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Colorectal cancer (CRC) is the second most prevalent cancer in women with 

614,000 cases (9.2% of the total number of cancer cases) and the third in men with 

746,000 cases (10.0% of the total number of cancer cases) in 2012 worldwide (1). Strong 

evidence was found between dietary factors and cancer risks (2). The consumption of milk 

and whole grains products may have a protective role against CRC (2) whereas 

consumption of red and processed meat may increase cancer risks by stimulating the 

endogenous formation of carcinogenic N-nitroso compounds (NOCs) and the presence of 

pyrolysis products like polycyclic aromatic hydrocarbons (PAHs) heterocyclic amines (3). In 

recent years, concerns about the potential adverse effects of titanium dioxide (TiO2) as 

food additive are rising in scientific literature. Two different crystal forms are authorised in 

food products: anatase and rutile. Due to lower production costs, anatase is the form the 

most commonly used in food and mostly studied. The anatase TiO2 food additive is 

designated E171. The food additive E171 comprises between 25-40% of NPs (<100 nm) 

and 60-75% of microparticles (MPs) (>100 nm) (4-7).   

 

Exposure to TiO2 by ingestion of food and products containing TiO2 occurs on a 

daily basis and several studies showed that people of all ages from infant to elderly are 

exposed (7-10). Exposure to TiO2 happens as a consequence of the ingestion of many food 

products like dairy products (milk, cheese, and ice cream), milk replacements (powdered 

milk), sweets (M&M’s®, Mentos®, chewing-gums, and cookies), drinks (soft drinks, sport 

drinks, and syrups), dressings and sauces (salad dressings), and food supplements 

(multivitamin pills) (7-11).  

 

In vivo studies after ingestion of E171 show an increased tumour formation and 

the growth of aberrant crypt foci in a chemically induced CRC mouse and rat models 

respectively (12,13). Furthermore, in normal BALB/c mice exposed to 5 mg/kgbw/day of 

E171, dysplastic changes in the colonic epithelium and a decrease of goblet cells were 

observed (13). In addition, after ingestion of 10 mg/kgbw/day of E171 in rats for 7 days a 

Th1/Th17 immune deviation as well as an impairment of the intestinal homeostasis was 

observed (12). In the same study, the identical effects on the immune response and 

intestinal homeostasis were observed after ingestion of 10 mg/kgbw/day of anatase TiO2 

nanoparticles (NPs). The NPs have a smaller size (<100 nm) and a higher surface area, 

therefore, these particles are assumed to have the most adverse effects. Consequently, a 

majority of the studies on adverse effects of TiO2 have been performed with the anatase 

NPs fraction. After in vivo and in vitro exposure to TiO2 NPs, observations of effects 

towards a facilitation of the development of cancer were supported by findings of an 

increased oxidative stress (4,14), an induction of DNA damage (4,15-17), and an 
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impairment of the immune system (18,19). In addition, an in vivo study on the adverse 

effects of rutile NPs showed an inflammatory response via cytokine production or NLRP3 

inflammasome in the gut (20).   

 

Emerging evidence of adverse effects of TiO2 have raised concerns about the safe 

use of TiO2. Therefore, the International Agency for Research in Cancer (IARC) evaluated 

TiO2 in 2010 based on new findings (21). Human epidemiological studies on inhalation 

were assessed and the agency decided that the data available was inadequate to draw a 

conclusion whether or not TiO2 causes cancer in humans. Animal studies on inhalation 

were also evaluated and the IARC concluded that there was convincing evidence of an 

increase of lung tumours. Other routes of administration (ingestion and dermal contact) 

did not show an increase incidence of tumours. Subsequent to the results of these studies, 

the IARC classified TiO2 as possible carcinogen to humans (Group 2B). The modes of action 

underlying these adverse effects like kinetics, in vivo and in vitro genotoxicity, cytotoxicity, 

presence of inflammation, and penetration of TiO2 through the skin have also been taken 

into consideration for the evaluation. The evidence was not strong enough to warrant 

classification other than Group 2B. 

 

Traditionally toxicity testing of products and compounds was only based on only 

animal testing with a specific end-point. Currently, in silico methods are added to the 

animal testing to evaluate mechanistic changes in biological processes using biopsies, 

cells, and organs. Advances in bioinformatics, epigenetics, toxicogenomics, systems 

biology, and computational toxicology are transforming the toxicological assessment of 

compounds. The combination of these scientific advances with animal testing with a 

specific end-point are expected to generate more robust data on the potential risks to 

humans and offering the prospect of improved risk-based regulatory decision (22,23). 

Therefore, elucidating the molecular mechanisms behind the adverse effects of E171 is 

becoming an important step for food safety evaluation. Mechanistic toxicology or 

toxicogenomics, through the identification and interpretation of significant gene 

expression changes, may play an important role in linking cellular response to toxicological 

endpoints (22,23). Within the realm of toxicogenomics, a technique available is the high-

throughput analysis of biological systems: whole-genome mRNA microarrays used for 

transcriptomics analysis.  
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We aimed in this thesis to 1) better understand the potential risks of the TiO2 

food additive E171 by studying the molecular mechanisms of facilitation of CRC as well as 

the histopathological changes observed after exposure to E171 in vivo and 2) to assess the 

relative contribution of the different fractions of E171 to the adverse effects in vitro. For 

these purposes, we applied transcriptomics analyses in combination with markers of 

cytotoxicity, genotoxicity and oxidative stress. 

 

I- Potential risks of ingestion of TiO2 

I-1- In vivo studies 

In order to answer the first research question of this thesis, gaining insight in the 

mechanisms of facilitation of CRC as well as the pathological changes observed after 

exposure to E171, 3 in vivo studies were performed. All in vivo experiments were 

performed with the food additive E171. To optimise the evaluation of the mechanisms 

behind the adverse effects of E171, common conditions of exposure in vivo were chosen 

in this thesis i.e. sample preparation, type of ingestion, time points of sampling, and types 

of samples for microarray analysis. The time points chosen were based on the long term 

exposure performed by Urrutia-Ortega et al. (13). A significant increased number of 

tumours in the distal colon was observed in the chemically induced CRC mouse model 

with azoxymethane (AOM) and dextran sodium sulphate (DSS) additionally exposed to 5 

mg/kgbw/day of E171 for 10 weeks. In the same study, in the mice solely exposed to E171, 

dysplastic changes in colonic epithelium and a decrease of goblet cells were observed. The 

tumours arise after 3 weeks of exposure to E171 in combination with AOM/DSS, 

therefore, 4 time points were chosen before tumours arise at 2, 7, 14, and 21 days. 

Transcriptomics changes were determined in the distal colon of mice at each time point, 

where the tumours were previously found. All in vivo experiments were performed in 

these conditions with the same concentration of E171 given by intragastric administration: 

5 mg/kgbw/day. Only in the mouse model of Chapter 4, 2 additional concentrations 1 and 2 

mg/kgbw/day were used. Three mouse models were chosen: a normal BALB/c model 

(Chapter 2), a chemically induced CRC model with AOM/DSS (Chapter 3), and a transgenic 

Cre-LoxP with Car-1 promoter model (Chapter 4).  

 

In the study described in Chapter 2, we aimed to unravel the mechanisms 

underlying the pathological changes observed by Urrutia-Ortega et al. after sole exposure 

to E171 (13). Normal BALB/c mice were exposed to E171 and gene expression changes 

were observed as well as histopathology in the distal colons. Histopathological analysis 

showed alteration and disruption in the normal structure of crypts inducing a hyperplastic 
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epithelium. At the mRNA level, significant gene expression changes were observed in 

oxidative stress, the immune system, the olfactory/GPCR receptor family and of cancer 

related genes.  

 

A majority of the biological effects observed in the normal BALB/c mice (Chapter 

2) were also observed in the experiment described in Chapter 3, a study aiming to 

understand the mechanisms behind the development of tumours observed by Urrutia-

Ortega et al. (13) in a chemically induced CRC model after E171 ingestion. Similar affected 

biological processes in normal BALB/c (Chapter 2) and in the CRC mouse models (Chapter 

3) were observed including the downregulation of genes involved in the immune system, 

suggesting an impairment of this system. Also changes in the oxidative stress and 

olfactory/GPCR receptor family were found in both normal and CRC models. In addition, in 

the experiment in which mice were stimulated to form tumours by AOM/DSS described in 

Chapter 3, significant changes in the mRNA levels were identified for genes involved in 

biotransformation of xenobiotics which can form reactive intermediates resulting in 

toxicological effects.  

 

In the study described in Chapter 4 which was aiming to confirm the results 

observed in normal BALB/c (Chapter 2) and in the CRC mouse models (Chapter 3) in a 

transgenic mouse model that spontaneously develops colorectal tumours, similar 

biological processes affected after E171 exposure were observed. In this model the Cre-

LoxP with Car-1 promoter leads to spontaneous colon cancer formation in 26% of the 

animals. An increase of the number of tumours per mice and the number of mice with 

tumours was observed after exposure to 5 mg/kgbw/day. Furthermore, after exposure to 1 

mg/kgbw/day of E171, gene expression changes were observed genes involved in cell cycle, 

signalling, cancer, DNA repair, gene expression (transcription), the immune system, and 

inflammation pathways.  

 

Gene expression changes related to signal transduction, immune system, 

oxidative stress, and cancer-related genes reflect early biological responses induced by 

E171 which precede tumour formation in an AOM/DSS mouse model (13) and are in line 

with the pathological changes observed in the colon of rats and mice after E171 exposure 

(12,13). In addition, modulation of genes involved in the immune system is in line with a 

recent study which described an impairment of the intestinal immune homeostasis after 

oral exposure to E171 for one week (12).  
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It should be mentioned that transcriptomics analysis is still limited to the current 

knowledge of the functionality of genes and their involvement in pathways. Indeed, in this 

thesis, we report changes in genes that have thus far not been classified in known 

pathways but may induce functional changes by interacting with other genes involved in 

known biological pathways. Moreover, accumulation of E171 in other organs than the 

gastrointestinal tract can induce diverse effects like reduced fertility (24), decreased 

glucose levels in blood (25,26), and formation of ROS and DNA damage in different organs 

(15-17).  

 

I-2- in vitro studies 

In order to address the second aim of this thesis, the relative contribution of the 

different fractions of E171 to the adverse effects, 2 in vitro studies were performed. 

Effects of the MPs and NPs fraction of E171 have been assessed in vitro using Caco-2 cells 

in Chapter 5 and 6. From the biological effects observed, the relative contribution of the 

different sizes in vivo may be inferred. First, in Chapter 5, the cytotoxicity of the E171, 

NPs, and MPs was studied with a Trypan blue test, the genotoxicity with comet assay and 

micronucleus test, and the capacity to induce oxidative stress by electron spin 

spectroscopy. Results showed that E171 was cytotoxic to Caco-2 cells from a 

concentration of 14.3 µg/cm² whereas NPs and MPs was cytotoxic at a concentration of 

143 µg/cm² suggesting that the combination of NPs and MPs in E171 was more cytotoxic 

than the NPs and MPs separately. In addition, E171 and NPs induced reactive oxygen 

species (ROS) formation in a cell-free environment whereas MPs induced ROS in presence 

of Caco-2 cells after 1h exposure. Chromosome damage was shown to be induced by 

E171, as tested with the micronucleus assay. In addition, single-strand DNA damage was 

observed for all 3 different TiO2 suggesting that both NPs and MPs fractions contribute to 

the adverse effects of E171. In line with our results, MPs were also found to induce 

oxidative stress in RAW 264 cells after 4h of exposure (27). More recently, the capacity of 

E171 to induce ROS formation and DNA damage was confirmed in Caco-2 and Caco-

2/HT29-MTX cells (4). In addition, the capacity of TiO2 NPs to induce oxidative stress is also 

reported in several cell lines like mouse fibroblast, mouse peritoneal macrophages (RAW 

264), goldfish skin cells (GFSk-S1), human bronchial epithelial (BEAS-2B) cells, human 

bronchial fibroblasts (IMR 90), human foetal osteoblast cell, human amnion epithelial 

(WISH), glial, brain microglia, and human epidermal cells (16,27-39). In addition, Charles et 

al. evaluated a number of studies that had an appropriate level of confidence suitable for 

regulatory context i.e. studies with adequate characterization of TiO2, adequate 

description of the dispersion and genotoxicity protocols, evidence of cytotoxicity, inclusion 

of positive and negative results, and use of replicates or independent experiments (27). 
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The 36 studies assessed showed that 58% of the comet assays reported positive results as 

well as 56% of the micronucleus assay after exposure to anatase TiO2 NPs. These results 

show that potential in vivo genotoxic effects might be underestimated, therefore, further 

evaluation needs to be performed by in vivo studies in combination with genotoxic tests 

on different organs.  

 

Because of its small size and higher surface area, the NPs fraction is suspected to 

be the most active fraction. Therefore, after a time course exposure with TiO2 NPs in vitro 

to determine the best exposure time, exposure to E171 and MPs was performed in 

Chapter 6. At the optimal time point, 24h, gene expression changes in Caco-2 cells 

exposed to NPs, MPs and E171 were established. Overall effects after E171, NPs, or MPs 

exposure in vitro were gene expression changes related to signalling, inflammation, 

immune system, and cancer. The results showed that E171 induces more changes at the 

mRNA level than the MPs or NPs fractions. In addition, in Chapter 6, effects of NPs and 

E171 exposure suggested that some similar biological processes were affected: TLR 

cascade, MHC class I and II presentation, late cornified envelope, potassium channels and 

cell cycle. In addition, after exposure to MPs and E171, identical affected biological 

processes were observed: Hedgehog family, α-defensins, cadherin and cholinergic 

receptors. Most studies on TiO2 are based on the NPs fraction of E171, but as shown in the 

in vitro studies on the relative contribution of the NPs and MPs fraction to the effects of 

E171 (Chapter 5 and 6), the MPs fraction can also induce adverse effects. Even if the NPs 

induced more pronounced effect at the transcriptome level compared to the MPs, both 

fractions included in E171 should be assessed. The gene expression changes related to 

signalling, inflammation, immune system, and cancer confirm previous findings described 

in normal BALB/c mice (Chapter 2), CRC mouse model (Chapter 3), and transgenic mouse 

model (Chapter 4). Furthermore, the immune response genes affected after exposure to 

TiO2 in Caco-2 cells shows that this biological process might not only be induced in 

combination with other organs as seen in vivo in BALB/c mice, CRC mouse model, and 

transgenic mouse model but also as a consequence of direct exposure of intestinal 

epithelium cells. 
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I-3- Additional biological processes  

In the studies described in this thesis, we have also demonstrated that the 

adverse effects induced by E171 are very diverse. In addition to processes mentioned 

above in normal BALB/c mice (Chapter 2), in CRC mouse model (Chapter 3), and in 

transgenic mouse model (Chapter 4), we also describe gene expression changes in Cyp450 

genes, metabolism, insulin metabolism, transport of molecules, and bone development. In 

the colon of normal BALB/c mice exposed to E171, mRNA was described to be modulated 

in pathways indicating calcium mobilisation, cell cycle, and metabolism of RNA. In the 

colon of CRC mice exposed to E171, transcriptome changes in bile metabolism, digestive 

system, haemostasis, metabolism of xenobiotics, extracellular matrix organisation, muscle 

contraction, and translocation were also observed. In the colon of the transgenic mice 

exposed to E171, gene expression changes identified related to circadian clock, endocrine 

system, cell cycle, haemostasis, metabolism of xenobiotics, and extracellular matrix 

organisation. Furthermore, in the in vitro experiment with Caco-2 cells exposed to E171, 

NPs, or MPs (Chapter 6) additional biological processes were also observed. Gene 

expression changes in neuronal system and transport of small molecules were also 

reported after NPs exposure. After MPs exposure, additional affected biological processes 

were in developmental biology. After E171 exposure, modulation of mRNA levels in 

metabolism of proteins, developmental biology, transport of small molecules and 

haemostasis were observed. 

 

Overall, the diversity of molecular mechanisms influenced by E171 in colon shows 

that E171 is not inert and the adverse effects may not only contribute to cancer 

development in colon but may also aggravate inflammatory bowel diseases.  
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II- Relevance to the human situation 

The concentrations used during the in vivo and in vitro studies described in this 

thesis and aimed to represent the actual human exposure. Weir et al. showed that adults 

(>10 years old) are exposed to 0.2-0.7 mg/kgbw/day in the US and 1 mg/kgbw/day in the UK 

(7). A Dutch study estimated an average exposure of 0.17 mg/kgbw/day of TiO2 (11). A 

higher exposure has been estimated by the EFSA in their re-evaluation of TiO2: 2.4 

mg/kgbw/day (8). The quantity of TiO2 ingested in children is higher than in adults because 

of the higher quantities of sweets and cookies eaten by the children as well as ingestion of 

toothpaste. The estimated ingestion of TiO2 for children (<10 years old) in US is 1-2 mg 

TiO2/kgbw/day and in UK 2-3 mg TiO2/kgbw/day (7). In addition, the Dutch estimation was 

of 0.67 mg TiO2/kgbw/day between 2-6 years old (11) and the EFSA estimated the ingestion 

at 5.5 mg/kgbw/day for children between 3-9 years old (8).  

 

The highest concentration used in this thesis was 5 mg/kgbw/day which is in the 

same range as the human exposure, closer to the children exposure. In the study 

described in Chapter 4, 3 different concentrations of E171 were studied and the strongest 

effects were observed with the lowest concentration (1 mg/kgbw/day) compared to 2 and 

5 mg/kgbw/day. The lowest concentration used in this Chapter 4 is the closest to the US, 

UK, and Dutch estimation for adults and lower than the one from the EFSA.  

 

As for the relevance of the in vitro concentrations to the human situation, a 

conservative estimate was performed in Chapter 5. In this scenario, a 70 kg adult was 

assumed to eat 1 mg/kgbw/day. In the 250 g faeces excreted, the concentration of E171 

would be 0.28 mg/g of faeces. As faeces contain 75% of water and if we consider the 

density of faeces to be similar as water, the concentration of E171 would be 0.28 mg/mL 

of faeces. By assuming that 1% of this is biologically available, 0.0028 mg/mL would be 

potentially the concentration in contact with the gut cells. The concentration used in 

Chapter 5 and 6 were 0.01 and 0.001 mg/mL. These concentrations are in the same order 

of magnitude as the estimated concentration in humans and were first tested to be non-

cytotoxic in Caco-2 cells (Chapter 5). 

 

The estimated daily exposure and the conservative scenario do not include 

exposure to TiO2 via the ingestion of pharmaceutical pills. Depending on the properties of 

the pill, they could dissolve in very different parts of the gastrointestinal track. One can 

therefore assume that the intestinal epithelium can be exposed to higher concentration of 

TiO2 depending on the pill ingested in addition to E171. 
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III- Conclusions and future perspectives 

The results of this thesis show the complexity of the response to the exposure to 

E171. Whole-genome gene expression analysis on colonic tissue as well as in vitro testing 

indicated mechanisms by which E171 may enhance tumour formation (13). Transcriptome 

changes have demonstrated the presence of oxidative stress, DNA damage, impairment of 

the immune system, and activation of cancer-related genes as a consequence of exposure 

to E171, which may collectively represent the molecular mode of action that explains the 

stimulation of colorectal tumour formation. Moreover, the information provided by this 

thesis indicates that the relative contribution of each fraction to these effects is different. 

The NPs fraction by its small size and higher surface area seems to induce more adverse 

effects than the MPs. Yet, the fact that MPs have an effect on ROS, DNA damage, and 

gene expression changes implies that potential health risks cannot be eliminated by 

increasing the proportion of MPs in E171. 

 

The results of this thesis generated more insight of the potential adverse effects 

following oral exposure to E171. However, for a full risk assessment, additional 

experiments should be performed. It is important to establish causality between the gene 

expression changes and processes leading to CRC development, which requires the in vivo 

investigation of the functionality of the immune system, inflammation, oxidative stress, 

and DNA damage. Such studies may be also done according to the Organisation for 

Economic Co-operation and Development (OECD) guidelines for regulatory purposes. 

Repeated dose 28-day and 90-day oral toxicity studies in rodents should be performed. In 

order to have more insight in the effects of exposure on the immune system, an extended 

one generation reproductive toxicity study should be performed, which includes exposure 

during all life stages of the animals, and includes a specific cohort of animals tested for 

developmental immunotoxicity. 

 

Additional in vitro and in vivo experiments would help to extrapolate the 

enhancement of tumour growth observed in the animal studies to real life exposures, i.e. 

consumers ingesting E171. Additional in vitro models like co-cultures of different cells and 

cell lines (e.g. Caco-2 and macrophages) or 3D models with normal human colon organoids 

and spheroids can serve for this purpose. The consistency found between different in vitro 

models with the combination of several human cell lines allows a closer understanding of 

the human situation and therefore improving the extrapolation. Eventually, a randomized 

controlled intervention study in humans on E171 ingestion should be performed, in which 

gene expression profiles in the colon would be analysed. Such information would 
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substantiate the relevance of the in vitro findings and animal data, and provide the 

definitive proof of adverse effects of ingestion in the population. The totality of the 

evidence, including dose response relationships of the endpoint and intermediate 

measures in animals, in vitro studies, and studies on early effects in humans will provide a 

more solid base for estimating the risk of colon tumour enhancement after intake of E171.  

 

In order to further advance our insight in mechanisms underlying the effects, 

novel technologies could be applied. All finding described in this thesis are based on 

microarray analysis, however, the use of technologies such as sequencing may be 

instrumental for this purpose. This technique allows more in depth as well as quantitative 

analyses of effects of TiO2 on the expression of mRNA, transcript isoforms, non-coding 

RNA, and circular RNA. In addition, modulation of miRNAs expression can lead to 

upregulation of miRNA involved in cancer or downregulation of tumour suppressors which 

would enhance cancer development (39). Such regulators of cancer-related processes can 

be identified by miRNA-sequencing in blood and colon tissue of animals and humans after 

exposure to E171 and would contribute to the understanding of mechanisms behind the 

enhancement of CRC by E171. Furthermore, time-series analysis would help to identify 

gene expression patterns over time and dose which allows for evaluation the mechanisms 

underlying the effects following oral exposure to E171. Applying Dose-Time Network 

Identification (DTNI) tool for data analysis would provide more in depth information on 

inferring molecular key events and may detect novel interaction which can be studied 

experimentally by silencing these genes (40).  

 

Based on the new information presented in this thesis, we conclude that the 

classification of E171 as free from toxic effects on the account of its insolubility and 

inertness is no longer valid. Furthermore, the results of this thesis indicate the presence of 

inflammation that was found in animal models after E171 ingestion could aggravate 

inflammatory bowel diseases and potential adverse effects towards enhancement of 

colorectal cancer. Therefore, we recommend that the experiments described here above, 

with an emphasis on actual testing in humans, should be performed for a further 

evaluation of E171 on its potential adverse effects on the enhancement of cancer, 

dysregulation of the immune system, and inflammation. These new data would provide 

insight on the effects on humans for a full risk assessment which can lead to a 

modification of the use of E171 in food products. These modifications may be a reduction 

of the quantity of NPs, establishing a maximum level of use in food products, a stricter 

limitation in the types of products it can be used in, or a banishment of the product itself.  



Chapter 7 

 208 

References 

1. Globocan (2012) CANCER FACT SHEETS: COLORECTAL CANCER. 
2. Vieira, A.R., Abar, L., Chan, D.S.M., Vingeliene, S., Polemiti, E., Stevens, C., Greenwood, D., and 

Norat, T. (2017) Foods and beverages and colorectal cancer risk: a systematic review and 
meta-analysis of cohort studies, an update of the evidence of the WCRF-AICR Continuous 
Update Project. Ann Oncol, 28, 1788-1802. 

3. Aykan, N.F. (2015) Red meat subtypes and colorectal cancer risk. International journal of 
cancer. Journal international du cancer, 137, 1788. 

4. Dorier, M., Beal, D., Marie-Desvergne, C., Dubosson, M., Barreau, F., Houdeau, E., Herlin-
Boime, N., and Carriere, M. (2017) Continuous in vitro exposure of intestinal epithelial cells to 
E171 food additive causes oxidative stress, inducing oxidation of DNA bases but no 
endoplasmic reticulum stress. Nanotoxicology, 1-54. 

5. Dudefoi, W., Moniz, K., Allen-Vercoe, E., Ropers, M.H., and Walker, V.K. (2017) Impact of food 
grade and nano-TiO2 particles on a human intestinal community. Food Chem Toxicol, 106, 242-
249. 

6. Yang, Y., Doudrick, K., Bi, X.Y., Hristovski, K., Herckes, P., Westerhoff, P., and Kaegi, R. (2014) 
Characterization of Food-Grade Titanium Dioxide: The Presence of Nanosized Particles. 
Environmental science & technology, 48, 6391-6400. 

7. Weir, A., Westerhoff, P., Fabricius, L., Hristovski, K., and von Goetz, N. (2012) Titanium dioxide 
nanoparticles in food and personal care products. Environmental science & technology, 46, 
2242-2250. 

8. EFSA (2016) Scientific Opinion on the re-evaluation of titanium dioxide (E 171) as a food 
additive. EFSA Journal, 14, 4545-4638. 

9. Lomer, M.C.E., Thompson, R.P.H., Commisso, J., Keen, C.L., and Powell, J.J. (2000) 
Determination of titanium dioxide in foods using inductively coupled plasma optical emission 
spectrometry. Analyst, 125, 2339-2343. 

10. Peters, R.J., van Bemmel, G., Herrera-Rivera, Z., Helsper, H.P., Marvin, H.J., Weigel, S., Tromp, 
P.C., Oomen, A.G., Rietveld, A.G., and Bouwmeester, H. (2014) Characterization of titanium 
dioxide nanoparticles in food products: analytical methods to define nanoparticles. J Agric 
Food Chem, 62, 6285-6293. 

11. Rompelberg, C., Heringa, M.B., van Donkersgoed, G., Drijvers, J., Roos, A., Westenbrink, S., 
Peters, R., van Bemmel, G., Brand, W., and Oomen, A.G. (2016) Oral intake of added titanium 
dioxide and its nanofraction from food products, food supplements and toothpaste by the 
Dutch population. Nanotoxicology, 10, 1404-1414. 

12. Bettini, S., Boutet-Robinet, E., Cartier, C., Comera, C., Gaultier, E., Dupuy, J., Naud, N., Tache, 
S., Grysan, P., Reguer, S., Thieriet, N., Refregiers, M., Thiaudiere, D., Cravedi, J.P., Carriere, M., 
Audinot, J.N., Pierre, F.H., Guzylack-Piriou, L., and Houdeau, E. (2017) Food-grade TiO2 impairs 
intestinal and systemic immune homeostasis, initiates preneoplastic lesions and promotes 
aberrant crypt development in the rat colon. Sci Rep, 7, 40373. 

13. Urrutia-Ortega, I.M., Garduno-Balderas, L.G., Delgado-Buenrostro, N.L., Freyre-Fonseca, V., 
Flores-Flores, J.O., Gonzalez-Robles, A., Pedraza-Chaverri, J., Hernandez-Pando, R., Rodriguez-
Sosa, M., Leon-Cabrera, S., Terrazas, L.I., van Loveren, H., and Chirino, Y.I. (2016) Food-grade 
titanium dioxide exposure exacerbates tumor formation in colitis associated cancer model. 
Food Chem Toxicol, 93, 20-31. 

14. Nogueira, C.M., de Azevedo, W.M., Dagli, M.L., Toma, S.H., Leite, A.Z., Lordello, M.L., 
Nishitokukado, I., Ortiz-Agostinho, C.L., Duarte, M.I., Ferreira, M.A., and Sipahi, A.M. (2012) 
Titanium dioxide induced inflammation in the small intestine. World J Gastroenterol, 18, 4729-
4735. 



 Summary and general discussion 

  209 

15. Trouiller, B., Reliene, R., Westbrook, A., Solaimani, P., and Schiestl, R.H. (2009) Titanium 
dioxide nanoparticles induce DNA damage and genetic instability in vivo in mice. Cancer 
research, 69, 8784-8789. 

16. Shi, Z.Q., Niu, Y.J., Wang, Q., Shi, L., Guo, H.C., Liu, Y., Zhu, Y., Liu, S.F., Liu, C., Chen, X., and 
Zhang, R. (2015) Reduction of DNA damage induced by titanium dioxide nanoparticles through 
Nrf2 in vitro and in vivo. Journal of Hazardous Materials, 298, 310-319. 

17. Sycheva, L.P., Zhurkov, V.S., Iurchenko, V.V., Daugel-Dauge, N.O., Kovalenko, M.A., Krivtsova, 
E.K., and Durnev, A.D. (2011) Investigation of genotoxic and cytotoxic effects of micro- and 
nanosized titanium dioxide in six organs of mice in vivo. Mutation research, 726, 8-14. 

18. Vandebriel, R.J., Vermeulen, J.P., van Engelen, L.B., de Jong, B., Verhagen, L.M., de la 
Fonteyne-Blankestijn, L.J., Hoonakker, M.E., and de Jong, W.H. (2018) The crystal structure of 
titanium dioxide nanoparticles influences immune activity in vitro and in vivo. Particle and 
fibre toxicology, 15, 9. 

19. Cui, Y., Liu, H., Ze, Y., Zhang, Z., Hu, Y., Cheng, Z., Cheng, J., Hu, R., Gao, G., Wang, L., Tang, M., 
and Hong, F. (2015) Corrigendum: Gene Expression in Liver Injury Caused by Long-Term 
Exposure to Titanium Dioxide Nanoparticles in Mice. Toxicol Sci, 146, 202. 

20. Ruiz, P.A., Moron, B., Becker, H.M., Lang, S., Atrott, K., Spalinger, M.R., Scharl, M., Wojtal, K.A., 
Fischbeck-Terhalle, A., Frey-Wagner, I., Hausmann, M., Kraemer, T., and Rogler, G. (2017) 
Titanium dioxide nanoparticles exacerbate DSS-induced colitis: role of the NLRP3 
inflammasome. Gut, 66, 1216-1224. 

21. IARC (2010) IARC MONOGRAPHS ON THE EVALUATION OF CARCINOGENIC RISKS TO HUMANS: 
Carbon Black, Titanium dioxide and Talc. Volume 93. 

22. Council, N.R. (2007) Toxicity testing in the 21st century: a vision and a strategy. National 
Academies Press, Washington, DC. 

23. Krewski, D., Acosta, D., Jr., Andersen, M., Anderson, H., Bailar, J.C., 3rd, Boekelheide, K., Brent, 
R., Charnley, G., Cheung, V.G., Green, S., Jr., Kelsey, K.T., Kerkvliet, N.I., Li, A.A., McCray, L., 
Meyer, O., Patterson, R.D., Pennie, W., Scala, R.A., Solomon, G.M., Stephens, M., Yager, J., and 
Zeise, L. (2010) Toxicity testing in the 21st century: a vision and a strategy. J Toxicol Environ 
Health B Crit Rev, 13, 51-138. 

24. Zhao, X., Sheng, L., Wang, L., Hong, J., Yu, X., Sang, X., Sun, Q., Ze, Y., and Hong, F. (2014) 
Mechanisms of nanosized titanium dioxide-induced testicular oxidative stress and apoptosis in 
male mice. Particle and fibre toxicology, 11, 47. 

25. Chen, Z., Wang, Y., Wang, X., Zhuo, L., Chen, S., Tang, S., Zhao, L., Luan, X., and Jia, G. (2018) 
Effect of titanium dioxide nanoparticles on glucose homeostasis after oral administration. J 
Appl Toxicol. 

26. Hu, H., Guo, Q., Wang, C., Ma, X., He, H., Oh, Y., Feng, Y., Wu, Q., and Gu, N. (2015) Titanium 
dioxide nanoparticles increase plasma glucose via reactive oxygen species-induced insulin 
resistance in mice. J Appl Toxicol, 35, 1122-1132. 

27. Kang, J.L., Moon, C., Lee, H.S., Lee, H.W., Park, E.M., Kim, H.S., and Castranova, V. (2008) 
Comparison of the biological activity between ultrafine and fine titanium dioxide particles in 
RAW 264.7 cells associated with oxidative stress. J Toxicol Env Heal A, 71, 478-485. 

28. Park, E.J., Yi, J., Chung, K.H., Ryu, D.Y., Choi, J., and Park, K. (2008) Oxidative stress and 
apoptosis induced by titanium dioxide nanoparticles in cultured BEAS-2B cells. Toxicology 
letters, 180, 222-229. 

29. Chen, Z., Wang, Y., Ba, T., Li, Y., Pu, J., Chen, T., Song, Y., Gu, Y., Qian, Q., Yang, J., and Jia, G. 
(2014) Genotoxic evaluation of titanium dioxide nanoparticles in vivo and in vitro. Toxicology 
letters, 226, 314-319. 

30. Zijno, A., De Angelis, I., De Berardis, B., Andreoli, C., Russo, M.T., Pietraforte, D., Scorza, G., 
Degan, P., Ponti, J., Rossi, F., and Barone, F. (2015) Different mechanisms are involved in 



Chapter 7 

 210 

oxidative DNA damage and genotoxicity induction by ZnO and TiO nanoparticles in human 
colon carcinoma cells. Toxicol In Vitro, 29, 1503-1512. 

31. Saquib, Q., Al-Khedhairy, A.A., Siddiqui, M.A., Abou-Tarboush, F.M., Azam, A., and Musarrat, J. 
(2012) Titanium dioxide nanoparticles induced cytotoxicity, oxidative stress and DNA damage 
in human amnion epithelial (WISH) cells. Toxicol In Vitro, 26, 351-361. 

32. Jin, C.Y., Zhu, B.S., Wang, X.F., and Lu, Q.H. (2008) Cytotoxicity of titanium dioxide 
nanoparticles in mouse fibroblast cells. Chem Res Toxicol, 21, 1871-1877. 

33. Shukla, R.K., Sharma, V., Pandey, A.K., Singh, S., Sultana, S., and Dhawan, A. (2011) ROS-
mediated genotoxicity induced by titanium dioxide nanoparticles in human epidermal cells. 
Toxicol In Vitro, 25, 231-241. 

34. De Angelis, I., Barone, F., Zijno, A., Bizzarri, L., Russo, M.T., Pozzi, R., Franchini, F., Giudetti, G., 
Uboldi, C., Ponti, J., Rossi, F., and De Berardis, B. (2013) Comparative study of ZnO and TiO(2) 
nanoparticles: physicochemical characterisation and toxicological effects on human colon 
carcinoma cells. Nanotoxicology, 7, 1361-1372. 

35. Long, T.C., Saleh, N., Tilton, R.D., Lowry, G.V., and Veronesi, B. (2006) Titanium dioxide (P25) 
produces reactive oxygen species in immortalized brain microglia (BV2): implications for 
nanoparticle neurotoxicity. Environmental science & technology, 40, 4346-4352. 

36. Bhattacharya, K., Davoren, M., Boertz, J., Schins, R.P., Hoffmann, E., and Dopp, E. (2009) 
Titanium dioxide nanoparticles induce oxidative stress and DNA-adduct formation but not 
DNA-breakage in human lung cells. Particle and fibre toxicology, 6, 17. 

37. Huerta-Garcia, E., Perez-Arizti, J.A., Marquez-Ramirez, S.G., Delgado-Buenrostro, N.L., Chirino, 
Y.I., Iglesias, G.G., and Lopez-Marure, R. (2014) Titanium dioxide nanoparticles induce strong 
oxidative stress and mitochondrial damage in glial cells. Free Radic Biol Med, 73, 84-94. 

38. Niska, K., Pyszka, K., Tukaj, C., Wozniak, M., Radomski, M.W., and Inkielewicz-Stepniak, I. 
(2015) Titanium dioxide nanoparticles enhance production of superoxide anion and alter the 
antioxidant system in human osteoblast cells. Int J Nanomed, 10, 1095-1107. 

39. Reeves, J.F., Davies, S.J., Dodd, N.J., and Jha, A.N. (2008) Hydroxyl radicals (*OH) are 
associated with titanium dioxide (TiO(2)) nanoparticle-induced cytotoxicity and oxidative DNA 
damage in fish cells. Mutation research, 640, 113-122. 

40. Krauskopf, J., Verheijen, M., Kleinjans, J.C., de Kok, T.M., and Caiment, F. (2015) Development 
and regulatory application of microRNA biomarkers. Biomark Med, 9, 1137-1151. 

41. Hendrickx, D.M., Souza, T., Jennen, D.G.J., and Kleinjans, J.C.S. (2017) DTNI: a novel 
toxicogenomics data analysis tool for identifying the molecular mechanisms underlying the 
adverse effects of toxic compounds. Arch Toxicol, 91, 2343-2352. 

 
 


