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Abstract

Titanium Dioxide Nanoparticles (TiO2-NPs) are one of 
the most used materials in the production of inputs from 
different industries such as food, cosmetics and many oth-
ers. However, the prolonged occupational and consump-
tion exposure to these TiO2-NPs has been shown to have 
serious health consequences. One of the main entry routes 
to humans of these TiO2-NPs is the respiratory route. Once 
inside, they can go to the lungs and enter the circulation 
or, come into contact with the brain through olfactory bulb. 
This review shows the most relevant works of damage asso-
ciated with TiO2-NPs in the respiratory and nervous systems 
in tests performed both in vivo and in vitro, with a vision 
that encompasses everything from the first findings to the 
most novel data.
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Introduction

The first reports on the use of Nanoparticles (NPs) date back 
to the late 70’s and describe the use of particles in nanomet-
ric size as delivery systems for anticancer drugs [1]. Almost two 
decades later their concept was established [2] defining NPs as 
particles with a diameter below 50 nm separating them from 
other ultrafine particles, although the current accepted size is 
100 nm. In those years, we can find the first scientific reports 
that propose the use of NPs in other industries for example as 
molecular sunscreens due to their ability to reflect UV radiation 
[3]. 

One of the most used NPs are Titanium Dioxide Nanoparti-
cles (TiO2-NPs). These are produced with titanium isopropoxide 
solubilized in ethanol, which is subjected to an industrial stirring 
process at 0 ⁰C and a hydrothermal treatment to produce three 
different crystalline forms: rutile, anatase and brookite, where 
rutile is the stable phase in the bulk material. In solution, repa-
ration methods for TiO2 generally favor the anatase structure 
(Figure1) [4]. The size of the TiO2-NPs also plays a role on their 
structure. X-ray absorption spectra indicate that TiO2-NPs with 
an average particle size of approximately 12-30 nm have an ana-
tase structure, whereas TiO2-NPs with an average particle size 
of approximately 7 nm has a structure very similar to that of the 
rutile phase, which generally arises only under high-pressure 
conditions. This difference can be attributed to size-induced ra-
dial pressure within the smaller nanoparticles [5]. Size, shape 
and crystalline phase are important differences between differ-
ent types of TiO2-NPs, but in this review we made a selection of 
principal works reported with all the TiO2-NPs types used in the 
research field.

Figure 1: Schematic flow chart illustrating the steps in the 
synthesis of phase-pure TiO2 nanomaterials.

Today TiO2-NPs are widely used in many industries. For ex-
ample, E171 TiO2-NPs are used in the food industry they are a 
common food additive used to enhance the white color, bright-
ness, and sometimes flavor of a variety of food products [6]. It 
has been used for the production of coated candy, preserved 
fruits, chewing gum, carbonated drinks, powdered drinks (in 
unsweetened dosage form or concentrated), milk and dairy 
products, and other food categories [7,8]. The concentration 

of TiO2-NPs in food reaches as high as 0.5-9 g/kg [6,7]. TiO2-
NPs have also been widely used in biomedicine, organic pollut-
ant treatment, materials engineering and cosmetics [9,10]. As 
mentioned above, one of the most important uses of TiO2-NPs 
is in the sunscreen industry. P25 TiO2-NPs (TiO2-NPs for indus-
trial applications) can absorb and reflect UV radiation of two 
wavelengths (310 and 400 nm) [11]. Modern sunscreens con-
tain TiO2-NPs, which are colorless, reflecting and scattering Ul-
traviolet Light (UV) more efficiently than larger particles [12]. In 
the occupational settings such as factories, employees are di-
rectly in contact with TiO2-NPs and the primary exposure route 
to them internalization is the inhalation through the respiratory 
system [13]. Once inside the respiratory tract, TiO2-NPs can be 
internalized to the lower respiratory tract, coming in contact 
with lungs and substructures, and reach many organs through 
blood circulation. Due to their nanometric size, they can also 
translocate to the upper respiratory tract, crossing the olfac-
tory bulb and the blood-brain barrier entering in contact with 
the brain crossing the Blood-Brain Barrier (BBB) [14] (Figure 2). 
In addition, in vivo studies shown that TiO2-NPs can reach the 
brain after chronic oral intake [15].

Figure 2: Schematic representation of the entry of the TiO2-
NPs through the respiratory tract.

For many years TiO2-NPs were considered inert and safe for 
human health [12], but in the last decade, various studies dem-
onstrated that TiO2-NPs induce cell toxicity and damage both 
in vitro and in vivo. Due to their occupational exposure and hu-
man consumption, more studies about toxic effects induced by 
TiO2-NPs are needed. In this work, a review of effects of TiO2-
NPs on the principal cells and organs from the respiratory and 
nervous systems both in vivo and in vitro is shown, to consider 
the future perspectives for large-scale manufacturing and ap-
plications of TiO2-NPs.

TiO2-NPs and the respiratory system

The first study that reported damage induced by TiO2-NPs 
was in 2004. Studies have reported an increment in the poly-
morphonuclear neutrophils recruitment at the bronchoalveolar 
lavage in rats instilled with TiO2-NPs [16]. Neutrophils function 
as the first line of defense against infections being responsible 
for the containment and elimination of pathogens. They are 
prevalent at sites of tissue trauma and are the hallmark of acute 
inflammation [17]. Inflammation induced by TiO2-NPs also in-
creases macrophage activity, another indicator of a stimulated 
immunity response [18].
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In vitro studies

Treatments with TiO2-NPs in epithelial cells of human lung 
Adenocarcinoma (A549) report an inflammatory response re-
leasing Interleukin 18 (IL-8) [18-20] and Reactive Oxygen Species 
(ROS) [20] plus Glutathione (GSH) depletion [18] as oxidative 
stress markers with a decrease on the cell viability and prolif-
eration [21]. In a concentration-dependent manner in A549 and 
L-132 lung cell lines, oxidative stress were also induced [22,23]. 
The DNA structure of A549 cells was affected in presence of 
TiO2-NPs causing single and double-strand breaks plus oxida-
tive lesions [24-26]. However, results from another group did 
not support these findings. They did not found DNA damage 
and ROS release after TiO2-NPs exposition, in comparison with 
cobalt NPs treatment [27]. Apoptosis and other signals of cell 
damage like LDH release, mitochondrial injury, changes in ATP 
levels, and morphological alterations in this cell line have been 
reported after a TiO2-NPs exposure [23,28,29]. One of the most 
recent studies with A549 cells treated with TiO2-NPs showed 
an increase in triglycerides evaluated By Surface-Enhanced 
Raman Spectroscopy (SERS). In normal conditions, cholesterol 
levels are fairly constant and triglyceride levels can fluctuate, 
but under stress conditions cells can deposit more fatty acids 
as triglycerides reducing cholesterol levels, creating a linear in-
crease of the triglyceride/glycogen ratio. This indicates a switch 
of metabolic activity to fatty acid biosynthesis due to mitochon-
drial dysfunction [30].

TiO2-NPs exposure in normal human bronchial epithelial 
cells showed similar results to lung adenocarcinoma, such as 
induction of oxidative stress, pro-inflammatory responses, DNA 
damage and apoptosis through lysosomal membrane destabili-
zation and lipid peroxidation [31-36]. TiO2-NPs induced mucus 
hypersecretion in human bronchial epithelial cells ChaGo-K1 via 
a Ca (2+) signaling mediated pathway. The increase of mucus 
secretion is the major clinical manifestation commonly found 
in Chronic Obstructive Pulmonary Disease (COPD) and asthma 
[37]. A proteomic investigation in BEAS-2B cells, revealed that 
TiO2-NPs altered 46 proteins expression levels, which include 
some key proteins involved in cellular stress response, metabo-
lism, adhesion, cytoskeletal dynamics, signaling, cell growth 
and death [38]. Although one study found neither genotoxic 
damage nor ROS liberation in these cells [39]; in the same year, 
another research group confirmed genotoxic damage induced 
by TiO2-NPs in TK6, human endothelial and cerebral endothe-
lial cells, hepatocytes, Kupffer cells, CoS-1, HEK293, BeWo b30 
and bronchial 16HBE14o cells [40]. In the Endoplasmic Reticu-
lum (ER) of 16HBE14o cells, NPs induced stress, disrupting the 
mitochondria-associated endoplasmic reticulum membranes 
(MAMs) and calcium ion balance, thereby increasing autophagy 
[13]. An epigenetic study showed global hypomethylation after 
24 h of TiO2-NPs treatment at sub cyto-genotoxic concentra-
tions [41]. It is well known that DNA methylation is an epigen-
etic process involved in gene silencing.

Some studies have compared the cytotoxic effects of TiO2-
NPs in the phagocytic RAW 264.7 cells, a common lung target 
for NPs. TiO2-NPs did not induce ROS production, LDH release 
[42] and apoptotic death [43] in comparison with carbon black 
NPs, and ZnO, DQ12 quartz and amorphous silica respectively. 
Finally, in Normal Human Bronchial Epithelial cells (NHBE) the 
release of IL-6, Granulocyte Colony-Stimulating Factor (G-CSF) 
and Vascular Endothelial Growth Factor (VEGF) was induced by 
TiO2-NPs as a result of an immune response [19], while in hu-
man lung fibroblasts inhibited the intercellular communication 

in gap junctions, affecting juxtacrin signaling [44]. 

In vivo studies

Since 2006, in vivo studies in rats instilled with TiO2-NPs re-
sulted in transient inflammatory responses and cell injury at 
24 h post-exposure, inducing pulmonary emphysema, macro-
phages accumulation, extensive disruption of alveolar septa, 
type II pneumocyte hyperplasia, and epithelial cell apoptosis 
[45,46]. Another research group found differences in relation to 
surface properties like crystal structure in cell damage induced 
by TiO2-NPs. They showed that 80/20 anatase/rutile TiO2-NPs 
produced pulmonary inflammation, cytotoxicity and adverse 
effects in lung tissue, versus pure rutile TiO2-NPs that induced 
only transient inflammation [47]. Several studies showed that 
TiO2-NPs are deposited inside the lungs and can translocate 
from the pulmonary airways into other pulmonary compart-
ments or the systemic circulation, and their accumulation sites 
are time-dependent, for example, 1 h after exposure to NPs, 
the connective tissue was the preferential target while after 24 
h most TiO2-NPs were located in the capillary lumen [48-49].

On the other hand, various works have shown that TiO2-NPs 
can favor cancer development. Rats exposed by intratracheal 
instillation to TiO2-NPs showed carcinogenic responses and lung 
neoplastic lesions induced by N-bis (2-hydroxypropyl) nitrosa-
mine (DHPN) [50].

Recent observations indicate that nasal exposure to TiO2-NPs 
promotes lung tumorigenesis with increased levels of tumor 
markers including cytokeratin 19 and carcinoembryonic antigen, 
as well as higher LDH, alkaline phosphatase and infiltration of 
inflammatory cells in Bronchoalveolar Lavage Fluid (BALF) [51].

Additionally, TiO2-NPs effects have been associated with in-
flammatory processes in lungs. Mice treated with TiO2-NPs by 
intratracheal instillation for 2 and 4 hours over 4 weeks, expe-
rienced chronic inflammation with increased IgE production in 
BALF and serum. In lung tissue, an increase of Inflammatory 
Proteins (MIP and MCP) and granuloma formation were also 
observed [52]. Neutrophilia was induced in rats by inhalation 
of TiO2-NPs [53]. However, a study reported that in compari-
son with another metallic NPs (cerium, nickel, zinc and copper 
oxides, silicon dioxide and carbon black), TiO2-NPs did not in-
duce inflammatory responses even in high concentrations [54], 
in contrast to other works that support this fact and show that 
lung inflammation occurs in mice primarily through the NF-κB 
signaling pathways after intragastric administration [55]. Addi-
tionally, particle size is not important to induce a toxic effect 
compared with other surface characteristics such as chemical 
reactivity and surface area. TiO2-NPs did not show measurable 
differences in toxicity induction compared with fine-sized par-
ticles (300 nm), producing an enhanced inflammatory response 
with particles of similar sizes but different surface areas [56]. 

On the other hand, TiO2-NPs have an impact in lung physiol-
ogy altering the structure and function of the pulmonary sur-
factant. Under TiO2-NPs exposure, lamellar body-like structures 
were deformed and decreased in size; and unilamellar vesicles 
were formed. Particle size and surface area play a critical role 
in the response of pulmonary surfactant, with an increment in 
adsorption surface tension [57].

Recent studies in rats and mice treated by instillation and in-
traperitoneal injection confirmed the accumulation of TiO2-NPs 
in lungs, accompanied by reduction in organ/body weight ratios 
and tissue damage by oxidative stress [58,59].
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An investigation on the kinetics of TiO2-NPs accumulation in 
many organs of rats exposed by different intake routes (intrave-
nous injection, intratracheal instillation and oral application) to 
a low single dose (typically 40-400 μg/kg BW), found the pres-
ence of NPs in all organs tested by all administration ways [60-
62].

The respiratory exposure to metallic NPs (including cerium 
oxide, silver and TiO2-NPs) during pregnancy impaired lung de-
velopment in the offspring with lasting effects in adult mice, in-
dependently of the type of NPs [63]. In an adult mouse model 
of Ovalbumin (OVA)-induced allergic lung disease, TiO2-NPs ex-
acerbated the airway hyperresponsiveness and inflammation, 
increasing IL-1β and IL-18 release plus NLRP3 inflammasome 
and caspase-1 activity in the lung [64]. Finally, in humans, stud-
ies in exhaled breath condensate of workers exposed to TiO2-
NPs found DNA, protein and lipid oxidation [65-66]. The exhaled 
breath condensate technique consists in collect and cools the 
exhaled air of people. The liquid obtained reflects the composi-
tion of the airway lining fluid [65]. Specific markers of nucleic, 
protein and lipid damage induced by oxidative stress were ana-
lyzed. All these markers are significantly increased in workers 
that were exposed to TiO2-NPs. A summary of experiments per-
formed in vitro and in vivo by exposure to NPs is shown Figure 3.

Figure 3: Abstract graphic of the alterations induced in lung 
cell cultures and lungs of animals exposed to TiO2-NPs.

TiO2-NPs and the nervous system

Since 2006, TiO2-NPs were reported as agents that can cause 
brain damage [67], and one work showed induction of oxida-
tive stress in microglia [68]. In that year also appeared one of 
the first reviews describing that NPs can deposit in the respira-
tory tract after inhalation, and the uptake of nanoparticles by 
the brain via the olfactory epithelium [69]. One year later, other 
studies showed that TiO2-NPs could be translocated and depos-
ited in murine brain after absorption by the nasal mucosa alter-
ing the release and metabolism of neurotransmitters in brain 
[70]. 

Fishes are one of the most used models to evaluate the tox-
icity of TiO2-NPs in many organs including the brain. The mech-
anisms of absorption, distribution, metabolism and excretion 
of TiO2-NPs have been analyzed across different NPs in these 
models [71]. Some reports in Oncorhynchus mykiss and Cypri-
nus carpio showed that TiO2-NPs have sub-lethal toxicity lead-
ing to oxidative stress, organ pathologies, and the induction of 
anti-oxidant defenses such as glutathione [72,73]. In Danio rerio 
exposed to NPs, several alterations were observed in major bio-
chemical constituents such as proteins, lipids and nucleic acids 

of brain tissues [74], a decrease of spatial recognition memory 
and levels of norepinephrine, dopamine, and 5-hydroxytrypta-
mine, an increment in NO [75], and a lower cumulative number 
of viable embryos produced [76]. 

 In vitro studies

Alzheimer´s disease is one of the most studied neurode-
generative disorders. One of the most relevant events in the 
development of this disease is the accumulation of amyloid 
deposits as extracellular plaques mediated by fibrillation of the 
Amyloid-β peptide (Aβ). One study showed that TiO2-NPs can 
induce Aβ fibrillation by reducing the nucleation process, which 
is the key step of fibrillation [77]. In PC12, a cell line derived 
from the rat adrenal medulla used for brain neurons research, 
TiO2-NPs diminished cell viability, ROS generation and apoptosis 
[78]. 

In primary cultures of olfactory bulb neurons, TiO2-NPs 
caused neuronal apoptosis, and down-regulated the expression 
of Olfactory Marker Protein (OMP), which is associated with the 
mature olfactory neuronal receptor in many vertebrate spe-
cies; also down-regulating Tyrosine Hydroxylase (TH) [79]. In 
rats treated intravenously with a single dose of TiO2-NPs, the Ti 
content in the brain significantly increased at early end points 
followed by a subsequent decrease at 24 h, in contrast with 
liver, spleen and lungs where Ti persisted for a year. Ti deposits 
induced an increment of tight junction proteins (claudin-5 and 
occludin), IL-1β, Chemokine Ligand 1 (CXCL1) and γ Inducible 
Protein-10 (IP-10/CXCL10) in endothelial cells of the brain mi-
crovasculature. These results suggest a potential effect of TiO2-
NPs in organs distant from the brain, possibly via mediators 
transported by circulation [80]. 

There is a kind of cytoskeletal proteins that are essential in 
eukaryotic cells for a variety of functions such as cellular trans-
port, cell motility and mitosis named microtubule proteins. In 
neurons, these proteins are used to transport substances such 
as neurotransmitters. In microtubule proteins isolated from 
sheep brains, TiO2-NPs induced a significant tubulin conforma-
tional change and disrupted tubulin polymerization [81].

In human-derived cells some studies have been performed. 
In endothelial cells from the brain, TiO2-NPs were up taken and 
transported into the lysosomes, activating lysosomal proteases 
and oxidative stress, correlated with an increase in DNA strand 
breaks and defensive mechanisms that, ultimately induced an 
autophagy process in the cells [82]. Other studies focused their 
attention in the capacity of TiO2-NPs to cross the BBB using a 
model of hCMEC/D3 endothelial cells. They observed endocy-
tosis and eventual transcytosis of these NPs [83]. In another 
study, Neural Stem Cells (hNSCs) were exposed to TiO2-NPs to 
evaluate the effects on neurogenesis and brain function. The 
results showed that hNSCs formed aggregates and exhibited 
abnormal morphology, also affecting the expression of Nestin 
(stem cell marker) and Neurofilament Heavy polypeptide (NF-H, 
neuron marker) [84].

Some works have reported the effect of TiO2-NPs on glial 
cells. These cells including the astrocytes are very important 
for the correct brain function and maintenance. In C6 and U373 
rat and human cell lines, respectively, TiO2-NPs induced many 
injuries as morphological changes that were related with a de-
crease in immuno-location of F-actin fibers, DNA fragmenta-
tion, apoptosis, oxidative stress induction, lipid peroxidation, 
increased expression of antioxidant molecules and changes 
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in mitochondrial membrane potential [85,86]. The last work 
group also proved that TiO2-NPs were internalized shortly after 
exposure (30 min and 2 h in C6 and U373 cells, respectively) 
with formation of pseudopodia and intracellular vesicles. NPs 
internalization was strongly inhibited by cytochalasin-D (actin-
dependent endocytosis inhibitor) in both cells and by amiloride 
in U373 cells, indicating that macropinocytosis is the main pro-
cess of internalization in the latter [87]. In primary cultured rat 
astrocytes, NPs induced significant loss of glutamate uptake, 
indicative of a loss of vital astrocyte functions. NPs also in-
creased ROS and mitochondrial damage evidenced as changes 
in morphology and decreased membrane potential. NPs at low 
and high concentrations altered the expression pattern of dy-
namin-related and apoptotic fission proteins respectively, both 
related with mitochondrial dynamics [88]. Finally, in microglial 
BV-2 cells, another kind of glial cells involved in inflammatory 
response, internalization of TiO2-NPs, mitochondrial dysfunc-
tion and oxidative stress were observed [89].

Neuron-glial interactions were recently studied to elucidate 
how TiO2-NPs can affect these interactions. Co-cultures of ALT 
astrocyte-like, BV-2 microglia and differentiated N2a neuroblas-
toma cells were treated with TiO2-NPs. ALT and BV-2 cells inter-
nalized more TiO2-NPs than N2a cells resulting in lower cell vi-
ability. TiO2-NPs also induced release of IL-1β in all cell lines and 
IL-6 in N2a. Glial cells were activated by pre-treatment with Li-
popolysaccharide (LPS) before the TiO2-NPs treatment, thereby 
mimicking NPs exposure under brain injury. LPS-activated BV-2 
cells internalized more TiO2-NPs than normal BV-2 releasing 
more intra/extracellular ROS, IL-1β, IL-6 and MCP-1 proteins. 
Although TiO2-NPs did not directly cause loss of viability in N2a 
cells, when these cells were co-cultured in the transwell system 
with LPS-activated BV2 cells treated with NPs, late apoptosis 
and loss of cell viability in N2a cells were observed. However, 
none of the adverse effects in N2a or BV-2 cells were observed 
when these were co-cultured with ALT cells, demonstrating that 
neuronal damage can result from TiO2-NPs-mediated ROS and/
or cytokines release from microglia, but not from astrocytes 
[90]. 

In vivo studies

Studies in insects, for example Bombyx mori (silkworm) 
exposed to TiO2-NPs showed an increment in 20-hydroxyec-
dysone, an important protein during transition from larvae to 
pupae, shortening the developmental progression, and the du-
ration of molting [91].

Many studies confirm the cytotoxicity of TiO2-NPs in the 
brain of rodents. Rats and mice exposed to TiO2-NPs showed 
damage by oxidative stress and lipid peroxidation [92-95]. NPs 
also produced a high inflammation responses associated with 
Tumor Necrosis Factor-α (TNF-α) and IL-1β in a time-dependent 
manner in sub-brain regions including olfactory bulb, cerebral 
cortex, hippocampus, and cerebellum [92,96]. Increased apop-
tosis and dopamine and norepinephrine levels in hippocampus 
and cerebral cortex were also reported after TiO2-NPs expo-
sure [94,95,97]. Wang and collaborators also reported mor-
phological changes of hippocampal neurons and high number 
of GFAP-positive astrocytes in the CA4 region of hippocampus. 
They reported lipid and protein oxidation, catalase activity and 
glutamic acid plus nitric oxide release in this brain region [98]. 
A recent work confirmed that TiO2-NPs downregulated acethyl-
cholinesterase activity, increasing IL-6 release and GFAP reactiv-
ity in rat cerebral cortex [99]. TiO2-NPs exposure induced glu-
tamate release, phosphate-activated glutaminase activity, and 

reductions in glutamine and glutamine synthetase expression 
in the hippocampus. Furthermore, TiO2-NPs significantly inhib-
ited the expression of N-methyl-d-aspartate receptor subunits 
(including NR1, NR2A, and NR2B) and metabotropic glutamate 
receptor 2 in this tissue [100]. 

One work group proposed that TiO2-NPs induced oxidative 
damage in mice brain may occur via the p38-Nrf-2 signaling 
pathway, because NPs significantly activated p38, c-Jun N-ter-
minal kinase, NF-κB, Nrf-2 and heme oxygenase-1 expression, 
increasing ROS, as well as lipid, protein and DNA peroxidation 
[101]. A neurotoxicity and gene-expressed profile showed sig-
nificant alterations in 249 genes. This profile showed up- and 
down-regulation of 113 genes and 136 genes respectively, relat-
ed with oxidative stress, immune response, apoptosis, memory 
and learning, brain development, signal transduction, meta-
bolic processes, DNA repair, response to stimulus, and cellular 
processes [97].  The homeostasis of neuronal synaptic plasticity 
was investigated at the level hippocampal mRNA expression in 
mice treated with TiO2-NPs by subchronic oral exposure. They 
observed that NPs caused severe pathological changes, down-
regulating N-methyl-D-aspartate (NMDA), receptor subunits 
NR2A and NR2B, associated with the simultaneous inhibition 
of CaMKIV, Cyclic-AMP, Responsive Element Binding Proteins 
(CREB-1, CREB-2), and FosB/DFosB [102]. TiO2-NPs also induced 
neuroinflammation, upregulating Toll-Like Receptors (TLR2, 
TLR4), TNF-α, nucleic IκB kinase, NF-κB-inducible kinase, NF-κB, 
NF-κB2 (p52), RelA (p65); while suppressing IκB and IL-2 in the 
hippocampus [103]. Recently, molecular studies focused on epi-
genetic patterns proposed that TiO2-NPs-induced brain damage 
is associated with DNA methylation [104]. Presence of TiO2-NPs 
in brain was reported in mice after 60 days of dermal exposure 
in hairless mice [105]. In contrast, one research using dispersive 
X-rays found that TiO2-NPs aggregates administrated by intra-
venous and subcutaneous injection were not deposited in the 
brain [106].

Inside the Alzheimer´s disease research, one investigation 
found that TiO2-NPs produce mild to moderate changes in the 
cytoarchitecture of the brain tissue in a time-dependent man-
ner, and a point mutation of Presenilin 1 gene at exon 5, gene 
linked to inherited forms of this disease [107].

NPs can cross the placenta barrier in pregnant mice and in-
duce neurotoxicity in their offspring. TiO2-NPs internalization 
causes complications during pregnancy like smaller uteri and 
fetuses [108]. TiO2-NPs affected gene expression related to de-
velopment and function of the central nervous system in off-
spring, with changes oxidative stress-related genes in the brains 
of two and three-week old mice [109,110]. TiO2-NPs also influ-
enced the development of the central dopaminergic system in 
offspring increasing dopamine and its metabolites in prefrontal 
cortex and neostriatum [111]. The same effect was observed 
in cerebral cortex, olfactory bulb and some regions intimately 
related to this system [112]. TiO2-NPs could affect the synaptic 
plasticity in offspring's hippocampal dentate gyrus area (asso-
ciated with learning and memory), indicating that brain devel-
opment, especially during lactation, is susceptible to TiO2-NPs 
exposure [113].

TiO2-NPs increase IL-1β, TNF-α and IL-10 in brain, and disrupt 
BBB leading to brain tissue necrosis, inflammation and cellular 
edema as shown in rat astrocytes [114]. This contrasts with an 
in vitro study reporting that TiO2-NPs promoted the acquisition 
of a proinflammatory phenotype specifically in microglia and 
not in astrocytes [115].
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Conduct, cognition and behavior studies are very important 
fields in neurosciences research. Rats treated by intraperito-
neal injection with TiO2-NPs were tested in elevated plus-maze. 
This test model is based on animal's aversion to open spaces 
and tendency to avoid the physical contact, where anxiety is 
expressed by the animal spending more time in the enclosed 
arms. Results obtained with this test showed that treated rats 
spent more time in the secured closed arms and entered the 
anxiogenic open arms less frequently than control, with in-
creased brain/body ratio [116]. Additionally, spatial recognition 
was impaired in rats with subchronic oral exposure to TiO2-
NPs [102]. Finally, central administration of TiO2-NPs by intra-
cerebroventricular injection induced behavioral deterioration in 
freely moving intact rats [117].

Prenatal exposure to TiO2-NPs have a negative impact on 
the offspring´s behavior: for example, TiO2-NPs enhanced the 
depressive-like behaviors during adulthood in the forced swim-
ming test. This test evaluates three variations of mobility (immo-
bile, mobile, and highly mobile). A sucrose preference test was 
also performed. Results showing that TiO2-NPs-treated mice 
increased immobility in the forced swimming test. Immobility 
is a sign of passive stress–coping strategy and depression-like 
behavior. Finally, treated mice showed less interest in sucrose 
water versus tap water. In this test, the loss of interest is a core 
symptom of depression [118]. TiO2-NPs also decreased memory 
and learning in the offspring [119]. These results suggest that 
stress during fetal life induced by prenatal exposure to TiO2-NPs 
could be implicated in depressive-like behaviors and the loss of 
memory in adulthood. A summary of experiments performed in 
vitro and in vivo by exposure to NPs is shown in Figure 4.

Figure 4: Abstract graphic of the alterations induced in brain 
cell cultures and brains of animals exposed to TiO2-NPs.

Conclusion 

In conclusion, there is significant in vitro and in vivo evidence 
that TiO2-NPs exposure in cells and organs associated with re-
spiratory and nervous system produces cell toxicity, stress, in-
flammatory response, damage and death. In normal life the oc-
cupational and ordinary exposure to these nanoparticles occurs 
mainly through the respiratory system, involving internalization 
and distribution inside the body followed by accumulation in 
lungs and brain. The presence of TiO2-NPs may lead to chronic 
damage and dysfunction of these organs also triggering the 
development of diseases, which turns TiO2-NPs into a serious 
health issue that requires immediate attention.

References

1. Couvreur P, Couvreur P, Kante B, Roland M, Speiser P. Adsorption 
of antineoplastic drugs to polyalkylcyanoacrylate nanoparticles 
and their release in calf serum. J Pharm Sci. 1979; 68: 1521-
1524.

2. Pui DH, Chen DR. Nanometer particles: a new frontier for multi-
disciplinaryresearch. J. Aerosol Sci. 1997; 28: 539-544.

3. Wissing SA, Muller RH. Solid Lipid Nanoparticles (SLN)-a novel 
carrier for UV blockers. Pharmazie. 2001; 56: 783-786.

4. Reyes-Coronado D, Rodríguez-Gattorno G, Espinosa-Pesqueira 
ME, Cab C, de Coss R, et al. Phase-pure TiO2 nanoparticles: Ana-
tase, brookite and rutile. Nanotechnology. 2008; 19:145605.

5. Choi HC, Ahn HJ, Jung YM, Lee MK, Shin HJ, et al. Characteriza-
tion of the structures of size-selected TiO2 nanoparticles using 
X-ray absorption spectroscopy. Appl Spectrosc. 2004; 58: 598-
602.

6. Peters RJ, van Bemmel G, Herrera-Rivera Z, Helsper HP, Marvin 
HJ, et al. Characterization of titanium dioxide nanoparticles in 
food products: analytical methods to define nanoparticles. J Ag-
ric Food Chem. 2014; 62: 6285-6293.

7. Weir A, Westerhoff P, Fabricius L, Hristovski K, von Goetz N. Tita-
nium dioxide nanoparticles in food and personal care products. 
Environ Sci Technol. 2012; 46: 2242-2250.

8. Chen XX, Cheng B, Yang YX, Cao A, Liu JH, et al. Characterization 
and preliminary toxicity assay of nano-titanium dioxide additive 
in sugar-coated chewing gum. Small. 2013; 9: 1765-1774.

9. Riehemann K, Schneider SW, Luger TA, Godin B, Ferrari M. Nano-
medicine-challenge and perspectives. Angew Chem Int Ed Eng. 
2009; 48: 872-897.

10. Karaca G, Tasdemir Y. Migration of PAHs in food industry sludge 
to the air during removal by UV and TiO2. Sci Total Environ. 
2014; 488-489: 356-361.

11. Popov AP, Lademann J, Priezzhev AV, MyllyläR. Effect of size of 
TiO2 nanoparticles embedded into stratum corneum on ultra-
violet-A and ultraviolet-B sun-blocking properties of the skin. J 
Biomed Opt. 2005; 10: 064037.

12. Nohynek GJ, Lademann J, Ribaud C, Roberts MS. Grey goo on 
the skin? Nanotechnology, cosmetic and sunscreen safety. Crit 
Rev Toxicol. 2007; 37: 251-277.

13. Yu KN, Chang SH, Park SJ, Lim J, Lee J, et al. Titanium Dioxide 
Nanoparticles Induce Endoplasmic Reticulum Stress-Mediated 
Autophagic Cell Death via Mitochondria-Associated Endoplas-
mic Reticulum Membrane Disruption in Normal Lung Cells. PLoS 
One. 2015; 10: e0131208.

14. Lee JH, Kim YS, Song KS, Ryu HR, Sung JH, et al. Biopersistence 
of silver nanoparticles in tissues from Sprague-Dawley rats. Part 
Fibre Toxicol. 2013; 10: 36.

15. Grissa I, Guezguez, S, Ezzi L, Chakroun S, Sallem A, et al. The 
effect of titanium dioxide nanoparticles on neuroinflammation 
response in rat brain. Environ Sci Pollut Res. 2016; 23: 20205-
20213. 

16. Renwick LC, Brown D, Clouter A, Donaldson K. Increased inflam-
mation and altered macrophage chemotactic responses caused 
by two ultrafine particle types. Occup Environ Med. 2004; 61: 
442-447.

17. Borregaard N. Neutrophils, from marrow to microbes. Immu-
nity. 2010; 33: 657-670.



7

MedDocs Publishers

Journal of Nanomedicine

18. Monteiller C, Tran L, MacNee W, Faux S, Jones A, Miller B, Don-
aldson K. The pro-inflammatory effects of low-toxicity low-sol-
ubility particles, nanoparticles and fine particles, on epithelial 
cells in vitro: the role of surface area. Occup Environ Med. 2007; 
64: 609-615.

19. Müller L, Riediker M, Wick P, Mohr M, Gehr P, et al. Oxidative 
stress and inflammation response after nanoparticle exposure: 
differences between human lung cell monocultures and an ad-
vanced three-dimensional model of the human epithelial air-
ways. J R Soc Interface. 2010; 7: S27-S40.

20. Ekstrand-Hammarström B, Akfur CM, Andersson PO, Lejon 
C, Osterlund L, et al. Human primary bronchial epithelial cells 
respond differently to titanium dioxide nanoparticles than the 
lung epithelial cell lines A549 and BEAS-2B. Nanotoxicology. 
2012; 6: 623-634.

21. Horie M, Nishio K, Fujita K, Endoh S, Miyauchi A, et al. Protein 
adsorption of ultrafine metal oxide and its influence on cytotox-
icity toward cultured cells. Chem Res Toxicol. 2009; 22: 543-553.

22. Srivastava RK, Rahman Q, Kashyap MP, Singh AK, Jain G, et al. 
Nano-titanium dioxide induces genotoxicity and apoptosis 
in human lung cancer cell line, A549. Hum Exp Toxicol. 2013; 
32:153-166.

23. Kim IS, Baek M, Choi SJ. Comparative cytotoxicity of Al2O3, 
CeO2, TiO2 and ZnO nanoparticles to human lung cells. J Na-
nosci Nanotechnol. 2010; 10: 3453-3458. 

24. Jugan ML, Barillet S, Simon-Deckers A, Herlin-Boime N, Sauvaigo 
S, et al. Titanium dioxide nanoparticles exhibit genotoxicity and 
impair DNA repair activity in A549 cells. Nanotoxicology. 2012; 
6: 501-513.

25. Wang Y, Cui H, Zhou J, Li F, Wang J, et al. Cytotoxicity, DNA dam-
age, and apoptosis induced by titanium dioxide nanoparticles in 
human non-small cell lung cancer A549 cells. Environ Sci Pollut 
Res Int. 2015; 22: 5519-5530.

26. Kansara K, Patel P, Shah D, Shukla RK, Singh S, et al. TiO2 
nanoparticles induce DNA double strand breaks and cell cycle 
arrest in human alveolar cells. Environ Mol Mutagen. 2015; 56: 
204-217.

27. Wan R, Mo Y, Feng L, Chien S, Tollerud DJ, et al. DNA damage 
caused by metal nanoparticles: involvement of oxidative stress 
and activation of ATM. Chem Res Toxicol. 2012; 25: 1402-1411.

28. Tang Y, Wang F, Jin C, Liang H, Zhong X, et al. Mitochondrial inju-
ry induced by nanosized titanium dioxide in A549 cells and rats. 
Environ Toxicol Pharmacol 2013; 36: 66-72.

29. Moschini E, Gualtieri M, Colombo M, Fascio U, Camatini M, et 
al. The modality of cell-particle interactions drives the toxicity 
of nanosized CuO and TiO₂ in human alveolar epithelial cells. 
Toxicol Lett. 2013; 222: 102-116.

30. Gamze K, Mustafa C. Investigating the Origins of Toxic Response 
in TiO2 Nanoparticle-Treated Cells. Nanomaterials (Basel). 2017; 
7: 83.

31. Park EJ, Yi J, Chung KH, Ryu DY, Choi J, et al. Oxidative stress and 
apoptosis induced by titanium dioxide nanoparticles in cultured 
BEAS-2B cells. Toxicol Lett. 2008; 180: 222-229.

32. Hussain S, Boland S, Baeza-Squiban A, Hamel R, Thomassen LC, 
et al. Oxidative stress and proinflammatory effects of carbon 
black and titanium dioxide nanoparticles: role of particle surface 
area and internalized amount. Toxicology. 2009; 260: 142-149.

33. Bhattacharya K, Davoren M, Boertz J, Schins RP, Hoffmann E, et 
al. Titanium dioxide nanoparticles induce oxidative stress and 
DNA-adduct formation but not DNA-breakage in human lung 

cells. Part Fibre Toxicol. 2009; 6: 17.

34. Val S, Hussain S, Boland S, Hamel R, Baeza-Squiban A, et al. Car-
bon black and titanium dioxide nanoparticles induce pro-inflam-
matory responses in bronchial epithelial cells: need for multi-
parametric evaluation due to adsorption artifacts. Inhal Toxicol. 
2009; 21: 115-122.

35. Falck GC, Lindberg HK, Suhonen S, Vippola M, Vanhala E, et al. 
Genotoxic effects of nanosized and fine TiO2.Hum Exp Toxicol. 
2009; 28: 339-352.

36. Xia T, Kovochich M, Brant J, Hotze M, Sempf J, et al. Compari-
son of the abilities of ambient and manufactured nanoparticles 
to induce cellular toxicity according to an oxidative stress para-
digm. Nano Lett. 2006; 6: 1794-1807.

37. Chen EY, Garnica M, Wang YC, Chen CS, Chin WC. Mucin secre-
tion induced by titanium dioxide nanoparticles. PLoS One. 2011; 
6: e16198.

38. Ge Y, Bruno M, Wallace K, Winnik W, Prasad RY. Proteome pro-
filing reveals potential toxicity and detoxification pathways fol-
lowing exposure of BEAS-2B cells to engineered nanoparticle 
titanium dioxide. Proteomics. 2011; 11: 2406-2422.

39. Vales G, Rubio L, Marcos R. Long-term exposures to low doses of 
titanium dioxide nanoparticles induce cell transformation, but 
not genotoxic damage in BEAS-2B cells. Nanotoxicology. 2015; 
9: 568-578.

40. Cowie H, Magdolenova Z, Saunders M, Drlickova M, Correia-
Carreira S, et al. Suitability of human and mammalian cells of 
different origin for the assessment of genotoxicity of metal and 
polymeric engineered nanoparticles. Nanotoxicology. 2015; 9: 
57-65.

41. Ghosh M, Öner D, Duca RC, Cokic SM, Seys S, et al. Cyto-geno-
toxic and DNA methylation changes induced by different crystal 
phases of TiO2-np in bronchial epithelial (16-HBE) cells. Mutat 
Res. 2017; 796: 1-12.

42. Hussain S, Thomassen LC, Ferecatu I, Borot MC, Andreau K, et al. 
Carbon black and titanium dioxide nanoparticles elicit distinct 
apoptotic pathways in bronchial epithelial cells. Part Fibre Toxi-
col. 2010; 7: 10.

43. Wilhelmi V, Fischer U, van Berlo D, Schulze-Osthoff K, Schins RP, 
et al. Evaluation of apoptosis induced by nanoparticles and fine 
particles in RAW 264.7 macrophages: facts and artefacts. Toxicol 
In Vitro. 2012; 26: 323-334.

44. Qi K, Deng FR, Guo XB. Effects of nanoscale titanium dioxide on 
intercellular gap junction communication in human lung fibro-
blasts. Beijing Da Xue Xue Bao. 2009; 41: 297-301.

45. Warheit DB, Webb TR, Sayes CM, Colvin VL, Reed KL. Pulmonary 
instillation studies with nanoscale TiO2 rods and dots in rats: 
toxicity is not dependent upon particle size and surface area. 
Toxicol Sci. 2006; 91: 227-236.

46. Chen HW, Su SF, Chien CT, Lin WH, Yu SL, et al. Titanium dioxide 
nanoparticles induce emphysema-like lung injury in mice. FASEB 
J. 2006; 20: 2393-2395.

47. Warheit DB, Webb TR, Reed KL, Frerichs S, Sayes CM. Pulmonary 
toxicity study in rats with three forms of ultrafine-TiO2 particles: 
differential responses related to surface properties. Toxicology. 
2007; 230: 90-104.

48. Mühlfeld C, Geiser M, Kapp N, Gehr P, Rothen-Rutishauser B. Re-
evaluation of pulmonary titanium dioxide nanoparticle distribu-
tion using the “relative deposition index”: Evidence for clear-
ance through microvasculature. Part Fibre Toxicol. 2007; 4: 7.



8

MedDocs Publishers

Journal of Nanomedicine

49. Fabian E, Landsiedel R, Ma-Hock L, Wiench K, Wohlleben W, et 
al. Tissue distribution and toxicity of intravenously administered 
titanium dioxide nanoparticles in rats. Arch Toxicol. 2008; 82: 
151-157.

50. Yokohira M, Hashimoto N, Yamakawa K, Suzuki S, Saoo K, et al. 
Lung Carcinogenic Bioassay of CuO and TiO(2) Nanoparticles 
with Intratracheal Instillation Using F344 Male Rats. J Toxicol 
Pathol. 2009; 22: 71-78.

51. Hong F, Ji L, Zhou Y, Wang L. Chronic nasal exposure to nanopar-
ticulate TiO2 causes pulmonary tumorigenesis in male mice. En-
viron Toxicol. 2017; 32: 1651-1657.

52. Park EJ, Yoon J, Choi K, Yi J, Park K. Induction of chronic inflam-
mation in mice treated with titanium dioxide nanoparticles by 
intratracheal instillation. Toxicology. 2009; 260: 37-46.

53. Rossi EM, Pylkkänen L, Koivisto AJ, Vippola M, Jensen KA, et al. 
Airway exposure to silica-coated TiO2 nanoparticles induces 
pulmonary neutrophilia in mice. Toxicol Sci. 2010; 113: 422-433.

54. Cho WS, Duffin R, Poland CA, Howie SE, MacNee W, et al. Metal 
oxide nanoparticles induce unique inflammatory footprints in 
the lung: important implications for nanoparticle testing. Envi-
ron Health Perspect. 2010; 118: 1699-1706

55. Liu D, Zhou JL, Hong F, Zhang YQ. Lung inflammation caused by 
long-term exposure to titanium dioxide in mice involving in NF-
κB signaling pathway. J Biomed Mater Res A. 2017; 105: 720-
727.

56. Warheit DB, Reed KL, Sayes CM. A role for nanoparticle surface 
reactivity in facilitating pulmonary toxicity and development of 
a base set of hazard assays as a component of nanoparticle risk 
management. Inhal Toxicol. 2009; 21: 61-67.

57. Schleh C, Mühlfeld C, Pulskamp K, Schmiedl A, Nassimi M, et 
al. The effect of titanium dioxide nanoparticles on pulmonary 
surfactant function and ultrastructure. Respir Res. 2009; 10: 90.

58. Pujalté I, Dieme D, Haddad S, Serventi AM, Bouchard M. Toxico-
kinetics of titanium dioxide (TiO2) nanoparticles after inhalation 
in rats. Toxicol Lett. 2017; 265: 77-85.

59. Jia X, Wang S, Zhou L, Sun L. The Potential Liver, Brain, and Em-
bryo Toxicity of Titanium Dioxide Nanoparticles on Mice. Na-
noscale Res Lett. 2017; 12: 478.

60. Kreyling WG, Holzwarth U, Haberl N, Kozempel J, Hirn S, et al. 
Quantitative biokinetics of titanium dioxide nanoparticles after 
intravenous injection in rats: Part 1. Nanotoxicology. 2017; 11: 
434-442.

61. Kreyling WG, Holzwarth U, Schleh C, Kozempel J, Wenk A, et al. 
Quantitative biokinetics of titanium dioxide nanoparticles after 
oral application in rats: Part 2. Nanotoxicology 2017; 11: 443-453.

62. Kreyling WG, Holzwarth U, Haberl N, Kozempel J, Wenk A, et al. 
Quantitative biokinetics of titanium dioxide nanoparticles after 
intratracheal instillation in rats: Part 3.Nanotoxicology. 2017; 11: 
454-464.

63. Paul E, Franco-Montoya ML, Paineau E, Angeletti B, Vibhushan 
S, et al. Pulmonary exposure to metallic nanomaterials during 
pregnancy irreversibly impairs lung development of the off-
spring. Nanotoxicology. 2017; 11: 484-495.

64. Kim BG, Lee PH, Lee SH, Park MK, Jang AS. Effect of TiO₂ Nanopar-
ticles on Inflammasome-Mediated Airway Inflammation and Re-
sponsiveness. Allergy Asthma Immunol Res. 2017; 9: 257-264.

65. Pelclova D, Zdimal V, Fenclova Z, Vlckova S, Turci F, et al. Markers 
of oxidative damage of nucleic acids and proteins among work-
ers exposed to TiO2 (nano) particles. Occup Environ Med. 2016; 

73: 110-118.

66. Pelclova D, Zdimal V, Kacer P, Zikova N, Komarc, et al. Markers 
of lipid oxidative damage in the exhaled breath condensate of 
nano TiO2 production workers. Nanotoxicology. 2017; 11: 52-
63.

67. Thrall L. Study links TiO2 nanoparticles with potential for brain-
cell damage. Environ Sci Technol. 2006; 40: 4326-4327.

68. Long TC, Saleh N, Tilton RD, Lowry GV, Veronesi B. Titanium di-
oxide (P25) produces reactive oxygen species in immortalized 
brain microglia (BV2): implications for nanoparticle neurotoxic-
ity. Environ Sci Technol. 2006; 40: 4346-4352.

69. Borm PJ, Robbins D, Haubold S, Kuhlbusch T, Fissan H, et al. The 
potential risks of nanomaterials: a review carried out for ECE-
TOC. Part Fibre Toxicol. 2006; 3: 11.

70. Wang JX, Li YF, Zhou GQ, Li B, Jiao F, et al. Influence of intrana-
sal instilled titanium dioxide nanoparticles on monoaminergic 
neurotransmitters of female mice at different exposure time. 
Zhonghua Yu Fang Yi XueZaZhi. 2007; 41: 91-95.

71. Handy RD, Henry TB, Scown TM, Johnston BD, Tyler CR. Manu-
factured nanoparticles: their uptake and effects on fish--a mech-
anistic analysis. Ecotoxicology. 2008; 17: 396-409. 

72. Federici G, Shaw BJ, Handy RD. Toxicity of titanium dioxide 
nanoparticles to rainbow trout (Oncorhynchus mykiss): gill in-
jury, oxidative stress, and other physiological effects. Aquat Toxi-
col. 2007; 84: 415-430. 

73. Hao L, Wang Z, Xing B. Effect of sub-acute exposure to TiO2 
nanoparticles on oxidative stress and histopathological changes 
in Juvenile Carp (Cyprinuscarpio). J Environ Sci (China). 2009; 21: 
1459-1466.

74. Palaniappan PR, Pramod KS. The effect of titanium dioxide on 
the biochemical constituents of the brain of Zebrafish (Danio re-
rio): an FT-IR study. Spectrochim Acta A Mol Biomol Spectrosc. 
2011; 79: 206-212.

75. Sheng L, Wang L, Su M, Zhao X, Hu R, et al. Mechanism of TiO2 
nanoparticle-induced neurotoxicity in zebrafish (Danio rerio). 
Environ Toxicol. 2016; 31: 163-175.

76. Ramsden CS, Henry TB, Handy RD. Sub-lethal effects of titanium 
dioxide nanoparticles on the physiology and reproduction of ze-
brafish. Aquat Toxicol. 2013; 126: 404-413. 

77. Wu WH, Sun X, Yu YP, Hu J, Zhao L, et al. TiO2 nanoparticles 
promote beta-amyloid fibrillation in vitro. Biochem Biophys Res 
Commun. 2008; 373: 315-318. 

78. Liu S, Xu L, Zhang T, Ren G, Yang Z. Oxidative stress and apoptosis 
induced by nanosized titanium dioxide in PC12 cells. Toxicology. 
2010; 267: 172-177.

79. Yu Y, Ren W, Ren B. Nanosize titanium dioxide cause neuronal 
apoptosis: a potential linkage between nanoparticle exposure 
and neural disorder. Neurol Res. 2008; 30: 1115-1120.

80. Disdier C, Devoy J, Cosnefroy A, Chalansonnet M, Herlin-Boime 
N, et al. Tissue biodistribution of intravenously administrated ti-
tanium dioxide nanoparticles revealed blood-brain barrier clear-
ance and brain inflammation in rat. Part FibreToxicol. 2015; 12: 27. 

81. Gheshlaghi ZN, Riazi GH, Ahmadian S, Ghafari M, Mahinpour 
R. Toxicity and interaction of titanium dioxide nanoparticles 
with microtubule protein. Acta Biochim Biophys Sin (Shanghai). 
2008; 40: 777-782.

82. Halamoda Kenzaoui B, Chapuis Bernasconi C, Guney-Ayra S, 
Juillerat-Jeanneret L. Induction of oxidative stress, lysosome ac-
tivation and autophagy by nanoparticles in human brain-derived 



9

MedDocs Publishers

Journal of Nanomedicine

endothelial cells. Biochem J. 2012; 441: 813-821.

83. Ye D, Raghnaill MN, Bramini M, Mahon E, Åberg C, et al. 
Nanoparticle accumulation and transcytosis in brain endothelial 
cell layers. Nanoscale. 2013; 5: 11153-11165.

84. Fujioka K, Hanada S, Inoue Y, Sato K, Hirakuri K, et al. Effects of 
silica and titanium oxide particles on a human neural stem cell 
line: morphology, mitochondrial activity, and gene expression of 
differentiation markers. Int J Mol Sci. 2014; 15: 11742-11759.

85. Márquez-Ramírez SG, Delgado-Buenrostro NL, Chirino YI, Igle-
sias GG, López-Marure R. Titanium dioxide nanoparticles inhibit 
proliferation and induce morphological changes and apoptosis 
in glial cells. Toxicology. 2012; 302: 146-156. 

86. Huerta-García E, Pérez-Arizti JA, Márquez-Ramírez SG, Delgado-
Buenrostro NL, Chirino YI, et al. Titanium dioxide nanoparticles 
induce strong oxidative stress and mitochondrial damage in glial 
cells. Free Radic Biol Med. 2014; 73: 84-94. 

87. Huerta-García E, Márquez-Ramírez SG, Ramos-Godinez Mdel P, 
López-Saavedra A, Herrera LA, et al. Internalization of titanium 
dioxide nanoparticles by glial cells is given at short times and is 
mainly mediated by actin reorganization-dependent endocyto-
sis. Neurotoxicology. 2015; 51: 27-37. 

88. Wilson CL, Natarajan V, Hayward SL, Khalimonchuk O, Kidambi 
S. Mitochondrial dysfunction and loss of glutamate uptake in 
primary astrocytes exposed to titanium dioxide nanoparticles. 
Nanoscale. 2015; 7: 18477-18488. 

89. Rihane N, Nury T, M’rad I, El Mir L, Sakly M, Amara S, et al. Mi-
croglial cells (BV-2) internalize titanium dioxide (TiO2) nanopar-
ticles: toxicity and cellular responses. Environ Sci Pollut Res Int. 
2016; 23: 9690-9699. 

90. Hsiao IL, Chang CC, Wu CY, Hsieh YK, Chuang CY, et al. Indirect 
effects of TiO2 nanoparticle on neuron-glial cell interactions. 
Chem Biol Interact. 2016; 254: 34-44. 

91. Li F, Gu Z, Wang B, Xie Y, Ma L, et al. Effects of the biosynthe-
sis and signaling pathway of ecdysterone on silkworm (Bombyx 
mori) following exposure to titanium dioxide nanoparticles. J 
Chem Ecol. 2014; 40: 913-922. 

92. Wang J, Liu Y, Jiao F, Lao F, Li W, et al. Time-dependent translo-
cation and potential impairment on central nervous system by 
intranasally instilled TiO2 nanoparticles. Toxicology. 2008; 254: 
82-90.

93. Ma L, Liu J, Li N, Wang J, Duan Y, et al. Oxidative stress in the 
brain of mice caused by translocated nanoparticulate TiO2 de-
livered to the abdominal cavity. Biomaterials. 2010; 31: 99-105.

94. Hu R, Zheng L, Zhang T, Gao G, Cui Y, et al. Molecular mechanism 
of hippocampal apoptosis of mice following exposure to titani-
um dioxide nanoparticles. J Hazard Mater. 2011; 191: 32-40.

95. Shrivastava R, Raza S, Yadav A, Kushwaha P, Flora SJ. Effects of 
sub-acute exposure to TiO2, ZnO and Al2O3 nanoparticles on 
oxidative stress and histological changes in mouse liver and 
brain. Drug Chem Toxicol. 2014; 37: 336-347.

96. Shin JA, Lee EJ, Seo SM, Kim HS, Kang JL, et al. Nanosized ti-
tanium dioxide enhanced inflammatory responses in the septic 
brain of mouse. Neuroscience 2010; 165: 445-454.

97. Ze Y, Hu R, Wang X, Sang X, Ze X, et al. Neurotoxicity and gene-
expressed profile in brain-injured mice caused by exposure to ti-
tanium dioxide nanoparticles. J Biomed Mater Res A. 2014; 102: 
470-478. 

98. Wang J, Chen C, Liu Y, Jiao F, Li W, et al. Potential neurological le-
sion after nasal instillation of TiO2 nanoparticles in the anatase 

and rutile crystal phases. Toxicol Lett. 2008; 183: 72-80.

99. Grissa I, Guezguez S, Ezzi L, Chakroun S, Sallem A, et al. The ef-
fect of titanium dioxide nanoparticles on neuroinflammation 
response in rat brain. Environ Sci Pollut Res Int. 2016; 23: 20205-
20213.

100. Ze X, Su M, Zhao X, Jiang H, Hong J, et al. TiO2 nanoparticle-
induced neurotoxicity may be involved in dysfunction of gluta-
mate metabolism and its receptor expression in mice. Environ 
Toxicol. 2016; 31: 655-662. 

101. Ze Y, Zheng L, Zhao X, Gui S, Sang X, et al. Molecular mechanism 
of titanium dioxide nanoparticles-induced oxidative injury in the 
brain of mice. Chemosphere. 2013; 92: 1183-1189. 

102. Ze Y, Sheng L, Zhao X, Ze X, Wang X, et al. Neurotoxic character-
istics of spatial recognition damage of the hippocampus in mice 
following subchronic peroral exposure to TiO2 nanoparticles. J 
Hazard Mater. 2014; 264: 219-229.

103. Ze Y, Sheng L, Zhao X, Hong J, Ze X, et al. TiO2 nanoparticles 
induced hippocampal neuroinflammation in mice. PLoS One. 
2014; 9.

104. Song B, Zhang Y, Liu J, Feng X, Zhou T, et al. Unraveling the neuro-
toxicity of titanium dioxide nanoparticles: focusing on molecular 
mechanisms. Beilstein J Nanotechnol. 2016; c7: 645-654.

105. Wu J, Liu W, Xue C, Zhou S, Lan F, et al. Toxicity and penetration 
of TiO2 nanoparticles in hairless mice and porcine skin after sub-
chronic dermal exposure. Toxicol Lett. 2009; 191: 1-8. 

106. Patri A, Umbreit T, Zheng J, Nagashima K, Goering P, et al. Energy 
dispersive X-ray analysis of titanium dioxide nanoparticle distri-
bution after intravenous and subcutaneous injection in mice. J 
Appl Toxicol. 2009; 29: 662-672.

107. Mohamed HR, Hussien NA. Genotoxicity Studies of Titanium Di-
oxide Nanoparticles (TiO2NPs) in the Brain of Mice. Scientifica 
(Cairo) 2016; 2016: 6710840.

108. Yamashita K, Yoshioka Y, Higashisaka K, Mimura K, Morishita Y, 
et al. Silica and titanium dioxide nanoparticles cause pregnancy 
complications in mice. Nat Nanotechnol. 2011; 6: 321-328. 

109. Shimizu M, Tainaka H, Oba T, Mizuo K, Umezawa M, et al. Ma-
ternal exposure to nanoparticulate titanium dioxide during the 
prenatal period alters gene expression related to brain develop-
ment in the mouse. Part Fibre Toxicol. 2009; 6: 20. 

110. Ema M, Kobayashi N, Naya M, Hanai S, Nakanishi J. Reproductive 
and developmental toxicity studies of manufactured nanomate-
rials. Reprod Toxicol. 2010; 30: 343-352.

111. Takahashi Y, Mizuo K, Shinkai Y, Oshio S, Takeda K. Prenatal ex-
posure to titanium dioxide nanoparticles increases dopamine 
levels in the prefrontal cortex and neostriatum of mice. J Toxicol 
Sci. 2010; 35: 749-756.

112. Umezawa M, Tainaka H, Kawashima N, Shimizu M, Takeda K. Ef-
fect of fetal exposure to titanium dioxide nanoparticle on brain 
development - brain region information. J Toxicol Sci. 2012; 37: 
1247-1252.

113. Gao X, Yin S, Tang M, Chen J, Yang Z, et al. Effects of develop-
mental exposure to TiO2 nanoparticles on synaptic plasticity in 
hippocampal dentate gyrus area: an in vivo study in anesthe-
tized rats. Biol Trace Elem Res. 2011; 143: 1616-1628. 

114. Liu Y, Xu Z, Li X. Cytotoxicity of titanium dioxide nanoparticles in 
rat neuroglia cells. Brain In. 2013; 27: 934-939. 

115. De Astis S, Corradini I, Morini R, Rodighiero S, Tomasoni R, et al. 
Nanostructured TiO2 surfaces promote polarized activation of 
microglia, but not astrocytes, toward a proinflammatory profile. 



10

MedDocs Publishers

Journal of Nanomedicine

Nanoscale. 2013; 5: 10963-10974.

116. Amara S, Khemissi W, Mrad I, Rihane N, Ben Slama I, et al. Effect 
of TiO2 nanoparticles on emotional behavior and biochemical 
parameters in adult Wistar rats. Gen Physiol Biophys. 2013; 32: 
229-234.

117. Kim EM, Palmer P, Howard V, Elsaesser A, Taylor A, et al. Effect 
of intracerebroventricular injection of TiO2 nanoparticles on 
complex behaviour in the rat. J Nanosci Nanotechnol. 2013; 13: 
8325-8330.

118. Cui Y, Chen X, Zhou Z, Lei Y, Ma M, et al. Prenatal exposure to 
nanoparticulate titanium dioxide enhances depressive-like be-
haviors in adult rats. Chemosphere. 2014; 96: 99-104.

119. Mohammadipour A, Hosseini M, Fazel A, Haghir H, Rafatpanah 
H, et al. The effects of exposure to titanium dioxide nanopar-
ticles during lactation period on learning and memory of rat off-
spring. Toxicol Ind Health. 2016; 32: 221-228.


