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28Titanium dioxide nanoparticles (TiO2 NPs) have found many practical applications in industry and daily
29life. A widespread application of TiO2 NPs rises the question about safety of their use in the context of
30potential occupational, environmental and intentional exposure of humans and biota. TiO2 NPs easily
31enter the body through inhalation, cross blood–brain barrier and accumulate in the brain, especially in
32the cortex and hippocampus. Toxicity of these NPs and the molecular mechanisms of their action have
33been studied extensively in recent years. Studies showed that TiO2 NPs exposure resulted in microglia
34activation, reactive oxygen species production, activation of signaling pathways involved in inflammation
35and cell death, both in vitro and in vivo. Consequently, such action led to neuroinflammation, further brain
36injury. A, spatial recognition memory and locomotor activity impairment has been also observed.
37� 2015 Published by Elsevier Ltd.
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60 1. Introduction

61 Fast development of nanoscience caused an increase in produc-
62 tion and use of nanomaterials (NMs), including nanoparticles
63 (NPs), nanomaterials that have all dimensions less than 100 nm.
64 Physical, chemical and biological properties of NPs are different
65 from those of individual atoms and molecules or bulky material,
66 thus development of nanotechnology is foreseen to bring a signifi-
67 cant benefit to the society. NPs are applied in many sector markets,
68 such as health, defence, energy, agriculture or environment protec-
69 tion. With an increase of application of nanotechnology products,
70 there is increasing need to evaluate risk associated with their
71 use, due to the potential occupational and environmental exposure
72 of humans and biota to NPs and their intentional use in diagnosis
73 or therapy.
74 Titanium dioxide nanoparticles (TiO2 NPs) are widely used in
75 many applications, e.g. paints, lacquers, laminates, food wraps,
76 foils, transparent plastics, papers, textiles, cosmetics, food prod-
77 ucts, medicines, pharmaceuticals and toothpaste. Due to their cat-
78 alytic properties they are also used in self-cleaning tiles, windows,
79 anti-fogging car mirrors, in the purification of water, sewage, com-
80 bustion gases, as a antimicrobial material in decontamination, as
81 catalyst in organic synthesis and as a photoactive material in solar
82 cells (Shi et al., 2013).
83 Owing to the common use of TiO2 NPs in everyday life, it is very
84 important to gain the knowledge about their toxicity and their
85 potential harmful influence on human health and environment.
86 There are numerous experimental evidence, which suggest that
87 TiO2 NPs exposure could be harmful and cause negative health
88 effects. Many in vitro studies showed that TiO2 NPs was cyto-
89 and genotoxic, led to apoptosis, inflammation, induced ROS, chan-
90 ged enzyme activities and gene expression. In concordance with
91 in vitro experiments, many in vivo studies also showed that TiO2

92 NPs, once entered the blood stream, could reach and accumulate
93 in important organs and cause their injury. TiO2 NPs induced dam-
94 age in such organs as spleen, liver, kidney, lung, brain or heart
95 (Chang et al., 2013; Shi et al., 2013). However, there are also stud-
96 ies showing lack of TiO2 NPs toxicity, thus further study is neces-
97 sary to univocally determine the possible impact of TiO2 NPs on
98 human health.
99 In this review we attempt to summarize the knowledge on the

100 toxicity of TiO2 NPs on central nervous system (CNS), both in vivo
101 and in vitro experimental design.

102 2. Exposure routes and biodistribution of TiO2 NP

103 TiO2 NPs enter the body by different exposure routes and then
104 are distributed to the important organs throughout the body.
105 Gastrointestinal absorption seems a prevalent exposure route, as
106 TiO2 NPs are used as an additive in toothpaste, cachou, capsule,
107 drug carriers, etc. Wang et al. (2007a) showed that 2 weeks after
108 oral administration to TiO2 NPs titanium content was significantly
109 elevated in the brain, as compared to controls. Nonetheless tita-
110 nium mainly accumulated in the liver, kidneys, spleen and lung
111 of mice. However, more recent research showed that TiO2 NPs
112 were not significantly accumulated after oral administration, likely
113 due to the minimal absorption from the gut (Cho et al., 2013).
114 As TiO2 NPs are commonly used in cosmetics another important
115 gate of entry seems to be dermal absorption. In a study by Kertész
116 et al. (2005) human skin xenografts taken from different patients
117 were exposed to Anthelios XL F60, a cosmetic containing micro-
118 nised TiO2 NPs. The result showed that TiO2 NPs penetrated to
119 the disjunctum part of the stratum corneum. In two cases TiO2

120 NPs penetrated also to the stratum granulosum. Gamer et al.
121 (2006) have investigated in vitro penetration of TiO2 NPs in

122cosmetic formulations through porcine skin. TiO2 NPs were
123detected on the outermost surface of the stratum corneum, but
124did not penetrate through porcine skin. Penetration of four types
125of rutile TiO2 NPs into intact and damaged Yucatan micropig skin
126in vitro was also studied by Senzui et al. (2010). TiO2 NPs did not
127penetrate through skin irrespective of the NPs size and coating,
128even if the stratum corneum was damaged. It should be noted that
129after hair removal some NPs penetrated into vacant hair follicles,
130although they were not detected in dermis or viable epidermis.
131In yet another study, a homemade static diffusion cell was used
132for in vitro evaluation of the cutaneous penetration of TiO2 NPs
133through the porcine skin. It was shown that the titanium was
134deposited mainly at the surface and stratum corneum, but no tita-
135nium was detected in permeate fluid. The result was the same,
136even if skin was damaged, irradiated or damaged and irradiated
137(Miquel-Jeanjean et al., 2012). The study aimed on determination
138of the influence of subchronic exposure of TiO2 NPs on the hairless
139rat skin showed that nanoparticles were not located in the viable
140skin areas. TiO2 NPs were observed only in the stratum disjunctum
141and keratinized layer of the follicular infundibulum. Moreover, no
142penetration to major organs was observed, despite the significant
143increase in titanium content in lung after 8 weeks exposure. That
144was, however, rather due to the inhalation of TiO2 NPs than to
145the direct absorption from the skin (Adachi et al., 2013). On the
146contrary, Wu et al. (2009) demonstrated that after exposure of por-
147cine ear skin to formulation containing 5% TiO2 NPs for 30 consecu-
148tive days, TiO2 NPs were observed in the stratum corneum, stratum
149granulosum, prickle and basal cell layer. The effect was size depen-
150dent and the penetration capacity increased with the decreased
151TiO2 NPs size. Furthermore, the authors showed that TiO2 NPs
152penetrated through the skin and entered into various organs and
153caused pathological changes, mainly in the skin and liver.
154However, the presence of titanium in the brain was almost
155negligible.
156Inhalation is an another portal of TiO2 NPs entry into the body.
157Inhaled nanoparticles are deposited in three different regions of
158the respiratory tract: nasopharyngeal, tracheobronchial and alveo-
159lar region, and can be translocated to the central nervous system,
160mainly through sensory nerves (Simkó and Mattsson, 2010).
161Wang et al. (2007b) investigated distribution of TiO2 NPs in the
162olfactory bulb of mice after nasal inhalation. After one month
163exposure the microbeam SRXRF mapping analysis showed that
164TiO2 NPs were taken up by the olfactory bulb via the primary olfac-
165tory neurons and accumulated in the olfactory nerve layer, olfac-
166tory ventricle and granular cell layer. The concentration and
167distribution area of titanium in the olfactory bulb increased with
168increasing particles size. In the consecutive studies, Wang et al.
169(2008a,b) showed that intranasally installed TiO2 NPs translocated
170to the central nervous system and accumulated mainly in the
171hippocampus.
172Geiser et al. (2005) analyzed the intrapulmonary distribution of
173inhaled TiO2 NPs in rats. They found that nanoparticles were local-
174ized in the lung tissue compartment (air-filled spaces, epithelium/
175endothelium, connective tissue and capillary lumen), especially in
176the airspace. Further investigations detected that distribution of
177TiO2 NPs within the four compartments of rat lung was not random
178and depended on time after exposure. Nanoparticles were trans-
179ported from the airspaces to the connective tissue and subse-
180quently released into the systemic circulation. However, the
181majority of TiO2 NPs were still observed within the airspace
182(Mühlfeld et al., 2007). In concordance, Li et al. (2010) indicated
183that after intratracheally installation of TiO2 NPs once per-week
184for 4 consecutive weeks, NPs might translocated to the blood
185circulation and then to extrapulmonary tissues, and they were able
186to pass through the blood–brain barrier and induced to brain dam-
187age. In the latest study by Baisch et al. (2014), rats were exposed to
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