt part (SS). 
Re-extraction of the pellets was carried out to get a soluble 
detergent part (DS). The supernatant was collected and 
stored at −20◦C. Protein concentrations were determined by 
the Bradford assay with Bovine serum albumin as standard 
(0.05–1.00 mg/ml)[29].

Catalase Assay (CAT)
Was performed according to Chance and AC[30]. One 

unit of catalase activity was defined as an absorbance 
change of 0.01 as units/min, Superoxide dismutase assay                                                                                         
(SOD): was performed according to Kakkar et al.[31]. Results 
are expressed in units/mg protein, and Glutathione peroxidase 
assay (GPx): was performed according to Mohandas et al.[32]. 
Enzyme activity was calculated as nmol NADPH oxidized/
min/mg protein using a molar extinction coefficient of                    
6.22 × 103 M-1 cm-1.

Statistical Analysis
The data were collected from both biochemical results 

and morphometrical results, data were statistically analyzed 
using SPSS program (Statistical Package for Social 
Science) version 18.0. Quantitative data were expressed as                                         
mean ± SD (Standard deviation). Paired sample T test and 
one-way ANOVA used to calculate differences between 
mean ± SD of control group and mean ± SD of each of the 
other three groups. Also, calculate differences between mean 
± SD of HD group and mean ± SD of protected group.   It’s 
considered statistically significant when p value <0.05, 
statistically highly significant when p value <0.001 and                                                                                                       
non-significant when p value > 0.05.

RESULTS                                                                                    

Histological Examination of Cerebral Tissue
Cerebral cortical tissues stained with (H&E) from 

Control group were present in their normal proportions and 
architectures, neurons cell bodies showed large vesicular 
nuclei and prominent nucleoli with more pyramidal cells in 
outer layer and more rounded cells in inner layer. Many cells 
surrounded by a clear rim. Also, there were few scattered 
small dark glial cells in a pink neuropil homogenous 
background. Meninges were normally attached to cerebral 
surface with no area of separations and no congested blood 
vessels (Figure 1a, b). In β-carotene (βC) group, the pattern 
of histology in cortical tissue was similar to the control group 
(Figure 1c, d).

In low dose (LD) group: cerebral cortical tissues 
preserved its normal proportions and architectures, neurons 
cell bodies showed vesicular nuclei and few neurons showed 
dark stained nuclei, there was an infiltration with few small 
dark glial cells. Background and meninges kept their normal 
homogeneity (Figure 1e, f).

In high dose (HD) group: cerebral cortical tissues lost 
their normal proportions and architectures, neurons cell 
bodies showed dark stained nuclei with vacuolations around. 
Also, there was infiltration with many small dark glial cells 
as well as appearance of areas of gliosis. Background lost 
their normal homogeneity with appearance of vacuolations 
and hydropic changes. Meninges were separated from 
cerebral surface with congested blood vessels (Figure 1g, h).

In Protected group: cerebral cortical tissues preserved 
their normal proportions and architectures. There were many 
neurons with vesicular nuclei and prominent nucleoli and 
some neurons with dark stained nuclei. Also, there were few 
scattered small dark glial cells in pink neuropil homogenous 
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background with less vacuolations and less hydropic changes. 
Meninges were normally attached to cerebral surface                                                                                                 
(Figure 1i, j).

Immunohistochemical Examination of Cerebral 
Cortical Tissue 

The immunohistochemical staining for anti-GFAP 
showed increase in anti-GFAP immunopositivity in 
HD groups compared to other groups suggesting an up-
regulation of GFAP expression. GFAP staining darkened 
astrocytes which became visibly larger and more 
entangled with thickened processes; at 400 x magnification                                                             
(Figures 2a,b,c,d,e). 

The immunohistochemical staining for anti-caspase-3 
showed decrease in anti- caspase-3 immunopositivity in βC 
groups compared to control group suggesting decrease in 
percentage of apoptotic active neurons, while, there was an 
increase in anti- caspase-3 immunopositivity in HD groups 
compared to other groups suggesting increase in percentage 
of apoptotic active neurons. With anti-caspase-3 staining, 
apoptotic active neurons became brown stained while 
healthy neurons stained blue with counter stain, at 400x 
magnification (Figures 3a,b,c,d,e). 

Quantitative Morphometrical Measurements and 
Statistical Analysis

Number of neurons with vesicular nuclei (per 400 high 
power fields in H&E stained slides of different studied 
groups)  showed a high significant decreased in HD group 
and protected (TiO2 NPs+βC)  groups compare to the control 
group (P value < 0.001), and a high significant increase in 
protected group compare to the HD group (P value < 0.001), 
it was clear that high dose TiO2 NPs caused neuronal cell 
degeneration in the cerebral cortical tissue and βC might 
play a protective role (Figure 4a, Table 1). 

Area % of GFAP immunoreactivity (per 400 high power 
field in anti-GFAP immunohistochemical stained slides of 
different studied groups) showed a high significant increase 
in HD group and protected groups compare to the control 
group (P value < 0.001), a significant increase in LD group 
compare to the control group (P value < 0.05), and a high 
significant decrease in protected group compare to the HD 
group (P value < 0.001), it was clear that high dose TiO2 
NPs caused over proliferation of astrocytes, glial cells 

(astrogliosis) within cerebral cortex and βC might play a 
protective role (Figure 4a, Table 1).

Percentage of apoptotic active neurons “apoptotic 
index” (per 400 high power fields in anti-caspase-3 
immunohistochemical stained slides of different studied 
groups) showed that a high significant increase in HD 
group and protected groups compare to the control group                                                                         
(P value < 0.001), a significant decrease in βC group 
compare to the control group (P value < 0.05), and a high 
significant decrease in protected group compare to the HD 
group (P value < 0.001), it was clear that high dose TiO2 
NPs caused increase apoptosis within cerebral cortex and βC 
might play a protective role (Figure 4a, Table 1).
Assay of Membrane Bound Enzymes and Statistical 
Analysis

Measuring activities of membrane bound enzymes: ALP, 
5’-NT and GGT in the cerebral tissues of different studied 
groups showed that high dose TiO2 NPs caused significant 
decrease (P value < 0.001) in the activity of ALP and 
GGT but no affection of 5’-NT activity (P value > 0.05) 
so it’s obvious that high dose TiO2 NPs might affect CNS 
metabolism, trans-membrane transport mechanism, ion 
transport, maintenance of ionic strength and epithelial cell 
growth. Also βC might play a protective role as there was a 
high significant difference in protected group compare to the 
HD group (P value < 0.001) (Figure 4b, Table 2). 

.Assay of Antioxidant Enzymes and Statistical 
Analysis

Measuring activities of the antioxidant enzymes CAT, 
GPx, and SOD in the cerebral tissues of different studied 
groups showed that administration of β-carotene led to high 
significant increase (P value < 0.001, 0.05) in antioxidant 
enzymes activities, in the other hand, administration high 
dose TiO2 NP led to significant decrease (P value < 0.001) 
in the activities of the antioxidant enzymes CAT, GPx, and 
SOD in the cerebral tissues. Moreover, there was a high 
significant increase in the enzymes activities in protected 
group compare to the HD group (P value < 0.001). These 
results suggest that high dose TiO2 NPs causes damage in 
the cerebral tissue after i.p. injection due to production of an 
oxidative stress and that it’s why the anti-oxidative activities 
of βC could prevent these pathological and biochemical 
damage to cerebrum (Figure 4c, Table 3).
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Fig. 1: H&E stained cerebral cortical sections at 400x magnification. Control group (a,b) and βC group (c,d): showed large vesicular neurons nuclei with 
prominent nucleoli and clear rim around (arrows) and few scattered small dark glial cells (arrows heads) in a pink neuropil homogenous background. Meninges 
were normally attached to brain surface (thick arrow); (LD) group (e,f) showed many vesicular neurons nuclei (arrows), few neurons cell bodies with dark 
stained nuclei (curved arrow),  few infiltration with small dark glial cells (arrows heads), meninges kept their normal homogeneity (thick arrow); HD group (g, 
h) showed many dark stained neurons nuclei with vacuolations around (arrows) and over proliferation with small dark glial cells with area of gliosis (curved 
arrow), background lost their normal homogeneity with appearance vacuolations and hydropic changes (arrows heads), meninges were separated from brain 
surface with congested blood vessels (thick arrow); Protected group (i, j) showed vesicular neurons nuclei with prominent nucleoli (arrows) but some neurons 
cell bodies had dark stained nuclei (curved arrow), few scattered small dark glial cells (arrows heads), in a pink neuropil background with less hydropic 
changes. Meninges were normal attached to brain surface (thick arrow).
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Fig. 2: Immunohistochemical staining for anti-GFAP, (a: control group; b: βC group; c:  LD group; d: HD group; e: protected group) arrows heads referred to 
stained astrocyte; in HD group: astrocytes were dark with thick processes.

Fig.  3: Immunohistochemical staining for anti-caspase-3, (a: control group; b: βC group; c:  LD group; d: HD group; e: protected group) arrows heads: neurons 
nuclei stained blue with counter stain (no apoptosis), arrows: brown stained neurons nuclei with anti-caspase-3 (active apoptosis), which is mainly increased 
in HD group.
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Fig.  4: morphometric and stastical biochemical analysis: a: Mean ± standard deviation (SD) of morphometric measures for studied groups; b: Mean ± standard 
deviation (SD) of neuronal cell membranes enzymes ALP, 5’-NT, and GGT in the cerebral tissues for studied groups; c: Mean ± standard deviation (SD) of the 
antioxidant enzymes CAT, GPx, and SOD in the cerebral tissues for studied groups
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DISCUSSION                                                                                    

Among high-demand commercial NPs, Titanium dioxide 
nanoparticles (TiO2 NPs) have been widely used as a white 
pigment, personal skincare product, water-treatment agent, 
and bactericidal agent owing to their high stability and 
anticorrosive and photocatalytic properties[33]. TiO2 NPs are 
one of the most widely used nanomaterials in the consumer 
products, agriculture, and energy sectors, their large demand 
and widespread applications will inevitably cause damage to 
organisms and ecosystems[34]. A better understanding of TiO2 
NPs toxicity in humans may promote risk assessment and 
safe use applies of these nanomaterials[35]. This is the cause 
we shed light on the neurotoxic effect of TiO2 NPs by using 
two different doses: low dose (100mg/kg) (LD group) and 
high doses (300 mg/kg) (HD group). Moreover, this study 
differs from others as it evaluated the potential protective 
role of β-carotene against this neurotoxicity, as it has been 
well revealed that oxidative stress plays a critical role in the 
mechanism of NPs toxicity[36]. βC possesses a wide array 
of pharmacological and biological activities including: 
antioxidant, radio-protective, cardiovascular protection, 
anti-epilepsy[19].

In our study, we concluded that with administration 
of low dose TiO2 NPs (100 mg/kg), there were no marked 
histological changes, while these changes appeared with 
high dose TiO2 NPs (300 mg/kg). Also, biochemical changes 
in LD group were much less than HD group. So, it is obvious 
that a pathological and biochemical changes occurred in a 
dose dependent manner. This result approved with Liu et al. 
who noticed dose-dependent alteration in pro-inflammatory 
markers (TNF-α, IL-1β and IL-10)[37] and with Xu et al.[38] 
and Jia et al.[8] who mentioned that histopathological 
examination of cerebral tissues after administration of high 
doses TiO2 NPs revealed that there were pathological lesions 
in a dose dependent manner. Moreover, Gandamalla et al. 
said NPs were induced greater cytotoxicity in the colon, liver, 
lung and skin cells at higher concentrations 100 and 300                                                                                                                   
μg/ml significantly[1]. But on other hand Federici et al. made 
his study on fish, said the effect was not dose dependent[39]. 
Also, our results not in agreement with Vasantharaja and 
Ramalingam who said that on 100 mg/kg TiO2 NPs treated 
groups, the brain tissues had abnormal pathological changes 
in form of proliferation of ependyma and spongiocyte, 
also they reported marked biochemical changes with 
administration of 100mg/kg TiO2 NPs[16]. 

Table 1: Mean ± SD of number of neurons with vesicular nuclei, Area % of GFAP immunoreactivity, and apoptotic index (caspase-3 
immunoreactivity) per 400 high power fields, with stastical difference between control group and each of other groups.

Control group βC group LD group HD group Protected group

No. of neurons with vesicular nuclei 45±6.2 43±4.5 39±5.6 20±2.9** 32±5.4**##

Area % of GFAP immunoreactivity 12.5±6.2 14.4±4.8 18.7±6.4* 37.8±5.7** 25.3±4.4**##

Apoptotic index 15.5±3.6 13.3±2.6* 18.4±4.3 58.8±5.4** 32.2±5.3**##

*Significant P <0.05 Vs control group
**Highly significant P <0.001 Vs control group
# Significant P <0.05 Vs HD group
## Highly significant P <0.001 Vs HD group

Table 2: Mean ± SD of membrane bound enzymes ALP, 5’-NT, and GGT of different studied groups, with stastical difference between 
control group and each of other groups.

Control group βC group LD group HD group Protected group

Alkaline phosphatase  (U/mg protein) 7.2±0.4 7.3±0.2 6.8±0.3* 4.2±0.2** 6.6±0.7*##

5’-nucleotidase (U/mg protein) 6.2±0.4 5.9±0.4 6.1±0.3 5.9±0.3 6±0.2

Gamma-glutamyl transpeptidase (U/mg protein) 2.9±0.4 2.8±0.6 2.4±0.5* 1.7±0.2** 2.3±0.5*##

*Significant P <0.05 Vs control group
**Highly significant P <0.001 Vs control group
# Significant P <0.05 Vs HD group
## Highly significant P <0.001 Vs HD group

Table 3: Mean ± SD of antioxidant enzymes GPx, CAT, and SOD of different studied groups, with stastical difference between control group 
and each of other groups.

Control group βC group LD group HD group Protected group

Glutathione peroxidase (GPx) (nmol/mg protein) 40.6±2.7 45.4±2.4** 35.6±2.4* 22.4±1.6** 32.4±3.1**##

Catalase (CAT) (U/min.) 11.6±0.5 12.2±0.7* 10.8±0.3* 7.8±0.1** 10.2±0.6**##

Superoxide dismutase (SOD) (U/mg protein) 8.2±1.7 9.6±1.1* 6.5±1.2* 4.6±0.6** 5.3±0.9**##

*Significant P <0.05 Vs control group
**Highly significant P <0.001 Vs control group
# Significant P <0.05 Vs HD group
## Highly significant P <0.001 Vs HD group
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On histological examination of cerebral tissue of high 
dose TiO2 NPs group, cerebral cortical tissues lost their 
normal proportions and architectures, neurons cell bodies 
showed dark stained nuclei with vacuolations around. Also, 
there was infiltration with small dark glial cells with area 
of gliosis. Background lost their normal homogeneity with 
appearance of vacuolations and hydropic changes. Meninges 
were separated from cerebral surface with congested blood 
vessels. These results also established by Wang et al. who 
demonstrated an irregular arrangement and loss of neurons 
after TiO2 NPs administration[40]. And with Xu et al. who 
approved different degrees of damage in the brain and 
lung, the brain tissue showed neuronal cell degeneration 
and vacuoles[38]. Moreover, in an in vivo study by Li                                    
et al.[41], mice were chronically exposed to TiO2 NPs of via 
intratracheal instillations, after 4 weeks, inflammatory cell 
aggregation and neuron necrosis were present. Study passed 
by Jia et al. showed that treatment of mice with 150 mg/kg 
of TiO2 NPs resulted in invasion of inflammatory cells in 
the brain tissue and morphological damage to brain tissue[8]. 
On other hand our results weren’t in agreement with Aijie 
et al. who examined the pathological changes of the brain 
using hematoxylin-eosin staining and mentioned that the 
brain tissues of the rats exposed to TiO2 NPs showed slight 
injuries and there were no obvious pathological changes 
in the brain[42]. this difference may be due to the way of 
administration in our study, we used intraperitoneal route but 
Aijie et al.[42] used taste pathway, but our results compatible 
with Aijie et al. in other chemical findings. Another conflict 
with Chen et al. who revealed that histological examination 
of brain showed lack of any significant histological alteration, 
vacuolation, oedema and cellular atrophy after a long time 
exposure TiO2 NPs in the brain of zebrafish[43]. 

Quantitative morphometrical analysis for H&E stained 
section proved that high dose TiO2 NPs caused neuronal 
cell degeneration in the brain tissue. This result agreed 
with Wang et al. who cleared that an irregular appearance 
of neurons and a drastic neuronal loss, in parallel with 
increased number of activated astrocytes occurred after 
nasal instillation of TiO2 NPs[44]. Also our result proved with 
studies investigated that TiO2 NPs in the brain can also lead 
to neurodegeneration[42,45,46]. 

Astrocytes are one type of glial cells in the CNS,                                                                                                                            
a group that also includes resident and perivascular microglia, 
oligodendrocytes, radial glia and Muller cells. In fact, it is 
estimated that astroglia cells are the most abundant cell types 
in the brain, providing both structural and functional support 
for neurons. Astrocytes (astroglia) are characterized by the 
presence of a unique structural protein, glial fibrillary acidic 
protein (GFAP)[17]. Furthermore, Eng et al. and Shun-Fen 
et al. mentioned that with neuroinflammation, brain injury 
cause activation and proliferation of astroglia cells “reactive 
astrogliosis” into damaged areas and a concomitant increase 
in GFAP levels[47,48]. According to these facts, we evaluated 
neurotoxic effect of TiO2 NPs by immunohistochemical 
staining of glial fibrillary acidic protein (GFAP) antibodies to 
examine the astrogliosis in the cerebrum. Our study showed 

that there was up-regulation of GFAP expression in HD 
group more than LD group. Anti-GFAP staining darkened 
astrocytes which became visibly larger more entangled with 
thickened processes this prove infiltration of cerebral tissue 
with a strocytes, glial cells (astrogliosis). These results cope 
with Aijie et al. who proved that with administration TiO2 
NPs, the number of astrocytes (brown) significantly increased 
in the cerebral cortex, so they concluded that NPs that 
translocated into brain tissues suppressed cell proliferation, 
caused DNA damage and increased astrocytes[42]. As 
well, over proliferation of glial cells was observed by[49]. 
Upregulation of persistent brain inflammation markers such 
as IL-1β, IP-10 and GFAP were noticed by[50,51]. 

Release of cytochrome c from the internal part of the 
mitochondrial membrane into the cytosol results in the 
activation of caspase cascades, in particular caspase-9, -3, -6, 
and -7, caspase-3 is the main executioner of apoptosis[52,53]. 
So in our study, immunohistochemical staining of caspase-3 
antibodies was conducted to understand the way of this 
neuronal damage. Anti-caspases-3 selectively stained the 
neurons cell bodies that consistent with apoptosis, there were 
decrease in apoptotic index in βC group and up-regulation 
of apoptosis-related proteins and increase in percentage of 
apoptotic active neurons in HD group. These results reached 
also by Xu et al., who established that NPs are more likely 
to induce cell damage, lead to apoptosis[38]. Apoptosis after 
TiO2 NPs administration was also approved by different 
ways in studies done  by[8,34,54,55].

Comparing the activities of membrane bound enzymes: 
ALP, 5’-NT and GGT in the brain tissues of different studied 
groups showed that high dose TiO2 NPs caused decrease 
in the activity of ALP and GGT but no affection of 5’-NT 
activity. So it’s obvious that high dose TiO2 NPs might affect 
CNS metabolism, trans-membrane transport mechanism, 
ion transport, maintenance of ionic strength and epithelial 
cell growth. These results evidently indicate that TiO2 NPs 
could impair the membrane stability in brain cerebral cortex. 
Vasantharaja and Ramalingam reported same results but 
with low dose TiO2 NPs as previously mentioned, they said 
“TiO2 NPs could impair the electrochemical gradient, ionic 
homeostasis and membrane stability in different regions of 
the rat brain as the enzymes ATPases, ALP, 5’-NT and GGT 
activities were significantly decreased in TiO2 NPs treated 
groups maximally  in the cerebral hemisphere”[16].

Comparing the activities of the antioxidant enzymes 
SOD, GPx, and CAT in the brain tissues of different studied 
groups showed that administration high dose TiO2 NPs led 
to significant decrease in the activities of the antioxidant 
enzymes SOD, GPx, and CAT more than low dose NPs in 
cerebral cortex. These results suggest that high dose TiO2 
NPs causes damage in the brain after i.p. injection due to 
production of an oxidative stress. These results were in 
agreement with[34,54,55] who stated that oxidative stress 
induced by ROS are considered key factors in intracellular 
TiO2 NP-induced organ injury. Also, Rajakumar et al. proved 
same results in hepatotoxicity induced by TiO2 NPs[56]. 
Additionally, the levels of superoxide dismutase (SOD), 
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glutathione peroxidase were significantly decreased in rats 
exposed to TiO2 NPs as mentioned by[42]. Activity of SOD and 
Catalase reduced significantly following exposure to NPs in 
mouse erythrocytes as declared by[57]. A dramatic increase 
of the ROS levels, accompanied by the decreased levels of 
activity/concentration of ROS scavengers (SOD, CAT, GPx, 
and ascorbic acid) was observed in the hippocampus of 
orally exposed mice[58]. Higher doses of TiO2 NPs increased 
O2−H2O2, and MDA levels, decreased the activities of the 
antioxidant enzymes CAT, GPx, and SOD[8]. In opposing, a 
transient, short term increase of the activity/concentration 
of the major antioxidants (GPx, SOD) was observed after 
intranasal administration of TiO2 NPs, but it normalized at 
the end of experiment (30 days)[40]. However, Wang et al., 
mentioned that the activity of CAT increased, whereas SOD 
activity decreased in exposure to TiO2 NPs[40]. 

It is well known that β-carotene has an antioxidant 
effect[19,20,21,59]. Moreover, Orazizadeh et al. demonstrated 
that βC improved the spermatogenesis defects in TiO2 NPs 
treated mice[60]. It has also been reported that βC decreases 
oxidative stress and prevents ethanol-induced cell death by 
inhibiting caspase-9 and caspase-3 expression[61]. Therefore 
in our study, administration of βC alone led to increase in 
antioxidant enzymes activities as noticed in studies carried 
by[62,63]. Also, in our results βC used to prevent neurotoxic 
effect of TiO2 NPs. βC was given in a dose of 10mg/kg by 
gavage 7 days prior and 14 days with high dose TiO2 NPs 
administration (protected group). According to histological 
and pathological finding, we concluded that βC may protect 
against oxidative stress so it can prevent pathological and 
biochemical changes expected by high dose TiO2 NPs. In 
other studies N-acetylcystiene played a protective effect 
against titanium dioxide nanoparticles oxidative stress in 
immune cells[64] and in keratinocyte[65].

CONCLUSION                                                                          

In summary, TiO2 NPs cause neurotoxic effect in a dose 
dependent manner. Administration of high dose TiO2 NPs 
(300 mg/kg i.p. for 14 days) caused pathological neuronal 
degeneration with apoptosis and astrogliosis and biochemical 
changes in form of decrease activity of membrane bound 
enzymes: ALP, 5’-NT and GGT, besides the decrease in 
activity of antioxidant enzyme (CAT, GPx, and SOD). These 
results suggested that high dose TiO2 NPs caused damage 
in the cerebrum due to production of an oxidative stress. 
This stress successfully prevented by βC. Administration 
of 10mg/kg βC by gavage 7 days prior and 14 days with 
high dose TiO2 NPs could prevent the pathological and 
biochemical changes in protected group.

ABBREVIATION                                                                          

5’-NT: 5’-nucleotidase; ALP: alkaline phosphatase; 
BBB: blood-brain barrier; βC: Beta-carotene; CAT: 
Catalase; GFAP: glial fibrillary acid protein; GGT: gamma-
glutamyl transpeptidase; GPx: glutathione peroxidase; i.p.: 
intraperitoneal injection; ROS: reactive oxygen species; 
SOD: superoxide dismutase; TiO2 NPs: Titanium dioxide 
nanoparticles.
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الملخص العربى

 دور بيتا كاروتين ضد التأثير السمي لجسيمات نانو ثاني أكسيد التيتانيوم  على قشرة
المخ في الفأر الأبيض البالغ: دراسة هستولوجية و تحليل كيميائي حيوي

ريهام حلمي عبد الكريم، وآيات محمود الدموكي

قسم التشريح الآدمى والأجنة، كلية الطب، جامعة الزقازيق

التيتانيوم من خلال فحص  أكسيد  ثاني  نانو  العصبي لجسيمات  السمي  للتأثير  تحقيق رؤية جديدة  البحث:  الهدف من 
التغيرات المرضية والكيميائية الحيوية في القشرة الدماغية للفئران البيضاء، وتقييم الدور الوقائي المحتمل للكاروتين 

من هذه السمية.
طريقة البحث: تم تقسيم 50 من الفئران البيضاء اللى 5 مجموعات:

11 مجموعة الجرعة المنخفضة: تم اعطاء جسيمات نانو ثاني أكسيد التيتانيوم عن طريق الحقن داخل الصفاق 100 .
ملغم / كغ ، يومياً لمدة 14 يومًا.

22 مجموعة الجرعة المرتفعة: تم اعطاء جسيمات نانو ثاني أكسيد التيتانيوم عن طريق الحقن داخل الصفاق 300 ملغم .
/ كغ ، يومياً لمدة 14 يومًا.

33 أيام قبل و 14 يومًا مع حقن . التزقيم لمدة 7  الكاروتين بواسطة  مجموعة محمية: تم اعطاء 10 مجم / كجم من 
الجسيمات النانوية 300 مغ / كغ.

44 مجموعة المراقبة:  تم اعطاء محلول ملحي عن طريق الحقن داخل الصفاق 2 ملغم / كغم ، يومياً لمدة 14 يومًا..
55 مجموعة البيتا كاروتين:  تم اعطاء 10 مجم / كجم من الكاروتين بواسطة التزقيم لمدة 21 أيام. من ثم فحص أنسجة .

القشرية المخية وتحليل الكيمياء الحيوية لقياس إنزيمات الفيروكسيد الأنزيمية ، الجلوتاثيون بيروكسيديز، الكاتالاز، 
الفوسفاتيز القلوي، ناقلة الببتيداز غاما-جلوتاميل، ونوكليوتيداز 5.

جسيمات  من  كبيرة  جرعة  إعطاء  أدى  التيتانيوم،  جسيمات  من  منخفضة  جرعة  إعطاء  عكس  على  البحث:  نتائج 
التيتانيوم إلى تغييرات نسيجية ملحوظة في شكل انخفاض عدد الخلايا العصبية الحويصلية وفقدان تجانس الخلفية مع 
ظهور فراغات وتغيرات مائية. وعلاوة على ذلك ، زيادة في عدد الخلايا النجمية مع ظهور مساحة التسمم وزيادة في 
مؤشر موت الخلايا المبرمج. أظهر التحليل الكيميائي الحيوي انخفاضًا كبيرًا في أنشطة إنزيمات مضادات الأكسدة: 
ديسموتاز الفائق أكسي، والغلوتاثيون بيروكسيديز والكاتالاز. بالإضافة إلى ذل ، انخفاض كبير في أنشطة الفوسفاتيز 
القلوية وجاما غلوتاميل، على الرغم من أن نشاط 5’النيوكليوتيداز لم يتغير بشكل كبير عن طريق إعطاء الجسيمات 

النانوية. هذه التغييرات لم تظهر بشكل ملحوظ باستخدام بيتا كاروتين.
الخلاصة من البحث: اعطاء البيتا كاروتين يعتبر بمثابة دواء مفيد للحماية من السمية العصبية التي تسببها الجسيمات 

النانوية.


