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1 Introduction 

1.1 Genetic toxicity 

Genetic toxicity relates to any damage or changes of the genetic material and 

structure that in some cases may be associated with mutagenicity. These 

include major end-points such as gene mutations (deletions/insertions and 

point mutations), clastogenic effects (DNA strand breaks leading to structural 

chromosome changes) and aneugenic effects (numerical chromosome 

aberrations leading to the formation of aneuploidy/polyploidy) as well as the 

induction of DNA repair enzymes and formation of  DNA adducts (Eastmond 

et al., 2009). The genetic alterations can be induced by chemical substances 

and physical agents having genotoxic potential, and may lead to further 

mutations increasing the chances of inflammation, cancer and birth defects. 

Therefore genetic toxicology testing has become an integral part of initial 

steps of laboratory research and the discovery process of drugs and other 

chemicals.  

According to Zeiger (2004) evolution of genetic toxicology began in the mid-

20th century when in 1944 Auerbach and Robson used chemicals to induce 

mutations in the fruit fly Drosophila melanogaster. Then a strain of 

Escherichia coli started to be used for in vitro mutagenicity testing (Demerec 

et al., 1951), which together with the fungus Neurospora crassa (Malling, 

1966) were at that time the most highly developed genetic systems for the 

study of chemically induced mutagenesis. A significant role was played by 

Prof. Bruce Ames who developed a sensitive cancer-predictive screening test 

with Salmonella typhimurium strains and the use of metabolic activation 
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(Ames et al., 1973) to identify potential carcinogens and drew general 

attention to the importance of oxidative damage in cancer aetiology. Ames 

was the first one to develop a database of mutagenic and carcinogenic 

chemicals (Zeiger, 2004). Over the years the Salmonella assay was the main 

test leading to the discovery of genotoxic substances in the air, soil, food, 

dust or drinking water (Claxton et al., 2010). Although the large number of 

diverse tests has been developed for carcinogen screening only some of 

them may have a predictive value for cancer, with the Salmonella (Ames) test 

being the benchmark test. A genetic toxicity test indicates only the chance 

that the chemical can induce cancer and not the induction of cancer itself and 

the predictivity of currently used screening tests is placed between the 60 

and 80% range (Zeiger, 2004). 

1.2   Pathophysiology of cancer 

In developed Western Countries, cancer plays a prominent role as a second  

cause of death after cardiovascular diseases (De Flora and Ferguson, 2005; 

Jemal et al., 2007). The generation of cancer is a multi-stage and prolonged 

process and results from multiple mutations arising from errors in DNA repair 

and replication (Bielas and Loeb, 2005). Defects in the repair of DNA 

damage resulting from non-repair or mis-repair of DNA modifications, may 

lead to an accumulation of successive mutations occurring in a cell that 

enhance cancer risk (Hoeijmakers, 2001; Jiricny and Marra, 2003). Hanahan 

and Weinberg (2011) distinguished six biological features required for 

development of cancer: maintaining chronic proliferation, resisting cell death, 

sustaining replicative potential and angiogenesis, inducing invasion and 
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metastasis as well as inactivating tumour suppressor genes (Hanahan and 

Weinberg, 2011). Instead of triggering cell death, genotoxic damage 

manages to survive and develops tumours by accumulating further damage. 

Carcinogenesis proceeds because the damage detection system has 

probably been disabled by one of the mutations (Hickman, 2002). 

Cancer arises when an abnormal cell starts to proliferate more vigorously 

than its neighbours, but as long as a mass of abnormal cells is clustered 

together and encapsulated, a tumour is said to be benign. Although benign 

tumours do not present a malignant phenotype, many of them have been 

found to manifest chromosomal aberrations and microsatellite instability 

(Tarafa et al., 2003). In some cases (e.g. Barrett’s oesophagitis) cancer cells 

are surrounded by cells with a “normal” phenotype but with already frequent 

mutations (Barrett et al., 1999). A tumour which invades other tissues is 

malignant – cancer cells invade and colonize other tissues finally destroying 

the whole cellular society.  

Ninety-95% of all cancer cases can be associated with lifestyle and 

environmental factors rather than with genes (remaining 5-10%) (Anand et 

al., 2008). There are various types of inherited gene alterations that may 

increase the susceptibility to develop cancer.  Among them the most 

common for inherited cancer susceptibility seem to be faulty tumour 

suppressor genes as well as genes involved in the angiogenesis and DNA 

repair. Less crucial are defects in oncogenes. Also genes involved in 

metabolism of carcinogenic substances, when altered, may impact the 

general susceptibility to cancer (Hodgson, 2008). The probability of 

mutagenesis is enhanced by several factors with dietary trends being linked 
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with 30-35% of cancer deaths (Doll and Peto, 1981; Anand et al., 2008). High 

levels of salted, cured and smoked foods, dietary mutagens, alcohol and 

obesity leading to inappropriate stimulation of the immune response, release 

of reactive oxygen species (ROS) producing DNA damage (Hursting et al., 

2003) together with viral infections, radiation, inflammations and smoking 

habits  pose a serious insult for human health. However, at the same time 

they are potentially modifiable in contrast to inherited mutations. Hence every 

effort should be made to modify lifestyle factors to decrease the risk of 

cancers being associated with them: avoiding tobacco use – lung cancer 

(Denissenko et al., 1996); alcohol intake – cancers of the aerodigestive tract, 

liver, pancreas and breast (Seitz et al., 2004; Williams and Horm, 1977); 

increased consumption of red meat – cancers of the gastrointestinal tract, 

bladder and breast (O'Hanlon, 2006; Tappel, 2007); obesity – colon, 

oesophageal, renal, ovarian, liver and breast cancer, as well as radiation, 

infectious agents and environmental pollutants (Anand et al., 2008). 

For many human cancers aging seems to be a major risk factor as their 

occurrence increases significantly with age (Madia et al., 2007). However, 

there are two main factors that may contribute to aging: increased number of 

senescent cells that lost the ability to divide, and loss of function within stem 

cells population where shortening of telomeres may be a culprit (Collado et 

al., 2007). There are age dependent irregularities in the genome and errors in 

its repair mechanisms leading to the reduction of genomic maintenance. 

Although cancer seems to be an age-related disorder and its frequency 

increases throughout the lifespan there has been observed a decreasing 

cancer incidence among some centenarians. It may be because of a special 
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resistance to cancer or an age-enhanced apoptosis as a protective process 

among those of advanced age (Migliore and Coppede, 2002). It should be 

mentioned that decreased telomeres length apart from limiting the 

proliferation of normal cells impacts development of cancerous cells. It was 

shown for example that mice with short telomeres were cancer resistant 

(Blasco et al., 2005; Collado et al., 2007). The individual physiological state 

can also have an impact on cancer development. During pregnancy for 

instance, an increased rate of adenoma development may be observed due 

to higher than normal activity of growth factors and hormones (Half et al., 

2009). 

1.3 Familial polyposis coli 

Familial polyposis coli, also known as Familial adenomatous polyposis (FAP), 

is an inherited autosomal dominant disease that, if left untreated, may lead to 

colorectal cancer. FAP manifests itself through the appearance of numerous 

(hundreds to thousands) adenomatous polyps in the colon and rectum, which 

may start to appear fairly early in life (average 7 to 36 years of age) and may 

remain asymptomatic for years (Half et al., 2009; Petersen et al., 1991). 

Apart from colorectal polyps also some extracolonic manifestations are 

observed. In the European Union it is estimated that 1 person per 11,300-

37,600 is affected by FAP (Half et al., 2009). 
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Figure 1.1 The endoscopic appearance of early FAP adenomas (left) and 

well established, multiple FAP adenomas (right). Figures reproduced from 

reference (Half et al., 2009). 

 

Polyps or adenomas are a mass of abnormally growing dysplastic cells in the 

epithelial surface of the bowel. Colorectal epithelial polyps used to be divided 

into neoplastic adenomas and harmless hyperplastic polyps (Aust and 

Baretton, 2010). It has become clear that although hyperplastic polyps are 

lacking cytological dysplasia, some of them have underlying genetic 

alterations, such as KRAS, PIK3CA and BRAF mutations that have been 

associated with the progression of hyperplastic polyps to serrated adenoma 

and consecutively to cancer  (Chan et al., 2003; Velho et al., 2008).      

The FAP syndrome has been shown to be caused by mutations in the 

adenomatous polyposis coli (APC) gene. The APC associated polyposis 

syndromes include attenuated FAP, which is a milder form of the classic 

FAP; Gardner’s syndrome and Turcot syndrome. The attenuated FAP variant 

1 cm 1.5 cm 
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has fewer colonic polyps (average of 30) and later age of diagnosis and 

development of cancer (Nielsen et al., 2007). Gardner’s syndrome 

characterised by colonic polyposis of classic FAP is also associated with 

osteomas and soft tissue tumours (Burt and Jasperson, 1993), whereas 

Turcot syndrome with central nervous system tumours and mutations of 

mismatch repair genes common in hereditary non-polyposis colorectal 

cancer (HNPCC) (Hamilton et al., 1995).  

1.3.1 Adenomatous polyposis coli (APC) gene 

The APC gene is a tumour suppressor gene on chromosomal region 5q22, 

deletions of which have been observed in attenuated and typical FAP 

patients (Burt and Jasperson, 1993; Heald et al., 2007). Friedl et al. 

performed mutation analysis in the APC gene in FAP patients and observed 

numerous point mutations (the first half of the gene) and large genomic 

deletions (the entire gene) – overall the detection rate was 54% (Friedl and 

Aretz, 2005). The most frequent APC mutation associated with severe type 

(>1000 polyps developed before the age of 15) were found at codon 1309; 

associated with attenuated FAP in the 5’, 3’, and exon 9 of the gene (Sieber 

et al., 2006) and with typical FAP at the remaining sites (Friedl and Aretz, 

2005). 

1.3.2 Clinical description 

As the initial stages of FAP are in most cases asymptomatic, the first signs of 

illness may be expressed when polyps are already large and spread. The 
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common symptoms would include: constipation, change in bowel habits, 

diarrhoea, abdominal pain, rectal bleeding and prolapse or weight loss in 

young patients (Half et al., 2009). The symptoms of FAP may be also 

extraintestinal and include: osteomas and dental abnormalities (Gardner’s 

syndrome), desmoid tumours and cancers of liver, thyroid or central nervous 

system (Turcot syndrome).  

1.3.3 Diagnosis and management 

Obtaining a detailed family history of cancers as well as identification of any 

extraintestinal symptoms are crucial for correct diagnosis, especially when 

the patient does not show any symptoms directly related to gastrointestinal 

problems. These findings should be also reinforced by genetic testing, such 

as sequencing of the full APC gene which gives 70% mutation detection rate 

(Half et al., 2009) and is said to be the most accurate test available 

(Giardiello et al., 2001); evaluation for a base-excision-repair MUTYH gene 

mutation causing condition known as MAP (MUTYH Attenuated FAP) 

(Sampson et al., 2005); protein truncation testing (Powell et al., 1993) as well 

as duplication and deletion analyses (Nielsen et al., 2007).  

The most important clinical examination, especially in case of high-risk 

patients is endoscopy, which should be repeated on year to year basis 

(depending on the most recent results and risk factors) (Vasen et al., 2008). 

If the number of adenomas increases, an elective surgery may be advisable 

(Eccles et al., 1997). Some nonsteroidal anti-inflammatory drugs (NSAIDs), 

such as sulindac (Cruz-Correa et al., 2002) and colecoxib (Steinbach et al., 
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2000), tested in clinical trials, have been shown to cause regression of the 

polyps in patients affected by FAP. 

A balanced healthy diet and active lifestyle should be implemented as it has 

been shown that lifestyle and environmental factors have a modulating role 

(Mai et al., 2003; Rozen et al., 1999). 

1.4  Colorectal cancer 

Colon and rectal cancers are referred to together as colorectal cancer (CRC). 

CRC is one of the most leading causes of cancer death in the industrialized 

countries like the United States and Western Europe (Akhoond et al., 2010; 

Potter et al., 1993).  

Sporadic CRC begin as polyps which at first constitute harmless, small 

growths in the wall of the colon. With time those benign adenomas change 

their morphology and increase in size, at the same time accumulating genetic 

mutations (Bedi et al., 1995). 

Approximately 10 to 15% (Half et al., 2009), 25% (Migliore et al., 2011) of 

CRC cases are caused by genetic abnormalities that run in families, with 

FAP, familial juvenile polyposis and Peutz-Jeghers syndrome accounting for 

less than 1%; hereditary non-polyposis colorectal cancer (HNPCC) for 3-5%; 

whereas the remaining 85% (Half et al., 2009), 75% (Migliore et al., 2011) is 

considered to be sporadic. The rates of colorectal cancer seem to increase 

with westernization of the lifestyle showing that environmental factors have a 

dominant role, with a diet being the most important exogenous factor 
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(Migliore et al., 2011). One of well-documented risk factors for colorectal 

cancer is heavy alcohol consumption (Seitz et al., 2001).  

1.4.1 Major CRC genes and syndromes 

The genomic instability is an initial event in carcinogenesis. The following 

genes, when mutated, have been associated with an increased risk for 

colorectal cancer: MLH1, MSH2, MSH6, PMS2, APC, SMAD4 (DPC4), 

Bmpr1, PTEN, MYH (Anand et al., 2008). It has been established that colon 

cancers can either express chromosomal instability (related with a mutation 

of the APC gene) or microsatellite instability (loss of mismatch repair 

function) (Half et al., 2009). The inactivation of the APC gene is the earliest 

event in colon carcinogenesis, followed by mutations in other tumour 

suppressor genes such as SMAD2, TP53 or oncogenes (e.g. KRAS) 

(Migliore et al., 2011). It is believed that colon cancers associated with 

human hereditary colon cancer contains numerous changes in the length of 

the repetitive nucleotide sequences in genes (Bielas and Loeb, 2005). Stoler 

et al. reported that genomic instability in sporadic colorectal tumour 

progression can lead to approximately 10,000 events of genomic damage per 

carcinoma cell (Stoler et al., 1999). 

Among the most common CRC genetic syndromes are FAP, attenuated FAP 

and Gardner syndrome – all resulting from germline mutations in the APC 

gene encoding a protein essential for regulation of the Wnt/Wingless signal 

transduction pathway promoting cell proliferation and differentiation as well 

as apoptosis (Benchabane and Ahmed, 2009).  
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MUTYH associated polyposis (MAP) is caused by the Mut Y homolog  

(MUTYH) gene mutations that lead to increased G:C to T:A transversions 

(Sampson et al., 2005). 

HNPCC, also known as Lynch syndrome carries mutations leading to  

microsatellite instability. The genes involved include MSH2, MLH1, MSH6, 

and PMS2 – encoding mismatch repair proteins correcting base mismatches 

or small insertions and deletions occurring during DNA replication (Migliore et 

al., 2011).  

1.4.2 Stages and progression of colorectal cancer 

The tumour-node-metastasis (TNM) classification 

This is the most commonly used system which is based on the depth of 

invasion of the bowel wall (Tx – primary tumour cannot be assessed stage to 

T4 – tumour that directly invades other organs and structures), extent of 

regional lymph node involvement (from Nx – lymph nodes not present to N2 – 

metastases in ≥ 4 regional lymph nodes), and presence of distant sites of 

disease (Mx – metastases cannot be determined to M1 – distant metastases 

detected) (Greene et al., 2002).  

The Dukes classification 

This system was devised in 1932 by pathologist Cuthbert Dukes and evolved 

into three stages: Grade 1 – the most differentiated, Grade 2 – intermediate 

and Grade 3 – the least differentiated. However, the American Joint 

Committee on Cancer (AJCC) recommended it to be no longer used in the 
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clinical practice and replaced by the TNM classification as above (Edge et al., 

2010). 

In the progression of CRC apart from the APC gene, two other important 

genes are involved: TP53 and KRAS. TP53 encodes a transcription factor 

p53 involved in cell cycle regulation, apoptosis and DNA damage, hence loss 

of TP53 function is critical for the development of cancer. It has been 

established that inactivation of p53 occurs in the majority of human cancers 

(Hollstein et al., 1991).  The mutation of KRAS is found in 8.6% of all CRC 

patients and leads to impairment of the RAS signalling pathway involved in 

growth differentiation, apoptosis, cell survival and proliferation (Migliore et al., 

2011). 

1.4.3 Clinical description 

In general the symptoms of CRC have more acute characteristics than those 

observed with PLP patients, however the progress of CRC may be also 

asymptomatic. The most common symptoms of CRC are a tenderness and  

abdominal pain and troubles related to the intestinal transit, such as narrow 

stools, diarrhoea and/or constipation, blood in the stool. Other reported 

symptoms include vomiting, signs of neoplastic impregnation as well as pus 

and faecal exudates in the urine and weight loss (Radu et al., 2010). 

 



14 

 

 

 

Figure 1.2 Progression from Polyp to Cancer.  

Adopted from: http://cancernaturalremedies.com 

 

 

 

 

1.4.4 Diagnosis and management 

The risk of developing CRC is highly increased when the first degree 

relatives have been affected. The other risk factors include the presence of 

polyps, high red meat consumption, alcohol intake, smoking, physical 

inactivity and obesity (Emmons et al., 2005; Migliore et al., 2011).  

Screening procedures used in colon cancer can be distinguished as two 

groups: stool blood tests [guaiac faecal occult blood test (gFOBT), faecal 

immunochemical test (FIT), stool DNA tests (sDNA)] and structural 

examinations [flexible sigmoidoscopy (FSIG), colonoscopy, double contrast 

barium enema (DCBE) and CT colonography (CTC)-virtual colonoscopy]. 

Although the first group is not invasive and can be even done at home it does 

Progression from Polyp to Cancer 
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not provide precise and accurate results, hence in case results are positive it 

is necessary to perform additional, more invasive tests such as 

sigmoidoscopy or colonoscopy (Labianca and Merelli, 2010). The cost of 

screening tests is decreasing, but still the screening rate remains lower 

compared to other cancers. It may be due to the lack of knowledge, 

embarrassment, but also a complicated referral process or poor access to 

health care (Anderson et al., 2002). The risk of developing CRC can be 

additionally decreased by high intake of folate, vitamins and fibre or 

postmenopausal hormone use (Migliore et al., 2011).  

The treatment is chosen depending on the stage of cancer and may involve a 

surgery where cancer cells/part of the colon is removed; chemotherapy (one 

drug or combination of a few) and radiotherapy (usually together with 

chemotherapy). The most common drugs used for the treatment of CRC are 

fluorouracil (Sobrero et al., 2000), capecitabine (Pentheroudakis and 

Twelves, 2002), tegafur uracil (Sulkes et al., 1998), irinotecan (Mathijssen et 

al., 2001) and oxaliplatin (Raymond et al., 1998). A more recently employed 

treatment involves angiogenesis inhibitors such as bevacizumab (Glusker et 

al., 2006) or epidermal growth factor receptor inhibitors: cetuximab and 

panitumumab (Messersmith and Hidalgo, 2007).  
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1.5   Specific DNA damaging agents 

1.5.1   Dietary and environmental compounds 

1.5.1.1   Acrylamide (AA) 

 

 

Figure 1.3   Structure of acrylamide (AA) 

 

Acrylamide (AA) has been classified by the International Agency for 

Research  on Cancer (IARC, 1994) as possibly carcinogenic to humans 

(Class 2A). It has been shown that the most important source of AA is its 

formation as a result of the Maillard reaction between amino acids (e.g. 

asparagine) and glucose (Stadler et al., 2002). However, AA is also 

industrially produced to synthesize polyacrylamide – product used in 

wastewater treatment, cosmetics and paper (Friedman, 2003). Tareke et al. 

analyzed AA levels in heated at high temperatures foodstuffs and reported 

AA presence in carbohydrate-rich foods, such as potato, beetroot and 

crispbread. AA was not detected in unheated or boiled products (Tareke et 

al., 2002). AA is easily absorbed and metabolized and due to its size and 
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hydrophilic properties can be widely distributed in the human body 

(Friedman, 2003). The daily intake of AA in humans can be measured as AA 

and GA (glycidamide – bioactivated form of AA) adducts with haemoglobin 

(Hb). Studies conducted in Sweden showed that this intake would be 

approximately 100 µg/day (Tareke et al., 2002). In the Netherlands AA daily 

intake was estimated as 21-23 µg/day (Schouten et al., 2009). 

The carcinogenic character of AA has been shown in various rodent studies 

where different organs and tissues were analyzed (Bull et al., 1984a; Bull et 

al., 1984b; Friedman et al., 1995). However, studies in humans did not 

provide significant unambiguous results (Pelucchi et al., 2006; Schouten et 

al., 2009; Swaen et al., 2007). 

1.5.1.2 Heterocyclic amines (HCA) 

HCA are formed by cooking proteinaceous food, mainly seen as heat-

induced non-enzymatic browning that involves creatinine, free amino acids 

and monosaccharides (Felton and Knize, 1991). More than 20 

carcinogenic/mutagenic HCA have been isolated so far (Nagao et al., 1997; 

Wakabayashi et al., 1992). It has been estimated that the daily intake of HCA 

can reach up to 50 µg (Knize et al., 1995; Krul et al., 2000) or 1 to 70 ng/g of 

meat (Felton and Knize, 1991), depending on the type of meat, temperature 

and the method of cooking (Messner and Murkovic, 2004; Wu et al., 2001). 

 The genotoxicity of HCA originates from their activation by a series of 

reactions involving cytochrome P450 when the parent compound is 
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converted to an electrophilic derivative such as a nitrenium ion that covalently 

binds to DNA resulting in DNA adducts and subsequently in nucleotide 

alterations and chromosomal aberrations (Goldman and Shields, 2003; Hatch 

et al., 2001). In tests conducted in mice, N-hydroxylation of 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) was shown to be catalyzed by 

the cytochrome P-450 monooxygenase CYP1A2 in the liver (Snyderwine and 

Battula, 1989) and by CYP1A1 and CYP1B1 in extrahepatic tissues 

(Shimada et al., 1996). Brooks et al. found PhIP to produce mutations in Dlb-

1 assay, that detects mutations in epithelial stem cells. As CYP1A2 is 

expressed in the liver, hence the ability of PhIP to induce mutations in the 

small intestine can be explained by convertion of PhIP to stable N-hydroxy-

PhIP in hepatocytes and its transport to the small intestine in the systemic 

circulation. Those experiments were conducted in mice (Brooks et al., 1994). 

It should be noticed that humans present greater catalytic potential than 

rodents, hence the carcinogenic impact of food mutagens may be higher than 

expected (Lin et al., 1995; Turesky et al., 1998). The existing data show that 

another major causal factor of DNA damage by HCA might be oxidative 

stress (Maeda et al., 1999; Murata et al., 1999). HCA have been shown to 

have a mutagenic activity in the Ames/Salmonella assay where the number 

and position of methyl groups appeared to influence the mutagenicity (Felton 

and Knize, 1991). 

Three different HCA derivatives can be distinguished: amino-imidazo-

quinoxalines (e.g. 2-amino-3,8-dimethylimidazo[4,5 –f]quinoxaline, 8-MeIQx); 

amino-imidazo-quinolines (e.g. IQ) and  amino-imidazo-pyridines (e.g. PhIP). 

Of those three groups the latest one appeared to be the less potent when 
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tested on bacteria (Pfau et al., 1999). However, PhIP was shown to induce 

more mutations in vitro, in genetically modified Chinese hamster ovary (CHO) 

cells (Thompson et al., 1995), as well as in vivo (Brooks et al., 1994). 

 

 

Figure 1.4  Structure of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) 

 

 

The heterocyclic amine PhIP is considered to be the most abundant HCA by 

mass in fried beef responsible for inducing various types of tumours in rats 

(Felton et al., 2004; Felton et al., 1986; Kakiuchi et al., 1995). It was shown 

that PhIP causes deletions of guanine base from 5’-GGGA-3’ site in the APC 

gene, that is mutated in about 60% of human colorectal cancers (Kakiuchi et 

al., 1995). In human fibroblasts the main mutation observed for both, PhIP 

and IQ was G:C to T:A transversion (Endo et al., 1994). However, neither 

PhIP nor IQ, caused mutations in Ki-ras or p53 gene, where genetic 

alterations are seen in case of human colon carcinogenesis (Huang et al., 

1996; Kakiuchi et al., 1995).  

PhIP was shown to induce DNA strand breaks in rat colon epithelial cells but 

not in human colon cells (Pool-Zobel and Leucht, 1997). 

 Its daily intake among Americans is estimated as 280-460 ng mainly due to 

the high consumption of grilled and BBQ chicken (Byrne et al., 1998). 
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Figure 1.5  Structure of 2-amino-3-methylimidazo-[4,5-f]quinoline (IQ) 

 

IQ was also isolated from the cigarette smoke in an amount of 0.26 ng per 

cigarette (Yamashita et al., 1986).  Kakiuchi et al. found that IQ induced colon 

tumours in rats through base substitutions and liver tumours in nonhuman 

primates. IQ was shown to be less likely to induce a base deletion and also 

did not present the site-specific and characteristic mode (Kakiuchi et al., 

1995).  

 

 

1.5.1.3 Nitrites and nitrates 

                     

Nitrate       Nitrite 

 

Figure 1.6   Nitrate and nitrite ions 

 

Nitrates (NO3
‾) are used as a preservative for meat giving it a smoked flavour 

and pink colour, and preventing botulism. Although nitrates are thought to be 
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non-toxic, upon ingestion they are converted to nitrites (NO2
‾) that can 

oxidize the iron atoms in haemoglobin and create methaemoglobin unable to 

bind oxygen. They also have been shown to form nitrosamines that may be 

highly carcinogenic (Anand et al., 2008; Bingham et al., 2002; Divisi et al., 

2006). 

1.5.1.4 Nitrosamines 

 

Figure 1.7   Structure of N-nitrosodimethylamine (NDMA) 

 

Nitrosamines together with nitrosamides belong to N-nitroso compounds 

(NOC) that have been classified as potential human carcinogens (U.S. 

Department of Health and Human Services, 2005). N-nitrosodimethylamine 

(NDMA) represents a group of nitrosamines and is often found in cured 

meats, Japanese smoked and cured fish and beer (Lijinsky, 1999); also as 

an unregulated disinfection by-product (DBPs) during the production of 

drinking water (Richardson et al., 2007). NDMA has also been linked with 

colon cancer as it can be formed in the gastrointestinal tract from nitrates 

(Hebels et al., 2009). N-nitroso compounds have been shown to be genotoxic 

in intestinal cell lines (Robichova et al., 2004) and possibly involved in the 

development of cancers in humans (Hecht et al., 1989). 
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1.5.1.5 Polycyclic aromatic hydrocarbons 

 

 

 

Figure 1.8   Structure of benzo[a]pyrene (BaP) 

 

Cigarettes contain at least 50 different carcinogens. One of them is 

benzo[a]pyrene (BaP) directly linked with lung cancer (Denissenko et al., 

1996) and shown to be able to penetrate the oesophagus when smoking was 

combined with alcohol consumption (Kuratsune et al., 1965). BaP is also 

found in vehicle emissions and grilled food (Kazerouni et al., 2001). 

BaP exists as a procarcinogen and to reach its full carcinogenic potential and 

react with DNA, has to be metabolically activated to a diol epoxide form 

(BPDE) (Weisenberger and Romano, 1999). 

BaP appeared to be non-genotoxic in human and rat colon cells when the 

Comet assay was used (Pool-Zobel and Leucht, 1997). However, several 

studies have assessed genotoxicity of BaP and observed positive results with 

(Wang and Qian, 1997) and without metabolic activation (Park et al., 2006).  

There has been also an increase in micronucleus (MN) formation reported in 

different studies using different cell lines: L5178Y (Kirsch-Volders et al., 

2000), HepG2 (Wu et al., 2003) and MCF-7 (Hewitt et al., 2007) as well as 

human lymphocytes (Sipinen and Laubenthal et al., 2010; Warshawsky et al., 

1995). 
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1.5.1.6 Organochlorines 

 

 

 

Figure 1.9   Structure of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 

 

It was suggested that TCDD promotes cancer in lesions that were previously 

initiated by other compounds (Dragan and Schrenk, 2000). As TCDD is 

showing high stability and resistance to biodegradation and has a half-life of 

more than 7 years, it may accumulate in the food chain, in breast milk and 

adipose tissue (Geusau et al., 2002; Viluksela et al., 2000). This potent dioxin 

was announced by the International Agency for Research on Cancer (IARC) 

as a known human carcinogen (Group 1) (IARC, 1997). Several animal 

studies have shown TCDD to be carcinogenic, mutagenic, immuno- and 

hepatotoxic leading to abnormalities in the development of the immune, 

nervous and reproductive system in a tissue, gender and age-dependent 

manner (Birnbaum and Tuomisto, 2000; Kransler et al., 2007). In humans, 

TCDD proved to induce chloracne, endometriosis and disorders related to 

thyroid function as well as an increased risk of various cancers (Birnbaum 

and Tuomisto, 2000; Geusau et al., 2001; Geyer et al., 2002). 
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Figure 1.10 Structure of 3,3,4,4-tetrachlorobiphenyl (PCB77) 

 

Polychlorinated biphenyls (PCBs) belong to environmental contaminants and 

can cause various adverse health effects such as dysfunctions of the 

reproductive and immune system (Barrett, 2010). There was also a study 

reporting an increased coronary heart disease occurrence in people living 

close to areas contaminated with organic pollutants (Sergeev and Carpenter, 

2005).  
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1.5.1.7 Mycotoxins 

 

 

 

Figure 1.11 Structure of aflatoxin B1 

 

The aflatoxins are metabolites of strains of Aspergillus flavus and exist as 

four main fractions: B1, B2, G1 and G2, of which the B1 fraction (ATB1) was 

shown to be carcinogenic to trout and rats (Newberne and Butler, 1969). The 

aflatoxin B1 has been associated with hepatocellular carcinoma as after 

being metabolically activated, ATB1 causes mutation typical for this disease: 

G to T substitution at codon 249 in the p53 gene (Foster et al., 1983; 

Okonogi et al., 1997). 

 

 

Figure 1.12      Structure of deoxynivalenol (DON) 
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The largest group of mycotoxins is produced by the Fusarium species. The 

best known example is deoxynivalenol (DON) containing three hydroxy 

groups associated with its toxicity (Sobrova et al., 2010). Hughes et al. 

(1999) reported that DON is heat-stable, hence there is a risk related to its 

occurrence in food. Humans may be directly exposed to DON through foods 

of plant origin (oats, wheat, barley) and indirectly through foods of animal 

origin (eggs, milk) (Sobrova et al., 2010). 

1.5.1.8 DNA-reactive aldehydes 

 

 

 

 

Figure 1.13   Structure of 4-hydroxynonenal (HNE) 

 

4-hydroxynonenal (HNE) is one of the products of lipid peroxidation and can 

be produced in living cells and tissues but also absorbed through the diet. It 

has been also considered as a reliable biomarker of the level of oxidative 

stress (Requena et al., 1996), growth modulating factor and a messenger of 

apoptosis through the p53-dependent pathway (Awasthi et al., 2008; 

Zarkovic, 2003). It is also believed to contribute to cancer and progression of 

cancer in the colon as it causes DNA damage in genes relevant for human 

colon cancer (Glei et al., 2007) 
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Figure 1.14   Structure of malondialdehyde (MDA) 

 

Malondialdehyde (MDA) is a highly reactive natural product of lipid 

peroxidation and can form mutagenic DNA adducts, such as 

pyrimidopurinone (M1G) that has been found in white blood cells, pancreas 

and liver and described as a major DNA adduct in humans (Marnett, 1999). 

1.5.1.9 Ethanol 

 

 

 

Figure 1.15   Structure of ethanol 

 

Ethanol is a co-carcinogen. When alcohol is metabolized in the gut, an 

increased induction of cytochrome P4502E1, leading to enhanced production 

of ROS, as well as production of acetyaldehyde (carcinogen and mutagen) is 
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observed. Increased alcohol consumption leads also to deficiencies of 

methyl, vitamin E and B2, folate, zinc and selenium (Anand et al., 2008; 

Poschl et al., 2004). The highest cancer risk associated with increased 

alcohol consumption has been observed for the upper aerodigestive tract 

(throat, larynx, esophagus) and also for organs such as the liver, colon and 

rectum, and breast (Seitz and Becker, 2007). 

1.6 Nanoparticles 

1.6.1 Nanotechnology 

Nanotechnology has undeniably become one of the key technologies of the 

21st century. For the last twenty years nanotechnology products have been 

constantly introduced to the market. At present there is already more than 

1300 manufacturer identified, nanotechnology based, products on the market 

and the number has grown 521% since March 2006. The first two largest 

contributors are the US and Europe (2011). TiO2 nanoproducts have been 

synthesized as nanoparticles, nanorods, nanowires and nanotubes (Chen 

and Mao, 2007). Engineered nanomaterials are being used in many areas of 

our life as opacifiers, catalysts and semiconductors, in sporting goods, 

electronics and cosmetics and even as odour controllers in cat litter (Chen 

and Mao, 2007). Their properties may also allow them to be a cornerstone in 

medicine improving diagnosis, imaging and drug delivery (Nel et al., 2006). A 

new discipline that emerged as the result of that: nanomedicine has been 

defined by The United States National Institutes of Health (NIH) as a 

“molecular-scale intervention for prevention, diagnosis, and treatment of 



29 

 

diseases” (Amiji, 2010). Examples of nanoparticles application in medicine 

are numerous: nano-emulsions (delivery of hydrophobic agents), nano-

encapsulated plasmid DNA delivery, iron oxide NPs-based agents used for 

magnetic resonance imaging and surgery. Quantum dots, dendrimers, 

polymeric micelles, liposomes or aquasomes are only some of nanoparticles 

being used in biology and medicine (Matteini et al., 2010).  Nanocarriers 

make delivery of DNA, RNA, peptides and proteins-based therapies possible. 

Nano-delivery systems reduce the initial toxicity of a drug and allow more 

accurate accumulation at the site of interest increasing drug bioavailability 

and reducing toxicity in non-targeted organs (Amiji, 2010; Lammers et al., 

2010; Matteini et al., 2010; Sheng and Huang, 2011).  

 

1.6.2 Photoactivation of nanoparticles 

TiO2 materials as stable, cheap and having optical and biologically benign 

properties, are believed to be good photocatalysts and as such may be used 

to overcome environmental and pollution issues. Titanium dioxide has been 

already used for photodegradation of pollutants (Akbal, 2005; Bessekhouad 

et al., 2004). TiO2 NPs also have been tested in water environments and  

suggested to be efficient in water treatment due to their phototoxicity (Brunet 

et al., 2009). The same properties were also successfully used by Mahmoudi 

et al. to  degradate aromatic amines in textile wastewater (Mahmoudi et al., 

2005). Their photocatalytic properties, as well as the eventuality of surface-

engineering, enable them to be employed in solar cell applications, where 

they can absorb light and convert solar energy into electrical energy (Chen 

and Mao, 2007; Gratzel, 2007). They also provide a possibility of obtaining 
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clean and sustainable energy through the process of photocatalytic splitting 

of water into H2 and O2 (Ni et al., 2005). 

1.6.3 Nanoparticles and environment 

As the production of NPs based products increase so does their release into 

the environment.  Various particles, including TiO2 nanomaterials have been 

found in soil and waste water (Kaegi et al., 2008; Kiser et al., 2009). Titanium 

nanoparticles have been  reported to have toxic effects on nematodes (Wang 

et al., 2009). As aquatic microorganisms showed high sensitivity and adverse 

effects, including increased production of intracellular ROS, after treatment 

with titanium dioxide NPs, they could be used as indicators of water 

contamination (Battin et al., 2009; Gottschalk et al., 2009). Those reports 

would be very beneficial, as it is still unknown how many engineered 

nanoparticles find their ways into water and soil sediments being a side 

product of waste water treatment or soil fertilisation (von der Kammer et al., 

2010) and what is their actual behaviour in those systems, including 

sedimentation, aggregation and interactions with other particles (Gottschalk 

et al., 2009; von der Kammer et al., 2010). 
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1.6.4 Characterisation 

There has been an argument over which dose metric is the most appropriate 

for particle toxicity. When testing TiO2 nanoparticle-induced pulmonary 

inflammation in rodents, Oberdörster (Oberdorster et al., 2005, 2007) 

suggested that particle surface area is a better dose metric than particle size 

or number. A similar conclusion was made by Stoeger (Stoeger et al., 2006). 

Other studies also confirmed that the surface area is the most appropriate 

and reliable dose metric for nanoparticles’ assessment especially in the case 

of low solubility and low toxicity particles, such as TiO2 (Bermudez et al., 

2002; Maynard and Kuempel, 2005; Meissner et al., 2009). Wittmaack 

disagreed  and found that particle number works best as a dose metric 

(Wittmaack, 2007). Warheit et al. assessed lung toxicity in rats of different 

TiO2 formulations with different surface areas. They demonstrated that 

nanoparticle hazards are unrelated to their size and surface area (Warheit et 

al., 2006) and additional factors of particles (beyond surface area) such as 

their composition, pH, surface chemical reactivity and crystal structure may 

play a role in the risk assessment related to particle exposure (Warheit et al., 

2007). In a different study crystal structure was considered as a more 

important factor (Sayes et al., 2006). However, another study suggested that 

particle aggregate size is the parameter mostly related to cellular effect, but 

at the same time authors considered the surface characteristics as more 

important (Okuda-Shimazaki et al.). It should be noted that agglomeration 

state depends on many factors, such as nanoparticle chemistry, structure 

and composition but also physicochemistry of medium/water where organic 
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matter, presence of calcium, pH and temperature are of importance (French 

et al., 2009; Gao et al., 2009). 

Although there are many toxicologists performing studies with the use of 

nanoparticles, a  consensus has not been yet reached as different results 

have been obtained. The main reason seems to be the fact that different 

researchers are preparing nanoparticles and their suspensions in a different 

way obtaining various sizes, shapes and dispersion states; there are various 

manufacturers and different approaches when it comes to initial particle 

characterisation.  

1.6.5 Titanium dioxide nanoparticles 

Titanium dioxide (TiO2) is also known as titanium (IV) oxide and exists as a 

naturally occurring oxide of titanium in the environment as well as a man-

made product. Although it exists as various isoforms, the main ones being 

rutile, anatase and brookite, anatase is the most commercially used one. 

TiO2 primary particles are mainly used in paints, varnishes, enamels, 

lacquers, paper, printing ink and ceramics as a white fine pigment dust (200-

300 nm) due to its high refractive index (~2.5) and ease of dispersion 

(Boffetta et al., 2004) accounting for 70% of the total pigment production in 

the world (Baan et al., 2006; Pfaff and Reynders, 1999). They are also 

increasingly used as food additives due to their whitening and brightening 

properties in products like salad dressings, non-dairy creamers and sweets 

(Lomer et al., 2002) but also medicines (tablets) and toothpaste (Hamilton et 

al., 2009). TiO2 NPs are widely used in sunscreen products due to their 
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properties to block and absorb UV light (Gelis et al., 2003). Also their 

potential use in targeted cancer therapy has been suggested (Thevenot et 

al., 2008). 

1.6.6 Toxicity of nanoparticles and reactive oxygen species (ROS) 

Titanium dioxide is considered to be poorly soluble and non-toxic material 

and many studies classified it as biologically inert, in both, animals and 

humans (Ophus et al., 1979). However, there has been an increasing 

evidence that it can cause cancer in rodents where it was administered by 

different routes (Baan et al., 2006; Bermudez et al., 2002) as well as causing 

fibrosis in humans (Yamadori et al., 1986). On the basis of those results, the 

WHO International Agency for Research on Cancer Monograph Working 

Group classified titanium dioxide as possibly carcinogenic to human beings 

(Baan et al., 2006).  

 

ROS generation is one of the best established models for nanoparticle 

toxicity (Nel et al., 2006). Formation of acellular ROS by TiO2 NPs has been 

reported (Bhattacharya et al., 2009). ROS production may be triggered by 

interactions of NPs with cell membranes leading subsequently to membrane 

lipid peroxidation, imbalance in metabolic pathways, intracellular calcium 

homeostasis, DNA breakage and finally apoptosis (Kang et al., 2008; Long et 

al., 2006; Wang et al., 2007). Those effects may be achieved even without 

photoactivation (Gurr et al., 2005). It has been well reported that TiO2 NPs 

can cause an inflammatory response (Gurr et al., 2005) and initiate 

upregulation of p53 and p63 transcription factor in lymphocytes leading to 
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activation of DNA damage response, cell-cycle arrest and apoptosis, 

however, the nature of this mechanism is unclear (Kang et al., 2008; Wang et 

al., 2007). Kang et al. found that TiO2 NPs in lymphocytes activated the 

phosphorylation of the Forkhead transcription factor (FKHRL1) at Thr32 that 

was suggested to have similar functions to p53 (Kang et al., 2008; You et al., 

2004). Another marker found to be useful in evaluation of nanoparticle 

toxicity was the heat shock protein (HSP) and IL6 genes which were found to 

be upregulated by TiO2 NPs in human cell lines (Okuda-Shimazaki et al.). 

In vitro studies of nanoparticles toxicity have proven their ability to induce 

toxicity through oxidative stress. This effect was observed in various cell 

types: rat liver derived cell line (Hussain et al., 2005), human bronchial 

epithelial cell line (Gurr et al., 2005), human colon carcinoma cells (Zhang 

and Sun, 2004), human osteoblast-like cells (Ramires et al., 2001), human 

lymphoblastoid cells (Wang et al., 2007). Onuma et al. (2009) obtained 

results showing that TiO2 NPs were able to convert benign tumour cells into 

malignant ones in mice. The mechanism of this effect was through ROS 

generation in QR-32 fibrosarcoma cells (Onuma et al., 2009).  

The ability of TiO2 NPs to stimulate production of ROS has been put to 

positive use and evaluation of photocatalytic bactericidal effect using 

Escherichia coli (Kikuchi et al., 1998). Also in another study, lipid 

peroxidation promoted by TiO2 photocatalysis was responsible for this effect 

(Maness et al., 1999). The use of the photocatalytic effect of TiO2 NPs also 

has been suggested to kill tumour cells in cancer therapy. However, 

eukaryotic cells are more complex than bacteria and destroying them 

involves rupture of cell membranes, leakage and decomposition of 
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intracellular components. To achieve this effect the local or regional 

treatment is required as well as light irradiation focused on the tumour site 

(Zhang and Sun, 2004). Additional challenge lays in the size of the 

nanoparticles  as they can only use a small percentage of light for 

photocatalysis and their photocatalytic activity increases with decreasing size 

(Chae et al., 2003).  

1.7  Flavonoids 

Toxic substances present in the environment can pose serious harm to 

human health and the rest of the ecosystem. Depending on the chemical 

composition of the toxins present in varying concentrations in our diet, in the 

environment or as lifestyle factors, these contaminants can act either per se 

genotoxically producing DNA damage or after being activated by 

metabolising enzymes. Hence, exposure to a large number of dietary and 

environmental compounds with a wide variety of chemical properties being 

metabolised by several different pathways can lead to DNA damage and 

subsequently to the onset of serious diseases such as  cancer. Although 

exposure to those compounds is most likely to be intermittent rather than 

continuous, certain dietary patterns in ethnic or social groups may result in a 

chronic exposure to certain compounds. On the other hand the short-time 

exposure has been insufficiently studied and it may not necessarily mean 

lesser cancer risks. Also only for few chemicals relevant data have been 

established (Halmes et al., 2000).   
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There are various nutritional and environmental factors associated with 

cancer aetiology, representing different groups of chemicals, acting as a 

carcinogen or a co-carcinogen. Apart from environmental pollutants and life 

style factors such as alcohol intake and smoking habits, dietary compounds 

play an important role in carcinogenesis. Compounds such as the 

heterocyclic amines, N-nitroso compounds or polycyclic aromatic 

hydrocarbons are found in fried food like meat, fish and carbohydrate-rich 

food like chips. Mycotoxins are produced by mould and can be found in 

poorly stored foods. Several of those compounds after consumption and 

metabolic activation can become highly carcinogenic.  

Fruit and vegetables are known to possess strong antioxidant (free-radical 

scavenging) properties which play a significant role in cancer prevention. 

One of the most extensively investigated groups of plant-derived low-

molecular-weight compounds are flavonoids which might act as pro- or 

antioxidant substances depending on their concentration and combination 

with food mutagens (Anderson et al., 1998; Duthie et al., 1996). They have 

been proven to modify the body’s reaction to allergens, viruses and 

carcinogens. Widely distributed in plants, flavonoids comprise a large and 

important part of the daily diet presenting anti-inflammatory and anti-oxidant 

activity. They have received special attention as dietary constituents thought 

to prevent cardiovascular diseases and cancer due to antioxidant activity 

(Chu et al., 2000) with apples being one of the main sources for flavonoid 

intake in the European diet (Wach et al., 2007). 

Typical flavonoids ubiquitously present in vegetables, fruit and beverages are 

kaempferol, quercetin and rutin (the common glucoside of quercetin) with 
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quercetin being the best investigated one. This 3,3,4,5,7-pentahydroxy 

flavones has been proved to have antitumor activity , interact with the 

apoptotic process and suppress heat shock gene expression (Marinic et al., 

2006). 

 

 

Figure 1.16 Structure of quercetin 

 

 

 

 

Figure 1.17 Structure of rutin 

 

The major sources of flavonoids vary between countries. In Japan green tea 

is the major source, in Italy it is red wine, in the United States and a larger 
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part of Europe, onions, apples and fermented foods play a dominant role. It 

has been reported that the average intake of flavonoids is 23 mg per day with 

quercetin contributing 16 mg per day (Hollman et al., 1996; Wach et al., 

2007). 

Quercetin is present mainly in plant leaves and the outer parts as aglycones 

and glycosides. it is the flavonoid that forms the “backbone” for many other 

flavonoids, like rutin which is a sugar of quercetin. The content of quercetin is 

especially high in onion bulbs (Allium cepa) and the dry outer onion skin as 

well as apple skin being highly recommended for consumption (Hertog et al., 

1992; Wach et al., 2007). Quercetin when present alone, has been identified 

to induce DNA damage but only in concentrations above those present in the 

body. In combination with hydrogen peroxide, the same flavonoid decreased 

the amount of damage (Anderson et al., 2003; Collins, 2005; Duthie et al., 

1996). 

Li et al. extracted flavonoids from tartary buckwheat (Fagopyrum tataricum). 

The main one was rutin known for its capacity of reducing high blood 

pressure, decreasing the permeability of the blood vessels and acting as a 

radical-scavenger (Li et al., 2001). 
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1.8 NewGeneris programme 

NewGeneris is an ongoing European study of maternal diet during pregnancy 

and children’s health which tries to identify links between foetal in utero 

exposures to  genotoxins and the onset of childhood disease and cancer. 

Several partners from 16 European countries took part in this project trying to 

establish how the maternal exposure to dietary compounds can influence the 

risk of developing cancer and immune disorders later in life. Countries 

involved include Greece, Netherlands, Spain, United Kingdom, Belgium or 

Germany to mention few of them. Dietary contaminants being examined 

include heterocyclic amines, nitrosamines, acrylamide, polycyclic aromatic 

hydrocarbons, mycotoxins, alcohol and DNA-reactive aldehydes. Therefore, 

twelve frequently encountered chemical compounds have been selected for 

the in vitro evaluation of their genotoxic potential using lymphocytes as 

surrogate cells and sperm as highly specialised cells. To assess DNA 

integrity the neutral and alkaline (with and without metabolic activation) 

Comet assay were used. Results of this study are presented in Chapter 6. 

1.9 Assays used within the field of molecular epidemiology 

A requirement for understanding and monitoring human exposure to various 

substances has influenced a significant increase in the use of different 

biomarkers. Molecular epidemiology is a field of study investigating 

biomarkers relevant to exposed and non-exposed human populations. There 

are a number of techniques assessing different endpoints. Structural and 

numerical chromosome aberrations can be assessed using cytogenetic 
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techniques like chromosomal aberration analysis (CA), the micronucleus 

(MN) assay or the fluorescence in-situ hybridisation (FISH) requiring 

proliferating cell populations. The Comet assay together with SCEs are 

widely used for measurement of direct DNA damage (single and double 

strand breaks, alkali labile sites, cross-linking) (Albertini et al., 2000). 

1.9.1 The Comet assay 

Östling and Johanson in 1984 for the first time introduced a technique for 

detecting DNA damage at the level of the single cell performed under neutral 

conditions. After staining the slides with acridine orange (fluorescent dye) the 

final image was obtained which looked like an astrological comet  (Ostling 

and Johanson, 1984). The drawback of this technique was the fact that only 

double DNA breaks (DSB) and some single-strand breaks (SSB) could be 

analysed, as under neutral conditions there was no separation of DNA 

strands (at this pH DNA base pairing is not disrupted) (McKelvey-Martin et 

al., 1993). 

The technique was improved by two separate groups, by Singh et al. (1988) 

and Olive et al. (1989). The version developed by Olive et al. was involving 

neutral and mild alkali treatment (Olive, 1989). Singh used highly alkaline 

conditions (pH>13) which allowed the detection of DNA single strand breaks  

as well as alkali labile sites (ALS) in individual cells (Rojas et al., 1999; Singh 

et al., 1988). The alkaline version developed by Singh was identified by an 

expert panel at the International Workshop on Genotoxicity Test Procedures 

(IWGTP) held in Washington DC (in March 25-26, 1999) as the optimal more 
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sensitive version for identifying agents with genotoxic activity and is also 

known as the Single Cell Gel Electrophoresis (SCGE) or the Comet assay. 

The SCGE is a sensitive molecular assay for measuring DNA damage 

converted to DNA single or double strand breaks and alkali labile sites. It has 

been widely used for in vitro and in vivo genotoxicity studies and in human 

monitoring to investigate genetic damage resulting from occupational, 

environmental and lifestyle exposure (Betti et al., 1995; Collins et al., 1997), 

in dietary intervention studies (Duthie et al., 1996; Green et al., 1994) and 

clinical studies (Gutierrez et al., 1998; McKelvey-Martin et al., 1997). 

The Comet assay is able to detect low levels of DNA damage, is flexible, 

inexpensive, easy to apply and can be performed in a relatively short time. It 

does not require a large number of cells, and to obtain a sufficient number of 

cells minimally invasive procedures can be carried out. The strong advantage 

is the fact that SCGE can be used with any proliferating or non-proliferating 

cell population from different organs, but a primary source is lymphocytes. 

Lymphocytes have an important role in the lymphatic system and are widely 

used in  in vitro studies. They are also easy to obtain in a relatively non-

invasive way and to perform experiments, tissue disaggregation is not 

required.  

All these advantages make the Comet assay a reliable test to identify 

possible human mutagens and carcinogens and their effects (Anderson et 

al., 1998). 

The number of Comet data parameters are used to measure DNA damage, 

Olive tail moment (OTM; arbitrary unit, the fraction of DNA in the tail 

multiplied by the tail length) and % Tail DNA (the percentage of DNA in the 
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tail) recommended to be the most reliable comet measurements with OTM 

being the most statistically significant (Kumaravel and Jha, 2006). Of these 

two parameters, OTM is one of the most commonly reported measures of 

DNA damage but is recommended to be provided together with % Tail DNA 

(Albertini et al., 2000). Together they clearly define the comets indicating a 

linear relationship to the DNA break frequency over a wide range of levels of 

damage and both can be applied for scientific purposes (Hartmann et al., 

2003; Kumaravel and Jha, 2006). 

1.9.2 The micronucleus (MN) and MN – FISH assay 

Micronucleus (MN) – a small, extranuclear, chromatin-containing body being 

an acentric chromosome fragment or whole chromosome that lags behind in 

anaphase and is not integrated in the daughter nucleus. Micronuclei were 

described for the first time in the cytoplasm of erythrocytes more than a 

century ago by Howell and later on by Jolly – and since then have been 

known to haematologists as “Howell – Jolly bodies” (Kirsch-Volders et al., 

2003).  The term “micronucleus test” was suggested for the first time by 

Boller and Schmid in 1970.  

MNi are only expressed in once-divided binucleated (BN) human and/or 

mammalian cells (Fenech, 2000) after blocking cytokinesis with the 

microfilament ring assembly inhibitor cytochalasin-B (Cyt-B) – hence another 

name of this assay: The Cytokinesis Block Micronucleus (CBMN) assay. 

The CBMN has been a comprehensive, relatively quick and inexpensive 

method for measuring DNA damage, including chromosome breakage or 

whole chromosome loss (MN), asymmetrical chromosome rearrangement, 
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DNA misrepair and/or telomere end-fusions (nucleoplasmic bridges, NPBs) 

and elimination of amplified DNA and/or repair complexes (nuclear buds, 

NBUDs); cytostasis by measuring the proportion of mono-, bi- and 

multinucleated cells; and cytotoxicity by assessing the ratio of necrotic and/or 

apoptotic cells. Therefore the CBMN assay offers the reliable measurement 

of chromosome loss and breakage, as well as the possibility of distinguishing 

chromosome loss from breakage and non-disjunction in non-micronucleated 

cells when the use of molecular probes is employed. MN is a valid biomarker 

of genotoxic effects of different agents being either clastogenic (chromosome 

breaking mainly as a result of interactions with DNA – e.g. double strand 

breaks, leading to the formation of acentric fragments) or aneugenic (change 

in chromosome number due to interactions with the spindle apparatus, where 

the MN contains the whole chromosome) (Albertini et al., 2000). 

Fluorescence in situ hybridisation (FISH) is a cytogenetic technique 

employing DNA fluorescent probes to detect specific DNA fragments on 

chromosomes and was applied for the first time in 1980 (Bauman et al., 

1980). This technique determines whether the MN formed as a result of 

chromosomal abnormalities contain chromosomal fragments or the whole 

chromosome. 

After the DNA is denatured and strands separated the fluorescent probe 

containing centromeric DNA is added and hybridised with a single strand of 

DNA. When the slides are prepared, the fluorescent signal can be observed 

under the fluorescent microscope. 
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1.9.3 The sister chromatid exchange (SCE) assay 

Chromatid exchanges and crossing over were for the first time analyzed by 

Taylor (1958). However, tritium-labelled thymidine and use of 

autoradiography provided results of poor resolution (Taylor, 1958). Then, a 

more convenient, fluorometric method incorporating bromodeoxyuridine 

(BrdU) in combination with the dye 33258 Hoechst was discovered (Latt, 

1973), and finally the standard fluorescence plus Giemsa staining method, 

requiring exposure to UV radiation, was developed (Perry and Wolff, 1974). 

This test was announced to be a very sensitive and rapid cytological method 

for detecting mutagenicity and clastogenicity of chemicals  and allowing 

detection of environmental insults (Perry and Evans, 1975).  

SCEs result from DNA exchanges between two sister chromatids at 

homologous loci of a duplicated chromosome. Cells are cultured for at least 

two cell cycles in the presence of BrdU which is incorporated during division 

in place of thymidine and stains more darkly with Giemsa.  SCEs are scored 

in proliferating cells that are stopped at second-division metaphase by the 

addition of Colcemid® to inhibit tubulin polymerisation. 
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1.10 Aims 

To obtain health and lifestyle information from volunteers, and to use blood 

samples in in vitro assays as a method of detecting, and evaluating 

differences in DNA damage in cancer patients and healthy individuals. 

 

 To examine the impact of food mutagens exposure on chromosomal 

abnormalities in vitro in polyposis coli, colon cancer patients and 

healthy individuals using the micronucleus (MN) assay, the sister 

chromatid exchange (SCEs) assay, the fluorescent in situ 

hybridisation – micronucleus (FISH-MN) assay (Chapter 3) 

 To assess differences in DNA damage in colon cancer patients and 

healthy individuals induced in vitro in the Comet assay using the 

known food mutagens, PhIP and IQ. To evaluate the benefits of 

flavonoids, quercetin and rutin, in reducing levels of in vitro food-

mutagen-induced DNA damage in lymphocytes from colon cancer 

patients and healthy individuals in the Comet assay (Chapter 4) 

 To assess differences in DNA damage in Polyposis coli, colon cancer 

patients and healthy individuals induced  in vitro in the Comet assay 

using titanium dioxide nanoparticles. To examine the impact of TiO2 

NPs exposure on chromosomal abnormalities in vitro in polyposis coli, 

colon cancer patients and healthy individuals using the micronucleus 

(MN) assay, the sister chromatid exchange (SCEs) assay, the 

fluorescent in situ hybridisation – micronucleus (FISH-MN) assay 

(Chapter 5) 
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To examine twelve well known chemicals in the alkaline and neutral Comet 

assay. The alkaline version includes incorporation of metabolic activation. 

 

 To evaluate the genotoxicity of twelve selected NewGeneris 

dietary/environmental compounds in vitro with the Comet assay using 

lymphocytes and sperm (Chapter 6) 
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Chapter 2 

Materials and Methods 
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2      Materials and Methods 

2.1      List of chemicals and reagents 

Chemical, material and reagent Supplier

1.4-Diazabicyclo[2.2.2]octane (DABCO) Sigma, Dorset, UK

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) Cambridge Isotope Laboratories, UK

2,5x Random Primers Invitrogen, UK

2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) Toronto Research Chemicals, Toronto, Canada

2-amino-3-methylimidazo[4,5-f]quinoline (IQ) Toronto Research Chemicals, Toronto, Canada

3,3',4,4'-tetrachlorobiphenyl (PCB 77) Riedel-de Haën, UK

4-hydroxy-2,3-nonenal (HNE) Calbiochem, UK

Acetic acid BDHMerck, Poole, UK

Acrylamide (AA) Fluka, UK

Aflatoxin-B1 (ATB1) Sigma, UK

Avidin-FITC antibody Abcam, UK

Benzo[a ]pyrene (BaP) Supelco, UK

BioPrime DNA Labelling System Invitrogen, UK

Bisbenzimide Sigma, Dorset, UK

Boric acid Sigma, Dorset, UK

Bromodeoxyuridine (BrdU) Sigma, Dorset, UK

Colcemid Roche, Hartfordshire, UK

Cytochalasin B Sigma, Dorset, UK

dATP Promega, Southampton, UK

dCTP Promega, Southampton, UK

Deoxynivalenol (DON) Sigma, UK

Dextran sulfate Sigma, Dorset, UK

dGTP Promega, Southampton, UK

Dimethyl sulfoxide (DMSO) Sigma, UK

Di-sodium hydrogen orthophosphate (Na2HPO4) BDHMerck, Poole, UK

Dithiothreitol (DTT) Sigma, UK

dTTP Promega, Southampton, UK

Ethanol (EtOH) Sigma-Aldrich, UK

Ethidium bromide (EtBr) Sigma, UK

Ethylenediaminetetraacetic acid (EDTA) Sigma, UK

Fixogum (rubber cement) Marabu, Germany

Fluorescein diacetate Sigma, UK

Foetal bovine serum (FBS) Invitrogen, UK

Foetal calf serum (FCS) Invitrogen, UK

Formaldehyde BDHMerck, Poole, UK

Formamide Sigma, Dorset, UK

Glacial acetic acid BDHMerck, Poole, UK

Glucose-6-phosphate (G-6-P) Roche Diagnostics, Germany

Glucose-6-phosphate dehydrogenase (G-6-P DH) Roche Diagnostics, Germany

Glycerol Sigma, Dorset, UK

Gurr Giemsa solution BDHMerck, Poole, UK

Histomount Raymond Lamb, East Sussex, UK

Hydrogen peroxide (H2O2) Sigma, UK

Igepal Sigma, Dorset, UK

Klenow fragment Invitrogen, UK

L-glutamine Sigma, Dorset, UK  
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Low melting point agarose (LMPA) Invitrogen, UK

Lymphoprep® Axis-Shield, Norway

Magnesium chloride (MgCl2) Sigma, UK

Malondialdehyde (MDA) Sigma-Aldrich, UK

Methanol Fisher Scientific, UK

MgCl2•6H2O BDHMerck, Poole, UK

Mitomycin C Sigma, Dorset, UK

Nicotynamide adenine dinucleotide phosphate (NADP) Roche Diagnostics, Germany

N-nitrosodimethylamine (NDMA) Sigma, UK

Normal melting point agarose (NMPA) Invitrogen, UK

Penicillin/Streptomycin (10.000 U/ml) Gibco, Paisley, UK

Phytohaemaglutinin M (PHA-M) Gibco, Paisley, UK

Pooled human liver S9 InVitro Technologies, Germany

Potassium chloride (KCl) BDHMerck, Poole, UK

Potassium dihydrogen orthophosphate (KH2PO4) BDHMerck, Poole, UK

Proteinase K Roche, UK

RPMI 1640 medium Invitrogen, UK

Salmon sperm (SS) DNA Sigma, Dorset, UK

Sodium azide (NaN3) Sigma, Dorset, UK

Sodium chloride (NaCl) Sigma, UK

Sodium citrate Sigma, Dorset, UK

Sodium hydroxide (NaOH) Fisher Scientific, UK

Sodium phosphate monobasic (NaH2PO4) Sigma, Dorset, UK

Stop buffer Invitrogen, UK

Taq DNA polymerase (5 U/µl) Promega, Southampton, UK

Taq DNA polymerase buffer (Mg
2+

 free) Invitrogen, UK

Titanium (IV) dioxide, anatase Sigma, Dorset, UK

Tris(hydroxymethyl)methylamine (Tris) BDHMerck, Poole, UK

Triton X-100 Sigma, UK

Trypan blue Sigma, UK

Vectashield (with DAPI) Vector, Peterborough, UK

 

Table 2.1  Chemicals and reagents 

 

 

# US patent 5.427.932 (Weier et al., 1991) 

Name Type Sequence Supplier

WA1
16-fold degenerated        

Centromeric alphoid repeat gaa gc tta (a/t)(c/g)t (c/a)ac aga gtt (g/t)aa Sigma-genosys, Dorset, UK

WA2
12-fold degenerated        

Centromeric alphoid repeat gct gca gat c(a/c)c (a/c)aa g(a/t/c)a gtt tc Sigma-genosys, Dorset, UK

 

Table 2.2  Primers 
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Equipment and other materials Supplier

CCD camera Leica, Wetzler, Germany

Cell culture flasks Corning, Fisher Scientific, UK

Centrifuge Mistral 3000 MSE, GMI, Albertville, USA

Coplin jar VWR, UK

Cover glass VWR, UK

Coverslips Sarstedt, Germany

Cryovials Sarstedt, Germany

Dry incubator LKB BIOCHROM Leec LTD, Nottingham, UK

Electrophoresis power supply Consort (E861), Belgium

Electrophoresis tank (HU20) SciePlas, Renfrewshire, UK

End frosted slides VWR, UK

Eppendorf® tubes Sigma, UK

Flow digital incubator Flow Labs, UK

Fluorescent microscope Leica, Wetzler, Germany

Freezer -20°C Sanyo, Ultra low, Japan

Freezer -80°C Sanyo, Ultra low, Japan

Fume hood Maich-Aire, Bolton, UK

Heparinised vacutainers Geiner-Bio-One, Germany

Ice maker (Scotsman AF 100) Namur, Belgium

Komet 4.0 Imaging Software Kinetic Imaging, Liverpool, UK

Light microscope Nikon, Japan

Liquid Nitrogen Dewar Biostar, UK

Magnetic stirrer SMI Stuart Scientific, Essex, UK

Microcentrifuge Sanyo-MSE, GMI, Albertville, USA

Microscope Leica, Wetzler, Germany

MSE 150 Watt ultrasonic disintegrator MK2 MSE technical, Bucks, UK

Neubauer Improved Haemocytometer Sigma, UK

pH meter Dunmow, UK

Pipettes Gilson, USA

Quanta 400 Scanning Electron Microscope FEI, Netherlands

Slides BDHMerck, Poole, UK

Sterile 15 ml tubes BD Swindon, UK

Sterile 30 ml Universals BD Swindon, UK

Sterile 50 ml tubes BD Swindon, UK

Water bath Grant instruments, UK

Zetasizer Nano ZS Malvern instruments, UK

 

Table 2.3  Equipment 
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2.2       Questionnaire design 

2.2.1 Questionnaire for patients and controls 

Each individual who donated a blood/sperm sample was asked to fill in a 

questionnaire (Appendix 1). The questionnaire provided information about 

lifestyle, ethnic group and general endogenous and exogenous factors, such 

as gender and age. Alcohol (no alcohol; moderate; severe) and smoking 

(non-smokers; active; ex-smokers) habits were requested to observe 

differences in DNA damage between population groups. Type of diet 

(Western; Asian/vegetarian) as well as possible supplements (vitamins, etc) 

and prescribed drug use were included. 

2.2.2 Database design 

A database was designed in PASW Statistics 18, in which all questionnaire 

details were entered via a coding system (e.g. 1 – male, 2 – female).  

2.2.3 Subject information 

Further detailed information on subjects’ characteristics are displayed in 

Appendix 2 and 3. 
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2.3      Sample collection 

Dr Mojgan Najafzadeh collected whole blood samples by venepuncture from 

gastroenterology subjects from two weekly clinics (Fri), Bradford Royal 

Infirmary (BRI) and Luke’s Hospital in Bradford, West Yorkshire, UK. Control 

blood samples (non-smoking [NewGeneris only]; non-cancer; non-pregnant) 

were obtained by phlebotomists (Mr Derek Pearson, Mr Andy Reed and Dr 

Mojgan Najafzadeh) within the Division of Biomedical Sciences at the 

University of Bradford, West Yorkshire, UK.  One blood sample was collected 

from each person in heparinised vacutainers, 10 - 40 ml depending on 

availability. The blood was stored at room temperature for a maximum of 48 

hours until use. 

Semen samples were provided from four healthy, non-smoking volunteers 

through masturbation after abstinence for 3 days, and each sample was 

analysed (data not shown) by Dr Adolf Baumgartner within 2 hours of 

ejaculation according to WHO criteria (WHO, 1999). Samples were aliquoted 

and snap-frozen in liquid nitrogen, then stored at -80°C until analysis. 

2.4      Ethical considerations 

Ethical approval has been granted by both the Bradford Royal Infirmary Local 

Ethics Committee (Reference no.: 04/Q1202/15) and the University of 

Bradford’s Sub-Committee for Ethics in Research involving Human Subjects 

(Reference no.: 0405/8). All questionnaires and samples were coded with a 

unique number that was the identifier of cases (Appendix 2 and 3), as no 

details relating to name were obtained (data protection). 
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2.5        Characterisation of TiO2 nanoparticles 

Titanium (IV) oxide, 99.7% anatase nanopowder has been chosen for this 

study. The nanoparticles were suspended in ddH2O, PBS and RPMI 1640, to 

make serial dilutions, and sonicated using a MSE ultrasonic disintegrator 

(MK2, 150 Watt) at a current of 30W for 3 min (30 seconds on and off) and 

allowed to equilibrate for different times: 0, 2, 24 and 48 hours. Three 

concentrations were used: 10, 40 and 80 µg/ml. The particle size was 

determined by dynamic light-scattering (DLS) measurements. The particle 

surface charge was measured using the Zeta potential. Both measurements 

were performed on a Zetasizer Nano ZS. The average size of nanoparticles 

was measured by Scanning Electron Microscopy (SEM). For SEM analysis a 

nanosuspension was dropped onto the SEM specimen mount holders, air 

dried, coated with gold and then used for SEM (FEI Quanta 400 FEG). 

2.6     Lymphocyte isolation for the Comet assay 

One part of the blood was diluted with one part of sterile saline (0.9%) and 6 

ml of this dilution was carefully layered on top of 3 ml of Lymphoprep® in 15 

ml conical tubes followed by centrifugation for 20 min at 800g at room 

temperature. The buffy coat layer of lymphocytes (above the Lymphoprep® 

layer) was then transferred to a 30 ml universal pre-filled with 10 ml of saline 

and centrifuged at 500g for 15 min at room temperature. The supernatant 

was removed without disturbing the pellet which was then resuspended in 1 

ml of freezing solution (90% FCS and 10% DMSO). The cell suspension was 
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placed in cryovials and left in the refrigerator (-20°C) overnight, then 

transferred to Liquid Nitrogen Dewar (Collins, 2004).  

2.7       The Comet assay 

 

        

Figure 2.1 Different stages of DNA damage in lymphocytes in the Comet 

assay (x200 objective, fluorescent microscope). A, B – similar amount of 

damage is observed (DNA is migrating to the right); C, D – very little damage 

is observed (the amount of damage corresponds to negative control values); 

E – extensive damage characteristic of highly damaged cells (the majority of 

DNA has migrated from the nucleus).  

 

 

A 
B 

C 

D 

E 

400 
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2.7.1 The Comet assay chemicals and reagents 

 

Buffers and reagents Chemical constituents

70% EtOH 70 ml EtOH, 30 ml ddH2O

Alkaline electrophoresis buffer
60 ml NaOH (10 M), 10 ml EDTA (200 

mM), 1930 ml ddH2O. pH 10.

Low melting point agarose (LMPA)

0.5% (w/v), 0.5g LMPA in 100 ml PBS                  

1% (w/v), 1g LMPA in 100 ml PBS                          

2% (w/v), 2g LMPA in 100 ml PBS                                

Lysing Solution

500 ml ddH2O, 73g NaCl (2.5 M), 18.6g 

EDTA (100 mM), 0.16g Tris (10 mM). 

Adjust pH to 10 using 1 M NaOH.                                                       

Final lysing solution: 10% DMSO, 1% 

Triton X-100.                                                                                 

For sperm: additionally supplement with 1). 

38.5 mg DTT in 50 ml (5 mM) and 2). 6.25 

mg proteinase K in 50 ml (0.125 mg/ml). 

Adjust pH to 10.

10X TBE - Neutral electrophoresis buffer 

stock solution

Dissolve 108 g Tris, 55 g boric acid, 40 ml 

0.5 M EDTA (pH 8) in 1000 ml ddH2O and 

adjust pH to 8.5. 

Neutral electrophoresis buffer
Mix 200 ml of 10x TBE with 1800 ml of cold 

ddH2O

Neutralising buffer 0.4 M Tris, adjust pH to 7.5 with conc. HCl

Normal melting point agarose (NMPA) 1% (w/v), 1g NMPA in 100 ml ddH2O

Staining solution 20 µg/ml  Ethidium bromide

1 M KCl 74.551 mg per 1 ml ddH2O

0.25 M MgCl2•6H2O 50.8229 mg per 1 ml ddH2O

0.2 M G-6-P 60.84 mg per 1 ml ddH2O

G-6-P DH - 140 U/ml Dilute 350 U/mg in 1xPBS 

0.04 M NADP 31.496 mg in 1 ml ddH2O

1 ml of S9-mix

300 µl S9 fraction                                             

NADPH regenerating system, keep at 4°C:                   

33 µl 1 M KCl                                                                

32 µl 0.25 M MgCl2•6H2O                                            

25 µl 0.2 M G-6-P                                                            

26.75 µl G-6-P DH (140 U/ml)                                    

100 µl 0.04 M NADP                                                       

210 µl ddH2O                                                                   

300 µl 1x PBS

Sterile Phosphate Buffered Saline (PBS)

1 l ddH2O, 8g NaCl (2.5 M), 1.44g 

NaH2PO4, 0.24g KH2PO4, 0.2g KCl, 1 M 

HCl added to adjust pH to 7.4. Leave for 

autoclaving before use.

 

Table 2.4  The Comet assay solutions and buffers 
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2.7.2 Viability testing 

The viability was measured before and after treatment by Trypan blue dye 

exclusion indicating intact cell membranes (Phillips, 1973). 10 µl of 0.05% 

Trypan blue was added to 10 µl of treated cell suspension set aside 

previously, mixed, and the percentage of cells excluding the dye was 

estimated using a double-chambered haemocytometer (Pool-Zobel et al., 

1992). Viability was generally >92%, but always >80%, well above the cut-off 

point for cytotoxic doses when testing genotoxicity (Henderson et al., 1998) 

2.7.3 Slide preparation 

End frosted slides were immersed in 70% EtOH and flamed. They were then 

coated with 1% normal melting point agarose (NMPA), the backs wiped clean 

and left for drying at room temperature. Dry slides were stored until use. The 

experimental treatment was prepared in 1 ml Eppendorf® tubes. 

 Lymphocytes: cells were quickly thawed and resuspended in PBS/RPMI 

then washed by centrifugation at 150g for 5 min to remove DMSO and FCS. 

The supernatant was discarded and the pellet resuspended in PBS/RPMI 

1640. 100 µl of lymphocyte suspension were then added to 890 µl of solvent 

(PBS or RPMI), plus 10 µl of treatment solution (1%) and mixed. The 

incubation time was for 30 minutes at 37°C, followed by centrifugation for 5 

minutes at 900g. 
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Treatment with S9-mix: liver S9 fractions are subcellular fractions 

containing drug-metabolizing enzymes, such as cytochrome P450s, 

monooxygenases and transferases. The final cell treatment containing 10% 

of S9-mix (v/v) was prepared immediately before adding to the cells. 

Experiments involving S9-mix were performed only for NewGeneris samples 

with the alkaline Comet assay for both, lymphocytes and sperm. 

Sperm: the treatment suspension was prepared by mixing 2-6 µl of sperm 

(depending on concentration) with 10 µl of treatment solution (1%) and RPMI 

to make a total of 1 ml. The incubation was for 60 minutes at 32°C in a water 

bath, followed by centrifugation for 3 minutes at 500g. 

After incubation time and centrifugation, 880 µl of supernatant was removed, 

the remaining pellet resuspended, and 20 µl of suspension set aside for a 

viability test. An aliquot of 100 µl of lymphocyte suspension was mixed with 

100 µl of 1% (2% with sperm) low melting point agarose (LMPA, <40°C 

warm) and 100 µl of this suspension were spread onto each of the two 

microscope glass slides pre-coated with 1% normal melting point agarose 

(NMPA). After cover slips were applied, the slides were placed on an ice-cold 

tray for 5 min. Once the agarose set, the cover slips were removed and a 

final third layer of 0.5% LMPA was added, the cover slips replaced, and 

allowed to solidify on ice for a further 5 min. For each concentration, two 

replicate slides were produced. After setting all cover slips were removed.  
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2.7.4 Lysis 

Lymphocytes: To remove the cellular membranes and liberate the DNA, 

slides were placed in freshly prepared, chilled lysing buffer solution and kept 

overnight at 4°C. 

Sperm: two lysis steps were used to liberate the DNA. Lysis I – when the 

third layer of agarose solidified, slides were immersed in fresh cold lysing 

solution containing 5 mM dithiothreitol (DTT), incubated at 4°C for 60 minutes 

and washed with PBS. Lysis II – then slides were placed in the second 

lysing solution containing 6.25 mg proteinase K (PK), incubated at 4°C for 

another hour and washed with PBS. DTT and PK were used to break down 

the protein disulfide bridges in sperm nuclear membranes. 

2.7.5 DNA unwinding and electrophoresis  

After lysis slides were placed in an electrophoresis tank filled with 

electrophoresis buffer, with frosted edges pointing towards the cathode. 

Under electrophoresis conditions the DNA extends towards the anode 

resulting in the appearance of a comet under a fluorescence microscope. 

 

Alkaline Comet assay (pH≥13) – slides were incubated in the alkaline 

electrophoresis buffer for 30 min (lymphocytes) or 20 min (sperm) at 4°C to 

allow the DNA to unwind. Then, the power was turned on and maintained at 

25 V and 300 mA (~0.8 V/cm) for 30 min (lymphocytes) or 20 min (sperm).  
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Neutralisation: After electrophoresis slides were neutralised with Tris buffer 

for 5 min. This procedure was repeated three times to stop the alkaline buffer 

effect.  

 

Neutral Comet assay (pH 8.5) - slides were incubated in the neutral 

electrophoresis buffer for 30 min (lymphocytes) or 20 min (sperm) at 4°C to 

allow the DNA to unwind. Then, the power was turned on and maintained at 

35 V and ~10 mA (~1 V/cm) for 30 min (lymphocytes) or 20 min (sperm).  

2.7.6 Slide staining 

After neutralisation (Alkaline Comet assay), slides were blindly coded and 

stained with 60 µl of 20 µg/ml ethidium bromide (EtBr). Cover-slips were 

added to the slides. Evaluation was carried out using a fluorescence 

microscope (x20 objective and x10 magnifying lens) equipped with a 

monochrome CCD-camera, with a BP546/10 excitation filter and a 590 nm 

barrier filter. A computerised image analysis system was used. All of these 

steps were conducted under dimmed light to prevent the occurrence of 

additional DNA damage. 

2.7.7 Statistical analysis 

Data were tested for normality prior to statistical analysis. Normal 

distributions were checked through the Kolmogorov-Smirnoff and Shapiro-

Wilk’s Test to assess whether parametric statistics could be used. For 

normally distributed data differences in measured parameters between 
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healthy and polyposis coli/cancer subjects were assessed by the parametric 

One Way ANOVA Test (>three variables) and the Student t-test (two 

variables). The relationship between DNA damage and various parameters 

characterising disease status and the unexposed control was analyzed using 

Post-hoc analysis (Dunnett test). For non-parametric statistics the Mann-

Whitney test was used for those tests where one variable was present, 

whereas the Kruskall-Wallis test – for three or more variables. The mean of 

each set of data was used in the statistical analysis. A probability level at 

p<0.05 was regarded as statistically significant. Differences between two 

experimental groups were tested by the unpaired Student t-test when 

comparing confounding factors due to gender, diet, smoking and drinking 

habits. For each given concentration at least 50 random cells were evaluated 

for every individual per duplicate slide. The experimental unit was the 

individual.  The Comet data parameters used to measure DNA damage were 

Olive tail moment (OTM; arbitrary unit, the fraction of DNA in the tail 

multiplied by the tail length) and % Tail DNA (the percentage of DNA in the 

tail) recommended to be the most reliable comet measurements with OTM 

being the most statistically significant (Kumaravel and Jha, 2006). Of these 

two parameters, OTM is one of the most commonly reported measures of 

DNA damage but is recommended to be provided together with % tail DNA 

(Tice et al., 2000). Together they clearly define the comets indicating a linear 

relationship to the DNA break frequency over a wide range of levels of 

damage and both can be applied for scientific purposes (Hartmann et al., 

2003; Kumaravel et al., 2009).  
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2.8    The Micronucleus assay  

 

 

 

 

Figure 2.2 The example of binucleated lymphocyte with intact cytoplasm 

containing one micronucleus (MN) shown by the arrow 

 

 

 

 

 

 

 

 

 

10 µM 
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2.8.1 The MN solutions and buffers 

 

Buffers and reagents Chemical constituents

Cell culture media

Basic culture media:                                          

RPMI 1640 medium with L-Glutamine             

20% FBS                                                                        

1% Pen-Strep solution                                        

Prior to culture add:                                                

400 µl whole blood                                                 

100 µl PHA                                                                    

Cytochalasin B 6 µg/ml

Carnoy's solution 1:3 [acetic acid:methanol]

KCl 110 mM in ddH2O

Giemsa Gurr solution 5% in 0.1 M Sorensen buffer, pH 6.8

 

Table 2.5  The micronucleus assay solutions and buffers 

 

 

2.8.2 Cell culture 

Sterile conditions. 400 µl of whole blood from each sample were added to 

4.5 ml of basic cell culture medium in 25 cm2 culture flask and supplemented 

with 100 µl of PHA (final concentration: 2%) to stimulate cell proliferation. 

The cultures were set on the same day as the collection of blood and from 

each sample two culture flasks were prepared per dose. Then the cell 

cultures were incubated at 37°C and 5% CO2 for 72 hours. After 24 hours 

from the start of the incubation, during S-phase (due to particular sensitivity 

of the cells at that point) the treatment of all chemicals under investigation  

was added. Mitomycin C was used as a positive control. At 44 hours time 
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point, 30 µl of 1mg/ml Cyto-B solution (final concentration: 6 µg/ml) was 

added to each flask.  

2.8.3 Fixation 

Sterile conditions no longer required. At 72 hours time point all culture 

flasks were removed from the incubator and medium transferred into 15 ml 

Falcon tubes. Tubes were centrifuged at 150 g for 8 min at room 

temperature, the supernatant discarded with a vacuum pump until 500 µl 

remained and the pellet resuspended by patting the tube. Cells were treated 

with 5 ml of cold (4°C) hypotonic solution of 110 mM KCl on a vortex (gently 

at the start with a few drops, then a little faster afterwards), and the cell 

suspension was left in the refrigerator for 15 min. After the second 

centrifugation (150 g, 8 min, room temperature), aspiration of the supernatant 

and re-suspension of the pellet, cells were fixed with 5 ml of freshly prepared 

Carnoy’s solution, added slowly whilst vortexing, and then 3 drops of 37% 

formaldehyde were added to each tube. Fixation was repeated twice with 

centrifugation parameters as above without adding formaldehyde. After the 

third fixation samples were kept overnight at 4°C and then centrifuged (as 

above). 

2.8.4 Slide preparation 

After centrifugation the pellets were resuspended in 200-600 µl of freshly 

prepared Carnoy’s solution (according to cell density) and 20 µl of cells were 

dropped in two spots on clean, dry slides. Density was checked under an 
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inverted microscope. Two slides per culture were prepared (2 tubes giving 4 

slides per dose) and left to dry overnight. 

2.8.5 Staining 

Slides were stained for 20 min in filtered, freshly prepared 5% Giemsa in 

Sorensen buffer, pH 6.8, and rinsed very thoroughly with ddH2O. The slides 

were left to dry overnight, mounted with DPX, covered with cover slips and 

left to set. A total of 4 slides per sample was prepared. 

2.8.6 Analysis 

Slides were viewed under x100 oil immersion lens of a light microscope and 

scored for micronuclei accordingly (see Appendix 4 for scoring sheet) 

according to guidelines (Fenech, 2000). The number of Micronuclei (BiMN), 

nuclear buds (BiBuds) and nucleoplasmic bridges (BiNPBs) was evaluated in 

1000 binucleated cells (BiNC). Additionally, the number of MN in 

mononucleated cells was analysed (MonoMN). The cytochalsin B 

proliferation index (CBPI) was calculated from 1000 mono-, bi- and 

multinucleated cells according to formula: 

 

CBPI = [MonoNC + 2(BiNC) + 3(MultiNC)] / 1000 cells 

 

Figure 2.3 The Cytochalasin B proliferation index formula 
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2.8.7 Statistical analysis 

The data have been evaluated as means±SE. Because the data obtained 

appeared to be normally distributed, a Student’s t-test was used to compare 

differences between healthy controls and patients. One-way ANOVA test was 

used to compare treated samples to untreated controls. 

2.9    The Sister Chromatid Exchange assay 

 

 

Figure 2.4 Metaphase spread prepared using Fluorescence plus Giemsa 

(FPG) differential staining, in which BrdU was incorporated into one of the 

chromatids. Metaphase spreads are analyzed for any signal switches 

(arrows). 

 

15 

µM 
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2.9.1 The SCE solutions and buffers 

 

Table 2.6   The SCE assay solutions and buffers 

 

2.9.2 Culture 

Sterile conditions. 500 µl of whole blood from each sample were added to 

4.5 ml of basic cell culture medium in 25 cm2 culture flask and supplemented 

with 130 µl of PHA and 40 µl of 1.25 mM BrdU. Flasks were then placed back 

in the incubator for 72 hours of incubation. At the time point 24 hours, a 

treatment was added to cultures consisting of negative and positive control 

as well as food mutagens, IQ (final concentrations 25, 75 and 150 µM) and 
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PhIP (final concentrations 10, 50 and 75 µM) in a volume not exceeding 1% 

of solvent in culture. At the time point 69 hours, 75 µl of 10 µg/ml Colcemid® 

solution (final conc. 0.15 µg/ml) was added to each culture three hours prior 

to harvesting. Then, at the time point 72 hours, the incubation was ended and 

cell cultures transferred to 15 ml Falcon tubes (for each flask one tube). 

2.9.3 Lymphocyte isolation 

The cells were centrifuged for 10 min at 200g. The supernatant was removed 

with the vacuum pump and the remaining pellet resuspended by patting the 

tube. Hypotonic shock: 5 ml of warm (37°C) 75 mM KCl were added to cells 

and mixed. Then tubes were placed in the incubator for 15 min to allow 

swelling of the cells. After incubation, samples were centrifuged for 7 min at 

120g. 

2.9.4 Fixation 

The supernatant was removed and 5 ml of freshly prepared Carnoy’s solution 

added to all cultures followed by centrifugation (200g; 10 min) and the 

supernatant was removed. The fixation was repeated twice and tubes were 

left at 4°C overnight. 
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2.9.5 Slide preparation 

Samples were centrifuged (200g; 10 min) and the supernatant removed. Cell 

density was adjusted with freshly made Carnoy’s solution (depending on the 

pellet size). Then the cell suspension was dropped (20 µl) on slides (4 slides 

per subject per dose) and left to dry. The cell density was checked under a 

phase-contrast microscope and if necessary the solution’s cell density was 

adjusted and dropping repeated. Slides were aged in a dry 37°C incubator 

for a week in an open slide box before staining.  

2.9.6 Differential staining – FPG (Fluorescence plus Giemsa) 

Slides (aged for about one week) were incubated in bisbenzamide solution (1 

µg/ml) for 20 min in the dark at room temperature. The solution was then 

removed and slides rinsed with ddH2O, and incubated in phosphate buffer for 

90 min with a UVA lamp. Then slides were incubated for 30 min in 2x SSC at 

60°C, rinsed with ddH2O and incubated in freshly prepared 5% Giemsa 

solution for 5 min at room temperature, rinsed with ddH2O, air-dried and 

cover-slipped with Histomount. 

2.9.7 Microscope analysis 

All slides were coded prior to microscopic analysis and scored “blindly”. The 

frequency of SCEs was determined in 72-hour cultures of lymphocytes in 

second-division metaphases containing 46 chromosomes. All exchanges 

observed (terminal and interstitial) within two chromatids were scored as one. 
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Exchanges at the centromere were excluded according to guidelines 

(Albertini et al., 2000). In total, from each sample 100 metaphases were 

analysed and classified as first- (darkly stained chromatids), second- (one 

chromatid dark and one lightly stained chromatid) and third-division (33% 

dark and 66% lightly stained chromatids) metaphases (M1, M2 and M3 

respectively) and proportion of them was recorded to determine the 

Replication Index (RI) according to the formula (Rojas et al., 1992): 

 

 

 

Figure 2.5 Replication index formula 

 

 

2.9.8 Statistical analysis 

The differences between the mean SCEs per cell and RI were determined 

using the Student t-test as the data presented had a normal distribution. 
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2.10 Micronuclei – Fluorescence in situ hybridisation (MN-FISH) 

 

 

Table 2.7   The MN-FISH assay solutions and buffers 
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2.10.1   Generation of pan-centromeric probe using DOP-PCR 

 

 

Table 2.8  Production of pan-centromeric probes by DOP-PCR on human 

genomic DNA 

 

2 µl of 10 mM dATP/dCTP/dGTP/dTTP were added to 2 µl of WA1, and, 2 µl 

of WA2. 10 µl of  Taq polymerase buffer (Mg2+ free) were added, alongside 6 

µl of 25 mM MgCl2, 0.4 µl of Taq polymerase and 10 µl of human lymphocyte 

DNA. The total volume was then made up to 100 µl with ddH2O. 
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2.10.2   PCR programme 

Pre – incubation was for 5 min at 94°C. Denaturation was also at 94°C, and 

the temperature was then ramped (1.13°C/sec) to 60°C where the annealing 

was carried out for 1 min. It was ramped (0.20°C/sec) to 72°C for replication 

for 1 min. The temperature was further ramped (0.36°C/sec) back to the 

denaturation temperature of 94°C. The cycle was repeated 35 times, then 

held for 10 min at 72°C, followed by 22°C overnight (DNA could reform as 

double-stranded DNA). 

2.10.3  Random Priming (Biotin) 

2 µl of the PCR product were added to 7.5 µl of distilled water (from BioPrime 

DNA Labelling Kit). 2 µl of 10x dNTP Mix (from the Kit), and 8 µl of 2.5x 

Random Primers Solution (from the Kit) was added and mixed. The solution 

was boiled for 5 min, then snap-cooled on ice and centrifuged shortly. 0.5 µl 

of Klenow Fragment (from the Kit) was added, mixed and shortly centrifuged 

and then incubated at 37°C overnight. After the incubation 2 µl of Stop buffer 

(from the Kit) were added and the pan-centromeric probe was placed in the 

freezer until needed. 

2.10.4  DNA denaturation and hybridization 

Slide denaturation: Metaphase slides were incubated for 3 min at 75°C in 

70% Formamide-2xSSC and drained. Then slides were run through an 
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ethanol series (70/85/100%) for 2 min each and allowed to dry at room 

temperature. 

 

Probe denaturation: 2 µl of labelled pan-centromeric probe were added to 1 

µl of Salmon Sperm DNA and 7 µl of Master Mix (MM 2.1) and mixed and 

centrifuged shortly. Then the tube with the Hybridization Mix was placed in 

water bath (75°C) for 10 min for denaturation.  

Hybridization: 10 µl of the Hybridization Mix were applied on the slide and 

the slide was carefully covered (avoiding air bubbles) with a 22 x 22 cover 

slip and then the cover slip was sealed with rubber cement (Fixogum). The 

slides were placed in a pre-warmed, moistened box at 37°C overnight. 

 

2.10.5  Washing 

The rubber cement was carefully removed and slides washed in 2xSSC for 

the cover slips to fall off. Then slides were placed in 50% Formamide-2xSSC 

for 30 min at 45°C, and then wased twice in PN-buffer for 10 min at 45°C. 

2.10.6  Immunodetection 

Unspecific sites were blocked with 100 µl blocking solution (PNM buffer) and 

slides were covered with parafilm for 10 min in the dark. The parafilm was 

removed and 100 µl of FITC-avidin (5 µg/ml) in blocking solution was applied 

and covered with parafilm. The slides were incubated for 30 min at room 

temperature in the dark, then washed twice for 5 min in PN-buffer. 
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2.10.7  Counterstaining 

Each slide was counterstained with 40 µl of DAPI (0.05 µg/ml in PBS) and 

incubated for 10 min at room temperature. Then briefly washed in PN-buffer. 

20 µl of DABCO antifade solution was applied and cover slips added. The 

slides were stored at 4°C in the dark (at -20°C for a longer time). 

 

 

2.10.8  Microscope evaluation of the slides and scoring  

The visualisation of the slides was performed using the fluorescent 

microscope with FITC (centromeres appeared green) and DAPI (cell nucleus 

appeared blue) filters. 1000 binucleated cells were scored for each treatment 

point for each individual and the MN present were evaluated for centromeric 

signals. MN without a signal were classified as centromere-negative (C-MN), 

whereas MN with a signal as centromere-positive (C+MN). The data were 

normally distributed, hence the Student’s t-test was used to assess 

differences between different groups of participants and chi-square test when 

the ratio of C-MN and C+MN was taken into consideration. The results were 

considered statistically significant for p<0.05. All data were presented as 

means±SE.  
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Chapter 3 

The influence of heterocyclic amines PhIP 

and IQ on DNA damage in lymphocytes from 

polyposis coli and colorectal cancer patients 

compared to healthy individuals 
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3.1     Introduction 

Colorectal tissue is constantly exposed to different chemicals and free 

oxygen radicals formed during metabolic activation. High intracolonic levels 

of free radicals may form active carcinogens or mitogenic tumour promoters 

through the oxidation of procarcinogens, either by hydroxyl radicals in faecal 

water or by secondary peroxyl radicals (Babbs, 1990). Within an inflamed 

bowel, disproportionate amounts of reactive oxygen species (ROS) can be 

additionally produced (Loguercio et al., 1996; Simmonds and Rampton, 

1993). Oxidative stress arising from the pathophysiology of cancer, may even 

serve as a biomarker (Hopkins et al., 2010), when there is an imbalance 

between production of ROS and their removal by intrinsic antioxidants 

(catalase) and antioxidant micronutrients.  

Lifestyle factors like alcohol intake, physical inactivity, stress, food additives, 

high animal fat and/or red meat intake but also cooking-derived carcinogens 

such as heterocyclic amines (HCA), which have been identified as having a 

strong impact on human health, can significantly increase the risk of 

colorectal polyps (Emmons et al., 2005). Evidence for a positive association 

of colorectal cancer and adenomatous polyps with HCA exposure was 

provided by several studies (Butler et al., 2003; Felton et al., 2007; Gunter et 

al., 2005; Knize and Felton, 2005; Murtaugh et al., 2004; Navarro et al., 

2004; Nowell et al., 2002; Shin et al., 2007; Wu et al., 2006). 

HCA are formed by cooking proteinaceous food, mainly seen as heat-

induced non-enzymatic browning that involves creatinine, free amino acids 
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and monosaccharides. More than 20 carcinogenic/mutagenic HCA have 

been isolated so far (Nagao et al., 1997; Wakabayashi et al., 1992). It has 

been estimated that the daily intake of HCA can reach up to 50 µg (Knize et 

al., 1995; Krul et al., 2000), depending on the type of meat, temperature and 

the method of cooking (Messner and Murkovic, 2004; Wu et al., 2001).  

It has been shown that lymphocytes isolated from people diagnosed with a 

disease state are more sensitive to DNA damaging agents than those from 

healthy individuals (Anderson et al., 2001; Najafzadeh et al., 2009; 

Najafzadeh et al., 2007). In the present study it has been investigated 

whether similar results can be also observed  in other patients.  

Two important food mutagens, PhIP and IQ, were used for the treatment of 

peripheral blood lymphocytes with the use of three different techniques: the 

micronucleus assay, the micronucleus – FISH assay and the sister chromatid 

exchanges (SCEs) assay.  The impact of PhIP and IQ on chromosomal 

abnormalities in lymphocytes from polyposis coli and colon cancer patients 

as well as healthy individuals was measured to detect whether cells from 

gastrointestinal patients are more sensitive to mutagens when compared to 

healthy subjects.  
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3.2    Materials and methods 

3.2.1    Materials 

The materials used in this study have been discussed in Chapter 2. 

3.2.2    Methods 

Sample collection and preparing of lymphocyte cultures have been described 

in Chapter 2. The micronucleus assay, the micronucleus FISH assay and the 

sister chromatid exchanges assay have been employed as detailed in  

Chapter 2.  

3.2.3   Treatment 

At the time point 24 hours, a treatment was added to cultures consisting of 

negative and positive control (0.4 µM Mitomycin C; MMC) as well as food 

mutagens, IQ (final conc. 25, 75 and 150 µM) and PhIP (final conc. 10, 50 

and 75 µM) in a volume not exceeding 1% of solvent (DMSO) in culture.  

3.2.4  Statistical analysis 

The statistical methods have been applied as detailed in Chapter 2. 

 

3.3  Results 
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3.3.1 The Micronucleus assay 

Table 3.1 and 3.2 show the differences in the Cytochalasin B proliferation 

index (CBPI), measuring the rate of cell cycle; the percentage of binucleated 

cells (% BiNC); the number of nuclear buds (BiBuds); nucleoplasmic bridges 

(BiNPBs) and the number of micronuclei in binucleated (BiMN) and 

mononucleated (MonoMN) cells induced by 10, 50 and 75 µM PhIP (Table 

3.1) and 25, 75 and 150 µM IQ (Table 3.2) as well as 0.4 µM Mitomycin C 

(MMC; positive control). All parameters are also given as percentage change 

(%) to observe differences between participants. Three groups were involved 

in this study: healthy individuals (n=20), polyposis poli patients (PLP, n=19) 

and colorectal cancer patients (CRC, n=20). The confounding factors (age, 

gender, smoking and drinking habits) were also assessed and the means of 

CBPI, % BiNC and BiMN are given in Table 3.3 (PhIP) and Table 3.4 (IQ) 

and are presented as histograms (Figures 3.1- 3.4). 

3.3.1.1 Patient and control groups 

When lymphocytes from the three groups of participants were treated with 

PhIP (Table 3.1) and IQ (Table 3.2), a small non-significant decrease in % 

BiNC, when compared to the negative control, was only observed in the 

healthy individuals group at the highest concentration of IQ (there was no 

decrease for PhIP treatment). In all cases the positive control decreased % 

BiNC but this effect was only significant in the PLP group where decrease of 

5.74% was observed (p<0.001) and the CRC group (p<0.05) – decrease of 

4.31%.  
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When patient groups were compared to corresponding treatment levels in the 

healthy individuals group, % BiNC decrease appeared to be significantly 

different only in the CRC group for the medium concentration of PhIP 

(p<0.05) and the medium concentration of IQ (p<0.01) as well as the positive 

control (PLP, p<0.001; CRC, p<0.01). When the same parameter was 

analysed as % change the highest non-significant decrease was observed in 

CRC group for medium (PhIP and IQ) and the highest concentration (PhIP 

only). The positive control induced the highest significant (p<0.01) decrease 

in PLP group for both compounds.  

These changes led to a significant decrease in CBPI values. In the healthy 

individuals group CBPI was reduced from 1.84 to 1.72 (% change of 6.53%) 

for the maximum dose of PhIP (p<0.001); 1.73 (5.98%) for the maximum 

dose of IQ (CBPI p<0.001; % p<0.01); and to 1.64 (10.87%) for the positive 

control (p<0.001). In the PLP group those values were 1.72 to 1.65 (4.07%) 

for PhIP (p<0.01); 1.68 (2.30%) for IQ (ns); and 1.58 (8.14%) for the positive 

control (p<0.001); and in the CRC group: 1.70 to 1.62 (4.71%) (p<0.001), 

1.63 (4.12%) (p<0.01) and 1.61 (5.29%) (p<0.001) respectively. When 

changes in CBPI were expressed as % change (negative control – baseline 

damage of 100%) no decrease was observed in neither of patient groups 

when compared to healthy individuals. 

The treatment with PhIP and IQ significantly increased the total number of 

MN in binucleated cells in all groups when compared to untreated negative 

controls. At the level of the highest concentration of PhIP this increase was 

1.7 fold (healthy individuals by 69.52% and PLP by 75.35%), 2.3 fold – 

136.45% (CRC). For the IQ treatment these values were as follows: 1.7 fold 
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– 72.38% (healthy individuals), 1.6 fold – 58.29% (PLP) and 1.8 fold – 

80.29% (CRC). At the level of the positive control, the number of binucleated 

cells containing MN increased 7.3 fold (by 635.24%), 2.8 fold (by 188.62%) 

and 4 fold (by 307.88%) respectively inducing the highest number of MN in 

the healthy individuals group. The highest rate of BiMN after treatment with 

PhIP and IQ was observed in the CRC group. 

Also the number of mononucleated cells with MN (MonoMN) increased 

significantly in all three groups of participants as indicated in Table 3.1 and 

3.2. The highest increase was observed in the healthy individuals group after 

treatment with the highest concentration of PhIP (by 460%) and IQ (by 200%) 

as well as positive control (780%).   In most of the samples treated with PhIP, 

IQ and MMC, there was a significant increase in the number of BiNPBs. The  

healthy individuals group seemed to be the most affected. However, the 

number of BiBuds was randomly distributed and no particular pattern was 

seen. 

 

 

 

3.3.1.2 Confounding factors 

3.3.1.2.1 Gender 
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Figure 3.1 shows a relationship between three groups of participants in 

relation to gender when CBPI, % BiNC and Total BiMN were taken into 

account at the level of the untreated negative control. There was a small 

decrease in CBPI value in both patient groups; and a decrease to a larger 

extent when % BiNC was examined. When the total number of MN in 

binucleated cells was counted the highest values in the male sub-groups 

were observed in the CRC group. For the female sub-groups this effect was 

observed in the PLP group. These results however did not reach 

significance. As is seen in Table 3.3 when male and female sub-groups were 

compared within each participating group and CBPI, % BiNC and Total BiMN 

were examined, the values of CBPI and % BiNC were similarly distributed 

and only in the PLP group, CBPI was significantly lower in males when 

compared to PLP females. In all three groups, however, a higher number of 

MN was produced within the male sub-group reaching significance in healthy 

individuals and CRC groups (p<0.05). 

3.3.1.2.2 Age 

There were no cancer patients in the youngest age group so only the two 

older groups were considered for statistical analyses. In relation to age, the 

two older PLP and CRC patient sub-groups: 31 to 50 and 51 to 90 years of 

age induced similar increased numbers of MN when compared to healthy 

individuals of corresponding age. A significantly higher response was 

observed in the PLP group in 51 to 90 years of age group (p<0.05) (Figure 

3.2). Values of CBPI were lower in patient groups. This effect was significant 

in the oldest PLP and CRC groups of participants (p<0.05).  
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Values of % BiNC were similarly distributed in all groups and slightly 

increased in 31 to 50 years of age PLP group. 

When age sub-groups were compared (Table 3.3), the highest number of MN 

was observed in 51 to 90 years of age patient groups. Within the healthy 

individuals group the two older sub-groups had similar, increased MN 

formation. 

3.3.1.2.3 Smoking habits 

When smoking habits were compared, values of CBPI and % BiNC were 

decreased in both patient groups (Figure 3.3). When CBPI was examined 

this effect was significant for non-smokers (PLP, p<0.05) and active smokers 

(CRC, p<0.01) when compared to healthy individuals; and for ex-smokers 

(CRC, p<0.01) when compared to ex-smokers in the PLP group. For % BiNC 

the significant decrease (p<0.05) was reached for active smokers in both 

patient groups when compared to healthy individuals.  

In both patient groups the increased production of MN was observed when 

compared to healthy individuals with active smokers in the PLP group 

reaching the highest significant number of MN (p<0.05). 

There was no consistent trend observed when the smoking habit was 

compared within the healthy individuals and CRC groups. The only significant 

differences were produced in the PLP group (p<0.01 and p<0.001) where 

active smokers induced the highest number of MN and the lowest value of 

CBPI (Table 3.3). 
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3.3.1.2.4 Alcohol intake 

When an alcohol intake, as a confounder was examined, there was an 

increase in the production of MN in both patient groups when compared to 

healthy individuals. This effect was significant only in the case of heavy 

alcohol drinkers (more than 5 units of alcohol per week) in the CRC group 

(p<0.05). The value of CBPI was reduced in a similar manner in both patient 

groups – this decrease was significant for non-alcohol drinkers (PLP, p<0.05; 

CRC, p<0.01), moderate (under 5 units of alcohol per week) (PLP, p<0.05) 

and heavy alcohol drinkers (CRC, p<0.05). There was a small but non-

significant decrease in % BiNC in both patient groups. 

When the alcohol intake was compared within the same donor group (Table 

3.3), heavy alcohol drinkers in the CRC group produced the highest number 

of MN when compared to the two remaining sub-groups. However, this effect 

was reversed in healthy individuals and PLP groups. 

 

 

 

3.3.2 The Micronucleus – FISH 

Table 3.5 and 3.6 show the total number of MN scored in 1000 binucleated 

cells, the number of MN without a FISH centromeric signal (C-MN) and with a 
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signal (C+MN) in all three groups when lymphocytes were treated with PhIP, 

IQ and MMC (as a positive control). Values are given for each treatment 

point. The number of MN and C+MN was increased in a dose dependent 

manner in all groups.  

This effect was significant for the Total MN at the two highest concentrations 

of food mutagens (p<0.01 in healthy individuals for PhIP and IQ; p<0.05 for 

IQ and p<0.05 and p<0.01 for 50 and 75 µM PhIP, respectively, in PLP 

group; p<0.01  for IQ and p<0.001 for PhIP in CRC group) and the positive 

control for both, PhIP and IQ, for all three groups (p<0.001). 

The highest number of centromeric signals was observed in the healthy 

individuals group for the highest concentrations of PhIP (7.7 fold) and IQ (3.6 

fold) and MMC (36 fold and 15 fold respectively) when compared with 

untreated negative controls. The smallest increase in signal number was 

seen within colon cancer group, for both, PhIP and IQ.   

The same results are presented in the form of histograms (Figure 3.5 and 

3.6) confirming a dose-dependent increase in MN production. 

3.3.3 The sister chromatid exchanges (SCEs) assay 

Analyses of sister chromatid exchanges (SCEs) were performed on 

lymphocytes from healthy individuals (n=10), PLP (n=7) and CRC (n=9) 

patients, treated with PhIP (Table 3.7) and IQ (Table 3.8) as well as with 

MMC (positive control). 

The minimum and the maximum number of SCEs per metaphase as well as 

the mean frequency of SCEs per cell were examined in at least 40 cells as 
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2nd metaphases. For the calculation of the Replication Index (RI) 100 

metaphases per donor per treatment point were analyzed.   

Values presented in Table 3.7 show that PhIP induced a small but significant 

increase in the mean number of SCEs per cell in all participating groups. This 

effect was highly significant (p<0.001) at the two highest concentrations 

used.  

Table 3.8 shows that although IQ induced a small increase in the mean 

number of SCEs in all tested groups, this effect was not significant. Both, 

PhIP and IQ did not significantly decrease the RI apart from the highest 

concentrations of PhIP in the PLP group (p<0.05; 1.6 fold decrease) and the 

CRC group (p<0.01; 1.2 fold decrease).  

In general, responses received after treatment with IQ were similar to values 

of the untreated negative control. For PhIP, values for the same treatment 

points were much higher. These effects were observed across all groups of 

individuals. 
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Figure 3.1  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); 

B) % binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in 

untreated lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the 

Micronucleus assay depending on gender. Bars indicate standard errors. n.s. in relation to 

healthy individuals.                                                                 
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Figure 3.2  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); 

B) % binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in 

untreated lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the 

Micronucleus assay depending on age. Bars indicate standard errors.                                                                  

 *p<0.05 - level of significance in relationship to healthy individuals 

A 

B 

C 
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Figure 3.3  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); 

B) % binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in 

untreated lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the 

Micronucleus assay depending on smoking habits. Bars indicate standard errors.                                                                  

 *p<0.05; **p<0.01 - levels of significance in relationship to healthy individuals 

A 

B 

C 
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Figure 3.4  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); 

B) % binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in 

untreated lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the 

Micronucleus assay depending on drinking habits. Bars indicate standard errors.                                                                  

 *p<0.05; **p<0.01 - levels of significance in relationship to healthy individuals 

A 

B 

C 

Heavy 

Heavy 

Heavy 
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Table 3.5  The mean levels of total number of MN per 1000 cells, total number of MN without signal (C-MN) and total number of MN with 

signal (C+MN) observed in lymphocytes from healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after 

treatment with 10, 50 and 75 µM PhIP and the positive control (MMC).  

*p<0.05, **p<0.01, ***p<0.001 – levels of significance in relation to untreated negative control 

 

 

 

 

 

 

 



96 

 

 
Table 3.6  The mean levels of total number of MN per 1000 cells, total number of MN without signal (C-MN) and total number of MN with 

signal (C+MN) observed in lymphocytes from healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after 

treatment with 25, 75 and 150 µM IQ and the positive control (MMC).  

*p<0.05, **p<0.01, ***p<0.001 – levels of significance in relation to untreated negative control 

 

 

 

 

 

 

 



97 

 

 
Figure 3.5  Histograms showing the mean levels of total number of MN per 1000 cells, total number of 

MN without signal (C-MN) and total number of MN with signal (C+MN) observed in lymphocytes from 

healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after treatment with 

10, 50 and 75 µM PhIP and the positive control (MMC). Bars indicate standard errors. 
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Figure 3.6  Histograms showing the mean levels of total number of MN per 1000 cells, total number of 

MN without signal (C-MN) and total number of MN with signal (C+MN) observed in lymphocytes from 

healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after treatment with 

25, 75 and 150 µM IQ and the positive control (MMC). Bars indicate standard errors. 
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Table 3.7  Frequency of sister chromatid exchanges and replication index in cultured lymphocytes from healthy individuals, polyposis coli 

and colon cancer patients following exposure of 10, 50 and 75 µM PhIP and the positive control (MMC).  

*p<0.05, **p<0.01, ***p<0.001 – levels of significance in relationship to untreated negative control 
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Table 3.8  Frequency of sister chromatid exchanges and replication index in cultured lymphocytes from healthy individuals, polyposis coli 

and colon cancer patients following exposure of 25, 75 and 150 µM IQ and the positive control (MMC).  

*p<0.05, **p<0.01, ***p<0.001 – levels of significance in relationship to untreated negative control 
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3.4   Discussion 

The detrimental effects of two common food mutagens, PhIP and IQ, on the 

chromosomal abnormalities were investigated in this study by treating in vitro 

lymphocytes from healthy individuals, polyposis coli patients and patients 

diagnosed with colon cancer. Pool-Zobel et al. found lymphocytes responses 

to be very similar to responses in rectal cells (Pool-Zobel et al., 2004), thus, 

supporting their role as surrogate cells for biomonitoring and in vitro 

treatments.  

IQ and PhIP were shown to be potent genotoxins and carcinogens (Adamson 

and Thorgeirsson, 1995; Durling and Abramsson-Zetterberg, 2005; Duthie et 

al., 1997). Even very low doses (10-3 to 10-4 µM PhIP) induce expression of 

the DNA damage response proteins like p53 and increase proliferation in 

oestrogen receptor (ER)-negative MCF10A cells (Gooderham et al., 2007). 

Hence, PhIP may induce/enhance carcinogenicity via DNA damage and/or 

oestrogen receptors (Bennion et al., 2005; Felton et al., 2004). IQ on the 

other hand can form DNA adducts like N-(deoxyguanosine-8-yl)-IQ in the 

presence of nitric oxide constituting a possible cancer risk for individuals with 

colon inflammation (Lakshmi et al., 2008). Another possible mechanism of 

HCA-induced DNA damage may be via the reactive intermediates. Maeda et 

al. (1999) showed that the superoxide anion can be generated when HCA 

such as IQ is incubated in the presence of NADH and recombinant human 

cytochrome b5 reductase (NADH-Cytb5Rd). Also Murata et al. (1999) 

observed oxidative damage  resulting in the formation of 8-OH guanine after 

HCA (in this case MeIQx) was treated in the presence of Cu(II) and NADH.  
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In the present study the different sensitivities of lymphocytes from polyposis 

coli and colon cancer patients as well as healthy subjects were assessed. 

The results showed that lymphocytes from the pre-cancerous state (PLP) 

and CRC had decreased % BiNC values and hence a significantly lower 

CBPI index. Also the frequency of induced micronuclei was significantly 

increased in a dose-dependent manner in both, bi- and mononucleated cells, 

when compared to healthy individuals (Table 3.1 and 3.2). This has been 

shown for diseases like Irritable Bowel Syndrome and diabetes (Collins et al., 

1998b; Najafzadeh et al., 2009; Wyatt, 2006). It also confirms the findings of 

Vodicka et al. (2010) who observed increased chromosomal damage in 

lymphocytes of newly diagnosed cancer patients compared with healthy 

controls. The decrease in CBPI and % BiNC values as well as the increase in 

the number of MN was larger in the CRC group than in the PLP group. This 

effect was observed for both PhIP and IQ treatment regimes. The dose-

dependent increase in MN formation was also observed by other 

investigators (Knasmuller et al., 1999; Majer et al., 2004; Perez et al., 2002).  

However, when above parameters were compared using the percentage 

change of CBPI, % BiMN, BiMN, BiBuds, BiNPBs and MonoMN where the 

negative control in each group was treated as the baseline level of damage 

of 100% following observations were made. Treatment with PhIP and IQ 

induced the highest number of MN in binucleated cells in the CRC group 

(PhIP by 136.45% [p<0.001] and IQ by 80.29% [p<0.01]). When the number 

of MN in mononucleated cells was taken into consideration the healthy 

individuals group reached the highest values (increase by 460% for PhIP and 

200% for IQ, p<0.001).  The decrease in CBPI measured as % compared to 
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negative control was the highest in the healthy individuals group (6.53% for 

PhIP [p<0.001] and 5.98% for IQ [p<0.01]). The healthy individuals group 

appeared to be the most sensitive to the treatment with the positive control 

(decrease by 10.87% in CBPI; increase by 635.24% in BiMN; 194.11% in 

BiNPBs and 780% in MonoMN, p<0.001). However, it should be noticed that 

the baseline level of damage in patient groups was already higher compared 

to the healthy individuals group and it could influence lower capability of cells 

to induce further damage. 

The number of nucleoplasmic bridges (BiNPBs) was also established in order 

to rate the eventual clastogenic or aneugenic effect that the heterocyclic 

amines, PhIP and IQ might have on human lymphocytes. There was a small 

but significant increase in the formation of MN and BiNPBs and the ratio of 

both these parameters for the highest dose of PhIP was 0.25 in the healthy 

individuals group, 0.19 (PLP) and 0.22 (CRC). For the highest dose of IQ 

those values were as follows: 0.17 (healthy subjects), 0.10 (PLP) and 0.24 

(CRC). These results indicate that PhIP may have weak clastogenic 

properties. IQ seems to be less active.  

The positive results we found with PhIP and IQ may demonstrate that 

lymphocyte cultures are capable of activating both food mutagens without 

additional metabolic activation. Similar observations were made by 

Knasmuller et al. (1999) where PhIP and IQ were tested in the MN assay 

without metabolic activation using the human derived hepatoma (HepG2) cell 

line. Majer et al. investigated two different cell lines (HepG2 and Hep3B) for 

the detection of PhIP and IQ and reported that the HepG2 cell line was much 

more sensitive and results obtained with Hep3B were much weaker. They 
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suggested that that was due to different metabolic activity in both cell lines 

(Majer et al., 2004). 

Also confounding factors were investigated in the present study, such as 

gender, age, smoking and drinking habits. 

Although several studies were performed to analyse the males/females 

interaction in tested samples it is still not clear which group is more sensitive 

towards the toxic insult. In this study similar distribution of the values of CBPI 

and % BiNC were observed in the male and female sub-groups, However, 

there was a clear increase in the MN formation within males in all groups 

tested (healthy individuals, PLP and CRC) reaching significance in healthy 

individuals and the CRC group. This result is in agreement with study of 

Bajpayee et al. (2002) where the Indian population was studied and males 

produced significantly higher levels of baseline DNA damage than females. 

When the age factor was examined, there was a significant increase in the 

number of MN in the two oldest sub-groups of participants within the PLP and 

the CRC patients. This confirms results of previous studies (King et al., 1997; 

Mendoza-Nunez et al., 2001). A significantly higher response was observed 

in PLP group when the oldest sub-group of participants was examined. The 

decline in CBPI was significantly higher in the 51 to 90 years of age sub-

group among PLP and CRC patients, whereas values of % BiNC were 

similarly distributed. 

Although there was an increased formation of MN and a decrease in values 

of CBPI and % BiNC among active patient smokers, no consistent trend was 
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observed. Values obtained in healthy individuals smoking sub-groups were 

very similar. This effect was also observed in the CRC sub-groups. Only 

responses obtained in the PLP sub-groups showed that active smokers 

induced the higher number of MN.  

When the alcohol consumption was taken into consideration, the highest 

number of MN was produced by heavy drinkers sub-group of CRC patients. 

Surprisingly, the highest values in healthy individuals and PLP patients were 

seen in non-drinking individuals. 

Table 3.5 and 3.6 present results showing that the formation of centromeric 

signals (C+MN) was dose-dependent among all groups treated with food 

mutagens, reaching the highest rate of increased values in the healthy 

individuals group.  

Table 3.7 and 3.8 show that there was a dose-related response in the 

number of SCEs in all groups of participants after the treatment with food 

mutagens. The results showed that there were significantly more SCEs 

induced with the two highest concentrations of PhIP when compared to the 

negative control, although there was no significance observed in a slightly 

increased level of SCEs in case of IQ. PhIP has also been shown to induce 

SCEs in Chinese hamster ovary cells (Buonarati et al., 1991).  

These results suggest that human lymphocytes are able to metabolise, at 

least to some extent, the food mutagens allowing them to produce the 

cytogenetic damage. As MN formation results from the chromosomal 

fragments/whole chromosomes lagging behind in anaphase (Albertini et al., 
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2000), the present results showing an increased formation of MN after 

treatment with food mutagens suggested that these substances may act 

through clastogenic or aneugenic routes. Following that, experiments using 

fluorescence in situ hybridisation (MN-FISH) were performed and an increase 

in the formation of centromeric signals was observed in all groups of 

participants. This indicated that PhIP and IQ may have some aneugenic 

properties. As SCEs arise after exposure to genotoxic substances influencing 

DNA replication, results obtained in this study suggest that especially PhIP 

posses genotoxic features and also the lymphocytes from gastrointestinal 

patients contain increased levels of replication errors leading to elevated 

number of SCEs. 

In conclusion, in the present study, PhIP and to the lesser extent IQ, induced 

dose-dependent increases of damage leading to formation of MN and SCEs 

regardless of confounding factors, such as age, smoking and drinking habits,  

and in the absence of metabolic activation.  
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Chapter 4 

The protective effect of the flavonoids on food-

mutagen-induced DNA damage in peripheral 

blood lymphocytes from colon cancer patients 
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4.1     Introduction 

At the cellular level, a balance between the production of oxidative radicals 

and the compensational action of antioxidants, which might become pro-

oxidant at high concentrations (Anderson et al., 1994) is crucial for our 

health. Imbalance on either side, especially towards an increase in oxidative 

stress, might result in various detrimental effects including cell death and 

cancer. 

 

Free-radical scavenging activities are found for several kinds of abundant 

low-molecular-weight polyphenolic compounds called flavonoids (Ross and 

Kasum, 2002) ubiquitously present in fruit and vegetables that are one of the 

most extensively investigated groups of chemicals. They have a wide variety 

of biological effects acting either as anti- or pro-oxidants depending on their 

concentration (Anderson et al., 1997; Collins et al., 1997) and/or in 

combination with food mutagens (Anderson et al., 1997). Anderson et al. 

observed positive responses with flavonoids when lymphocytes were treated 

alone in the Comet assay. In combination with food mutagens they were 

showing exacerbating effects at low doses and were protective at high doses 

(Anderson et al., 1997). Typical flavonoids are kaempferol, quercetin and 

rutin (the common glycoside of quercetin), belonging to the class of flavonols. 

The strongest evidence for a cancer-preventive effect shows quercetin with 

strong antioxidative properties (Chondrogianni et al., 2010; Hollman et al., 

1996). It has been reported that the average intake of flavonoids is 23 mg per 

day with quercetin contributing almost 70% (Hollman et al., 1996; Wach et 

al., 2007). As it scavenges highly reactive species such as peroxynitrite and 
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hydroxyl radicals (Boots et al., 2008), quercetin protects not only against 

various diseases such as atherosclerosis, cancer, osteoporosis, pulmonary 

and cardiovascular diseases but also against ageing (Chondrogianni et al., 

2010; Ekstrom et al., 2010; Ossola et al., 2009; Terao et al., 2009; Zhou et 

al., 2010). Flavonoids in general are considered as non-absorbable due to 

being bound to sugars as beta-glycosides. Hydrolysis, i.e. degradation, 

causing their absorption can occur in the colon by microorganisms (Hollman 

et al., 1996). 

 

The present study aimed to investigate in vitro the protective effect of the 

flavonoids, quercetin and rutin, against DNA damage in peripheral blood 

lymphocytes using the Comet assay, which evaluates direct DNA breaks. 

Two groups of individuals serve as blood donors, healthy volunteers as well 

as patients with histopathologically confirmed, untreated colon cancer. It is 

known that lymphocytes from colon cancer patients exhibit higher levels of 

DNA damage caused by the intrinsic oxidative stress arising from colorectal 

cancer (Hopkins et al., 2010) and that these lymphocytes may also serve as 

an early predictive marker of cancer risk (Vodicka et al., 2010). Separated 

lymphocytes from both cohorts were treated with the known dietary food 

mutagens, PhIP and IQ, representing exogenous oxidative stressors with and 

without the supplementation of antioxidative flavonoids, quercetin and rutin. 

Non-physiological doses were used in vitro to study the DNA damaging 

responses where higher, yet non cytotoxic doses are used as a routine 

procedure.  

 

3.3    Materials and methods 
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3.3.1    Materials 

The materials used in this study have been discussed in Chapter 2. 

3.3.2    Methods 

Sample collection and isolation of lymphocytes have been described in 

Chapter 2. The alkaline Comet assay has been employed as detailed in 

Chapter 2.  

3.3.3   Treatment 

Lymphocyte suspensions (100 µl, 106 cells per ml) from healthy individuals 

(n=20) and colon cancer patients (n=20) were exposed to defined 

concentrations of food mutagens and/or flavonoids in the presence of RPMI 

in a total volume of 1 ml. The treatment was for 30 min at 37°C. As 

lymphocytes showed little or no difference in response with or without 

metabolic activation, the Comet assay was performed in the absence of 

metabolic activation to avoid any confounding effects (Anderson et al., 1997; 

Anderson et al., 1998). To investigate DNA damage, the following 

concentrations were used 10, 25, 50 and 75 µM for PhIP and 25, 75, 100 

and 150 µM for IQ based on preliminary studies (data not shown). To 

investigate the modulatory effect of flavonoids, the highest concentrations of 

IQ and PhIP were used for simultaneous combination treatment with the 

flavonoids, quercetin and rutin, supplemented at concentrations of 100 (50 

for rutin), 250 and 500 µM. 
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3.3.4  Statistical analysis 

The statistical methods have been applied as detailed in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3     Results 
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The DNA damaging effects of food mutagens in lymphocytes of both groups, 

healthy individuals and cancer patients, were examined in vitro by comparing 

the untreated controls to the different treatment doses. Supplementing the 

treatment with various concentrations of the flavonoids, quercetin and rutin, 

the reduction of the genotoxic impact of food mutagens was also evaluated. 

The different combined treatments of food mutagens and flavonoids were 

then compared to a positive control being a non-supplemented high dose of 

food mutagen, PhIP and IQ respectively. Subsequently, an intergroup 

comparison between healthy individuals and cancer patients was carried out 

evaluating the baseline DNA damage as well as the difference in sensitivity 

of lymphocytes of both groups. Also, the contribution of confounding factors 

was evaluated for all experiments.  

Treating lymphocytes from healthy individuals and cancer patients with food 

mutagens IQ and PhIP in vitro resulted in a dose-dependent statistically 

significant induction of DNA damage for both parameters measured, Olive tail 

moment (OTM) and % Tail DNA (Table 4.1). Both parameters have been 

also shown as percentage change. For the 25 μM IQ treatment of 

lymphocytes from colon cancer patients, the induced DNA damage 

measured in % Tail DNA reached significance while the evaluated OTM did 

not. Similar pattern was also observed in the healthy individuals group 

treated with 10 μM PhIP.  

 

Different concentrations of the flavonoids quercetin (100, 250 and 500 µM) 

and rutin (50, 250 and 500 µM) showed modulating effects on human 
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lymphocytes of both donor groups in the presence of high doses of food 

mutagens, 150 µM IQ or 75 µM PhIP (Table 4.1). In the majority of the 

experiments supplementation with flavonoids resulted in a significant dose-

dependent reduction of the induced DNA damage ranging from 1.4 to 2.5 

times. For lymphocytes from healthy individuals, only the lowest quercetin 

dose together with IQ and the lowest dose for rutin together with IQ and PhIP 

measured in OTM, as well as the lowest dose of rutin together with PhIP 

when evaluating % Tail DNA did not reach significant levels. At the highest 

supplemented flavonoid dose, the DNA damage from a high dose of food 

mutagen was significantly reduced to levels of damage in lymphocytes (from 

both donor groups) which was comparable to a treatment with a six times 

lower dose of the food mutagen IQ and a 7.5 times lower dose of PhIP, 

respectively. 

Intergroup comparisons showed lower basic DNA damage in lymphocytes 

from healthy individuals (negative control) when compared to those from 

colon cancer patients (Figure 4.1 and Table 4.1). This difference was highly 

significant (p<0.001 for parameters, OTM and % Tail DNA) for the negative 

control of the IQ experiment and significant for the PhIP experiment (p<0.05 

for % Tail DNA; the OTM parameter did not reach significance: p=0.085). 

Also, after treatment with food mutagens IQ and PhIP this higher basic 

damage led to a significantly higher induction of DNA damage in lymphocytes 

from cancer patients for IQ concentrations of 25 µM (p<0.01 for OTM; 

p<0.001 for % Tail DNA), 75 µM (p<0.05 for % Tail DNA) and 150 µM 

(p<0.05 for OTM) as well as PhIP concentrations of 10 µM (p<0.05 for % Tail 

DNA) and 50 µM (p<0.05 for OTM & % Tail DNA).  
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However, when the same parameters were analysed as % change it 

appeared that healthy individuals were more sensitive to treatment than the 

CRC group. Compared to the negative control value of 100% an increase of 

damage at the level of the highest concentration of IQ was by 303.33% 

(OTM) and 208.67% (%Tail DNA) in the healthy individuals group, p<0.001. 

In the CRC group those corresponding values were 137.80% and 95.37% 

respectively, p<0.001. Treatment with PhIP gave similar but less distinct 

observations: increase by 195.86% (OTM) and 129.49% (% Tail DNA) in the 

healthy individuals group compared to 132.95% and 104.66% in the CRC 

group, p<0.001. 

When supplementing a single high-dose treatment of either IQ (150 µM) or 

PhIP (75 µM) with flavonoids (quercetin or rutin), intergroup comparisons 

showed only at the highest levels of flavonoid supplementation significant 

differences in the reduction of DNA damage caused by the food mutagen 

(Figure 4.1 and Table 4.1). Except for the supplementation of PhIP with 500 

µM of quercetin (Figure 4.1C), lymphocytes from colon cancer patients 

showed significantly higher amounts of DNA damage at higher flavonoid 

concentrations in comparison to healthy volunteers (Figures 4.1A, B & D), i.e. 

less reduction of induced damage by the flavonoid (IQ + 500 µM quercetin, 

p<0.01 for OTM and % Tail DNA; IQ + 250 µM quercetin, p<0.01 for % Tail 

DNA; IQ + 500 µM rutin, p<0.01 for % Tail DNA; PhIP + 500 µM rutin, p<0.05 

for OTM and p<0.01 for % Tail DNA). The parameter % Tail DNA for genetic 

damage was more sensitive compared to OTM.  

Different observations can be made by analysing the same data as 

percentage change where all negative controls are being treated as 100% of 
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damage and the increase/decrease of damage is being calculated on the 

base of that. Except for the supplementation of PhIP with 500 µM of rutin, all 

experiments showed that cancer cells when supplemented with flavonoids 

were able to reduce DNA damage caused by food mutagens to a larger 

extent than cells from healthy individuals for OTM and % Tail DNA in all 

cases (Table 4.1). For example, when the highest dose of IQ was 

supplemented with 500 µM of rutin the DNA damage observed in the healthy 

individuals group was 96.19% (OTM) and 45.93% (% Tail DNA) above the 

baseline level of the negative control comparing to the CRC group where 

those values were 26.34% and 20.02% respectively, p<0.001.  

Confounding factors such as age, gender, diet, smoking habits and alcohol 

intake were also investigated (Table 4.2). A significant higher baseline DNA 

damage (p<0.001) in lymphocytes from colon cancer patients was observed 

for parameters OTM and % Tail DNA compared to those from healthy 

individuals. There was also a significant difference between subjects of >50 

years of age when compared to those under 50 years old (p<0.01) showing a 

1.80 fold and 1.54 fold increased baseline DNA damage for OTM and % Tail 

DNA, respectively. No statistically significant differences were found when 

focussing on smoking habits, alcohol intake and diet, although, when 

comparing Western to Asian/vegetarian type diet the OTM parameter almost 

reached significance (p=0.061). DNA damage in male lymphocytes was 

significantly (p<0.05) higher than in lymphocytes from females for the Comet 

assay parameter % Tail DNA but not for the OTM parameter (p=0.450).  
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 Healthy individuals Colon cancer patients Healthy individuals Colon cancer patients 

 OTM % Tail DNA  

 Mean ± SE % Mean ± SE % Mean ± SE % Mean ± SE % 

         

Negative control 2.10 ± 0.30 100.00 4.10 ± 0.42 §§§ 100.00 10.95 ± 1.30 100.00 18.18 ± 1.25 §§§ 100.00 

25 µM IQ 3.23 ± 0.31 ** 153.81** 4.84 ± 0.47 §§ 118.05 14.69 ± 1.01 ** 134.15* 20.12 ± 1.26 *§§§ 110.67 

75 µM IQ 5.50 ± 0.38 *** 261.90*** 6.18 ± 0.40 *** 150.73*** 21.82 ± 1.27 *** 199.27*** 24.76 ± 1.23 ***  § 136.19** 

100 µM IQ 6.03 ± 0.43 *** 287.14*** 6.97 ± 0.49 *** 170.00*** 23.98 ± 1.28 *** 218.99*** 25.90 ± 1.54 *** 142.46** 

150 µM IQ 8.47 ± 0.58 *** 403.33*** 9.75 ± 0.53 *** § 237.80*** 33.80 ± 1.22 *** 308.67*** 35.52 ± 1.94 *** 195.37*** 

         

150 µM IQ and 100 µM Q 7.67 ± 0.51 365.23 7.24 ± 0.37 ††† 176.58† 29.06 ± 1.05 †† 265.38 30.11 ± 1.48 † 165.62 

150 µM IQ and 250 µM Q 5.90 ± 0.46 ††† 280.95††† 7.32 ± 0.54 ††† 178.53†† 22.53 ± 1.62 ††† 205.75††† 28.86 ± 1.52 †† §§ 158.74†† 

150 µM IQ and 500 µM Q 3.44 ± 0.26 ††† 163.81††† 5.81 ± 0.71 † §§ 141.70††† 16.13 ± 1.16 ††† 147.30††† 24.57 ± 2.39 ††† §§ 135.15††† 

         

150 µM IQ and 50 µM R 7.76 ± 0.59 369.52 7.21 ± 0.37 ††† 175.85†† 27.42 ± 1.59 † 250.41† 28.95 ± 1.13 †† 159.24 

150 µM IQ and 250 µM R 7.27 ± 0.47 † 346.19 6.63 ± 0.37 ††† 161.71††† 26.21 ± 1.32 †† 239.36††† 26.74 ± 1.20 ††† 147.08†† 

150 µM IQ and 500 µM R 4.12 ± 0.59 ††† 196.19††† 5.18 ± 0.50 ††† 126.34††† 15.98 ± 1.78 ††† 145.93††† 21.82 ± 1.38 ††† §§ 120.02††† 

         

         

Negative control 2.90 ± 0.36 100.00 3.55 ± 0.30 100.00 13.53 ± 1.30 100.00 16.51 ± 0.96 § 100.00 

10 µM PhIP 3.75 ± 0.41 129.31 4.38 ± 0.33 ** 123.38 16.92 ± 1.42 * 125.05* 19.95 ± 1.20 ** § 120.83 

25 µM PhIP 5.57 ± 0.49 *** 192.07** 5.41 ± 0.33 *** 152.39** 23.31 ± 1.52 *** 172.28*** 24.15 ± 1.03 *** 146.27** 

50 µM PhIP 5.70 ± 0.54 *** 196.55*** 7.07 ± 0.49 *** § 199.15*** 24.01 ± 1.58 *** 177.45*** 27.79 ± 1.36 *** § 168.32*** 

75 µM PhIP 8.58 ± 0.85 *** 295.86*** 8.27 ± 0.71 *** 232.95*** 31.05 ± 2.52 *** 229.49*** 33.79 ± 1.64 *** 204.66*** 

         

75 µM PhIP and 100 µM Q 6.80 ± 0.58 † 234.48†† 6.75 ± 0.53 † 190.14 27.16 ± 1.46 ††† 200.73 27.68 ± 1.36 †† 167.65 

75 µM PhIP and 250 µM Q 5.99 ± 0.58 †† 206.55†† 5.71 ± 0.49 †† 160.84††† 23.99 ± 1.68 ††† 177.17††† 24.35 ± 1.41 †† 147.48†† 

75 µM PhIP and 500 µM Q 3.72 ± 0.43 ††† 128.27††† 4.17 ± 0.45 ††† 117.46††† 16.73 ± 1.41 ††† 123.65††† 18.81 ± 1.50 ††† 113.93††† 

         

75 µM PhIP and 50 µM R 7.63 ± 0.56 263.10 7.25 ± 0.47 † 204.22 30.07 ± 1.79 222.24 29.28 ± 1.52 † 177.34 

75 µM PhIP and 250 µM R 6.39 ± 0.41 †† 220.34†† 6.39 ± 0.39 †† 180.00†† 25.38 ± 1.03 †† 187.58†† 27.13 ± 1.02 †† 164.32†† 

75 µM PhIP and 500 µM R 4.34 ± 0.30 ††† 149.65††† 5.85 ± 0.56 †† §  164.78††† 18.94 ± 0.72 ††† 139.98††† 24.36 ± 1.54 ††† §§  147.54†† 

         

Significantly different from the negative control: * P<0.05; ** P<0.01; *** P<0.001 

Significantly different from highest dose of food mutagen IQ:  † P<0.05; †† P<0.01; ††† P<0.001 

Significantly different from healthy individuals: § P<0.05; §§ P<0.01; §§§ P<0.001 

 

Table 4.1: DNA damage induced in vitro in lymphocytes from healthy individuals and colon cancer patients by the food mutagens 

IQ and PhIP and its reduction by flavonoid supplementation with various concentrations of quercetin (Q) and rutin (R).  
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Confounding 

factor 
Sub-groups N 

Mean OTM ± 

SE 

% Tail DNA ± 

SE 
Description 

Diagnosis 
Healthy  20 2.10 ± 0.30 10.95 ± 1.30 Colon cancer patients vs. 

healthy individuals Colon cancer 20 4.10 ± 0.42 *** 18.18 ± 1.25 *** 

Age 
<50 years 18 2.02 ± 0.32 9.99 ± 1.38 

>50 vs. <50 years of age 
>50 years 22 3.64 ± 0.38 ** 15.42 ± 1.16 ** 

Smoking 

Active smokers 7 3.16 ± 0.85 12.12 ± 2.58 
Active / ex-smokers vs. 

non-smokers 
Ex-smokers 16 2.69 ± 0.40 12.27 ± 1.52 

Non-smokers 17 2.99 ± 0.44 13.80 ± 1.54 

Drinking habit 

Severe 15 3.20 ± 0.48 13.69 ± 1.60 
Severe / moderate drinking 

vs. no alcohol 
Moderate 14 2.85 ± 0.47 12.97 ± 1.79 

No alcohol 11 2.48 ± 0.54 11.66 ± 1.86 

Diet 
Western 25 3.22 ± 0.39 13.66 ± 1.38 Western vs. 

Asian/vegetarian diet Asian/vegetarian 15 2.30 ± 0.32 11.58 ± 1.23 

Gender 
Female 17 2.50 ± 0.35 10.79 ± 1.07 

Female vs. male individuals 
Male 23 3.16 ± 2.97 14.39 ± 1.45 * 

Significantly different from the negative control: * P<0.05; ** P<0.01; *** P<0.001 

OTM - Olive tail moment; % Tail DNA- fraction of DNA in the tail 

 

Table 4.2: Confounding factors for healthy individuals and colon cancer patients and their influence on the baseline DNA damage  

                  using the Comet assay. 
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Figure 4.1: The Comet parameter % Tail DNA is shown indicating DNA damage in lymphocytes after in-vitro treatment with IQ (25, 75, 100 and 150 µM) and then supplementation 

of the highest dose with either the flavonoid quercetin (Q) [Panel A] or rutin (R) [Panel B] as well as treatment with PhIP (10, 25, 50 and 75 µM) and then supplementation of the 

highest dose with either the flavonoid quercetin (Q) [Panel C] or rutin (R) [Panel D]. The flavonoids were used at different concentrations from 50 µM up to 500 µM. Intergroup 

comparisons of healthy individuals and colon cancer patients revealed significantly increased induction of DNA damage, when treating with heterocyclic amines alone and together 

with flavonoids, between healthy individuals and the colon cancer patient group (* p<0.05, ** p<0.01, *** p<0.001). All other types of data comparisons are shown in Table 4.1. 
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4.4    Discussion 

The DNA damaging effects of two common food mutagens, IQ and PhIP, on 

the DNA were investigated in this study by treating in vitro lymphocytes from 

healthy individuals and from patients diagnosed with colon cancer. Both HCA 

caused in a dose-dependent manner similar levels of DNA damage in 

lymphocytes of both groups for the Comet assay parameters OTM and % 

Tail DNA (Table 4.1), hence the classification for IQ as “probably 

carcinogenic to humans” and for PhIP as “possibly carcinogenic to humans” 

(IARC, 1993). Higher doses significantly increased the induced DNA 

damage. 

 

In this study the DNA damage induced in lymphocytes of both donor groups 

by food mutagens IQ and PhIP was effectively and dose-dependently 

reduced by supplementation with the flavonoids quercetin and rutin (Table 

4.1). The level of DNA damage from the highest HCA dose reduced by the 

highest dose (500 µM) of flavonoids was comparable to that of a 6 times (for 

IQ) and 7.5 times (for PhIP) lower non-supplemented dose of food mutagen.  

Strong antioxidative effects of flavonoids to protect against DNA damage 

have been known for a while (Anderson et al., 2003; Collins, 2005); Perez-

Vizcaino, 2009] and in vitro experiments on human colonocytes suggested 

that especially quercetin plays a crucial role in the defence against oxidative 

insults (Duthie et al., 1999). In human lymphocytes quercetin and rutin 

already showed a dose-dependently protective effect against DNA damage 

caused by the mutagenic anticancer drug mitomycin C (Undeger et al., 

2004). However, neither myricetin, quercetin nor rutin increased the rate of 

DNA strand break repair in various cell types such as Caco-2, HepG2 and 
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V79 (Aherne et al., 2000). Although flavonoids are documented to have 

antioxidant properties, it is still uncertain whether these effects depend on 

radical scavenging antioxidative or iron chelating properties, where the latter 

may be the most prominent activity (Sestili et al., 1998).  

We found that 20 individuals in each group were sufficient to establish the 

statistically significant responses (p<0.001) shown in our study for the food 

mutagens. Our results indicate that the basal DNA damage was higher for all 

experiments in lymphocytes from colon cancer patients when compared to 

healthy individuals (Table 4.1 and Figure 4.1). Disease states which involve 

an overproduction of ROS may therefore inflict significantly higher DNA 

damage in peripheral lymphocytes from patients when compared to the 

baseline level of damage in healthy individuals. Similar observations of a 

higher baseline DNA damage were made for head and neck squamous cell 

carcinoma patients (Palyvoda et al., 2003) and breast cancer patients 

(Rajeswari et al., 2000; Smith et al., 2003) in addition to higher levels of 

cytogenetic damage (Palyvoda et al., 2003). Even the modulating effect of 

flavonoids in a co-treatment with a high dose of food mutagen (Table 4.1) 

seem to be affected by the higher baseline damage as the induced DNA 

damage in lymphocytes from colon cancer patients was not reduced to the 

levels of healthy individuals. Except for the supplementation of PhIP with 500 

µM of quercetin (Figure 4.1C), lymphocytes from colon cancer patients 

showed significantly higher amounts of DNA damage at higher flavonoid 

concentrations (Figures 4.1A, B & D), i.e. less reduction of induced damage 

compared to healthy individuals, which may suggest that a higher 

concentration of flavonoids would be required to achieve a protective effect. 
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Observations described in the results section after OTM and % Tail DNA 

parameters were analysed as the percentage change show decreased 

sensitivity of cancer cells when compared with cells from healthy individuals. 

Although those results may indicate increased repair capability of cancer 

cells it should be highlighted that the baseline damage shown as 100% in 

both groups was significantly higher in the CRC group when compared with 

healthy individuals. The range of values between the negative control and the 

positive control was larger in the healthy individuals group (e.g. experiments 

with IQ in healthy cells: negative control 2.10 – max IQ 8.47, the difference: 

6.37 compared to corresponding scenario in the CRC group: negative control 

4.10 – max IQ 9.75, the difference: 5.65).  Hence, the actual increase of 

damage as well as the reduction of damage in relation to negative control 

was smaller in the CRC group compared to the healthy individuals group. 

E.g. the highest concentration of IQ caused increase of damage from the 

baseline level by 303.33% in the healthy individuals group and by 137.80% in 

the CRC group when measured with OTM as % change. When 

supplemented with 500 µM Q this damage was reduced by 207.14% in the 

healthy individuals group and “only” by 111.46% in the CRC group. 

 

 A possible reason for this finding could be a reduced repair capacity which 

was found for breast cancer patients after in vitro treatment of lymphocytes 

with N-methyl-N-nitro-N-nitrosoguanidine or ionising radiation. The repair 

capacity of first degree relatives to these patients was also decreased 

(Rajeswari et al., 2000; Smith et al., 2003). These differences in repair 

capacity may either be an effect of cancer per se due to a changed 

lymphocyte population alongside the oncogenic process, or a higher DNA 
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damage and slower repair among some individuals who may be more 

predisposed to develop cancer (Palyvoda et al., 2003). 
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Chapter 5 

The influence of TiO2 nanoparticles on DNA 

damage in peripheral blood lymphocytes from 

polyposis coli, colon cancer patients and 

healthy individuals 
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5.1  Introduction 

Titanium dioxide is widely used in paints, varnishes, enamels, lacquers, 

paper, printing ink and ceramics as a white fine pigment dust (200-300 nm) 

due to its high refractive index (~2.5) and ease of dispersion (Boffetta et al., 

2004) accounting for 70% of the total pigment production in the world (Baan 

et al., 2006). It is considered to be a poorly soluble and a non-toxic material 

and many studies classified it as biologically inert, in both, animals and 

humans (Bernard et al., 1990; Ophus et al., 1979; Warheit et al., 2007).  

However, there has been an increasing evidence that it can cause cancer in 

rodents where it was administered by different routes (Baan et al., 2006; 

Bermudez et al., 2002) as well as causing fibrosis and inflammation in 

humans (Kohilas et al., 1999; Yamadori et al., 1986). On the basis of these 

results the WHO International Agency for Research on Cancer Monograph 

Working Group classified titanium dioxide as possibly carcinogenic to 

humans (Baan et al., 2006).  

As the nanoparticles size decreases, their surface area to volume ratio gets 

larger leading to an increased number of specific reactive surface groups and 

a tendency for toxicity increases. Even if their bulk counterpart was relatively 

inert, this effect could potentially increase interactions with other molecules 

and  toxicity (Nel et al., 2006). Nanoparticles having larger than bulk material 

surface area, present greater potential to induce inflammation in respiratory 

systems and enhanced oxidant capacity (Frampton et al., 2004). 

Oberdorster et al. observed that infiltration of neutrophils in the lung of rats, 

increased by titanium dioxide nanoparticles (TiO2 NPs), was higher 

compared to larger particles at the same mass doses (Oberdorster et al., 
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2005). Also, it was reported that the cytotoxic effect of titanium particles was 

size dependent (Kumazawa et al., 2002). 

The length of nanomaterials also may be related to their imperilment causing 

inflammation and granulomas formation (Poland et al., 2008). Hamilton et al. 

tested different forms and shapes of TiO2 NPs for biological activity and 

found that long, fibre-shaped particles initiate inflammatory response by 

alveolar macrophages due to their inability to form lysosomes around those 

particles, leading to a significant release of inflammatory cytokines into the 

media. However, all particles regardless of shape and size, caused lipid 

peroxidation and a significant increase in ROS production (Hamilton et al., 

2009). Induction of lipid peroxidation and release of lyzosomal protease 

(cathepsin B) was also observed after exposure to TiO2 NPs by Hussain et 

al. (Hussain et al., 2010). In a study performed by Pan et al., where gold (Au) 

nanoparticles were used, it was shown that 1.4 nm Au NPs caused rapid cell 

death by necrosis and particles of 1.2 nm caused predominantly apoptosis. 

Various cell types were used (Pan et al., 2007). In general, cytotoxicity 

increases with decreasing particle size (Hussain et al., 2009; Stone et al., 

2007). In contradiction to the above results are data obtained by Okuda-

Shimazaki et al., who observed that large aggregated TiO2 NPs had relatively 

higher cytotoxic activity and ability to induce cellular gene expression 

compared to small counterparts (Okuda-Shimazaki et al., 2010). 

 

The most common route of TiO2 NPs exposure is their absorption through 

skin and by inhalation. However, there has been an increased exposure to 

nano- and microparticles as additives in food products. As inhaled particles 

have been shown to increase the risk of pulmonary disease (Baan et al., 
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2006; Garabrant et al., 1987; Nel et al., 2006), there is a possibility that 

ingested TiO2 NPs may induce toxic responses in the gut.  

In this study, lymphocytes from polyposis coli (PLP), colon cancer patients 

(CRC) and healthy controls were used as surrogate for gastrointestinal cells 

to determine whether titanium dioxide nanoparticles are able to produce 

genotoxicity and how individual responses among different groups could 

correspond to their health condition. Researchers have been questioning the 

rationale of cytotoxicity and genotoxicity studies performed with the use of 

lymphocytes as a surrogate tissue. Although lymphocytes are not directly 

exposed to nanoparticles their constant presence in the circulatory system 

allows them to contact with everything that has been consumed, inhaled or 

adsorbed by the organism and therefore these cells may mirror the state of 

organs and tissues directly exposed to any such particles or other 

compounds.  

 

Although several studies have been performed to assess the potential geno- 

and cytotoxicity of nanoparticles, including TiO2 NPs, their toxic behaviour, 

possibly associated with the production of ROS has not yet been fully 

understood and analyzed. In the present study the aim was to confirm that 

TiO2 NPs can really produce DNA damage and genotoxicity in human 

lymphocytes using the Comet assay, which can detect unrepaired DNA 

strand breaks and alkali-labile sites in viable cells and also using the 

cytokinesis block micronucleus (CBMN) assay where chromosomal 

aberrations in the form of acentric chromosome fragments (resulting from 

mis-repair of DNA breakage) as well as whole chromosomes (chromosomal 

segregation defect in anaphase) are detected (Wang et al., 2007). Therefore, 
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information received from both techniques may be supplementary to each 

other and have been recommended for simultaneous use (Van Goethem et 

al., 1997). In addition, the effect of TiO2 NPs on lymphocytes from polyposis 

coli patients, colon cancer patients and healthy individuals has been 

investigated as a previous study showed that there is a significant difference 

in response to various toxins and chemicals among different patient groups 

compared to healthy subjects (Najafzadeh et al., 2009; Najafzadeh et al., 

2007). Confounding factors such as gender, age, smoking habits and alcohol 

intake have also been analyzed.  

Thus, in this study the genotoxic effects of anatase TiO2 nanoparticles have 

been analyzed without photoactivation using the Comet assay, the 

Micronucleus assay and the Fluorescent in situ hybridisation Micronucleus 

assay (FISH – MN) on peripheral blood lymphocytes from polyposis coli, 

colon cancer patients and healthy individuals. 
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5.2      Materials and Methods 

5.2.1  Materials 

The materials used in this study have been discussed in Chapter 2. 

 

5.2.2 Methods 

Sample collection and preparing of lymphocyte cultures have been described 

in Chapter 2. The Comet assay, the micronucleus assay, the micronucleus 

FISH assay and the sister chromatid exchanges assay have been employed 

as detailed in Chapter 2. 

 

5.2.2.1  Nanoparticle characterisation 

TiO2 were suspended in ddH2O (representing the supplied material) as well 

as PBS and RPMI (representative of the administered material) according to 

recommendations of Nanomaterial Toxicity Screening Working Group 

(Oberdorster et al., 2005). The concentrations used were 0, 10, 40 and 80 

µg/ml. Suspensions were probe sonicated at 30 Watt for 5 min on and off, 

and then allowed to equilibrate for different times: 0, 2, 24 and 48 h in order 

to analyze immediate and long-term effects. Size, size distribution and zeta 

potential were determined using dynamic light scattering (DLS) and phase 

analysis light scaterring (PALS) respectively in a Zetasizer Nano-ZS, Model 

ZEN3600 equipped with 4.0 mW, 633 nm laser (Malvern Instruments Ltd., 

UK). Suspensions were placed in disposable sizing cuvettes and three 
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consecutive measurements at 25°C each consisting of ten runs were 

undertaken for each sample. 

Samples for Scanning Electron Microscopy (SEM) analysis were prepared by 

drop-coating of TiO2 NPs solutions on Aluminium sample stub and left to dry 

out.  An ultrathin coating of electrically-conducting gold was then deposited 

by low vacuum sputter coating on the sample. SEM measurements were 

performed on Quanta FEG Scanning Electron Microscope. 

 

5.2.2.2   Cell viability 

Cell viability was measured using the Trypan blue dye exclusion assay. After 

cells were exposed to different concentrations of TiO2 NPs, viable cells were 

counted based on the ability to exclude the dye. 

 

 

5.2.2.3  Statistical analyses 

The statistical methods have been applied as detailed in Chapter 2. 
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5.3      Results 

5.3.1   Particle characterisation 

Titanium (IV) oxide, anatase nanopowder (Sigma-Aldrich) has been chosen 

for this study. The manufacturer reported primary TiO2 nanoparticle size to be 

<25 nm, with the specific surface area of 200-220 m2/g and the purity at least 

99.7%.  

The mean hydrodynamic diameters of nanoparticle suspensions in ddH2O, 

PBS and RPMI (Figure 5.1) as determined by DLS measurement in the 

present study are shown in Table 5.1. The size was widely distributed and 

ranged from 104 nm (10 µg/ml TiO2 NPs in water) to 1303 nm (80 µg/ml TiO2 

NPs in RPMI). Zeta potential measurements revealed that TiO2 NPs had a 

negative surface charge (-28.7 mV) in water. The average size reported by 

Scanning Electron Microscopy (SEM) was 34 nm and the particles were 

found to be spherical in shape. Figure 5.2 shows a representative SEM 

image recorded from a drop-coated film of TiO2 NPs. 

 

 

5.3.2 Cell viability 

Cell viability was measured using the Trypan blue dye exclusion assay. The 

viability was generally > 89%, but always > 80% indicating high membrane 

integrity. 
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5.3.3 DNA damage in lymphocytes from polyposis coli, colon cancer 

patients and healthy individuals 

All groups were compared in three different ways; firstly, each group was 

compared to its own untreated control; secondly, each group and confounder 

was compared to its corresponding healthy control sample (e.g. by matching 

doses of TiO2 NPs); thirdly, the relationship of confounding factors to higher 

levels of DNA damage in compared sub-groups was examined within the 

same group of participants. The Comet assay parameters used were Olive 

tail moment (OTM) and % Tail DNA. 

5.3.3.1    Patient and control groups 

Treating lymphocytes from healthy individuals, polyposis coli (PLP) and colon 

cancer (CRC) patients with TiO2 nanoparticles in vitro resulted in a dose 

dependent statistically significant (p<0.01; p<0.01) induction of DNA damage 

for both parameters measured, OTM and % Tail DNA (Figure 5.3). For the 10 

µg/ml TiO2 NPs treatment of lymphocytes from healthy individuals, the 

induced DNA damage measured in % Tail DNA reached significance 

(p<0.01) while the evaluated OTM did not. In all cases the positive control 

was always statistically significant (p<0.001) when compared to the untreated 

control.  

 

As can be observed from the trend of the histograms (Figure 5.3 and Figure 

5.4), lymphocytes from CRC patients showed increased sensitivity to the 

treatment when compared to healthy individuals, apart from the positive 

control and negative control when DNA damage was slightly higher in the 
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healthy control group. This effect was statistically significant only for 80 µg/ml 

TiO2 NPs treatment (p<0.05 for OTM and p<0.01 for % Tail DNA). However, 

the CRC group had always the highest DNA damage compared to PLP 

patients and healthy controls. The difference was statistically significant only 

for % Tail DNA when lymphocytes were treated with TiO2 NPs (p<0.01; 

p<0.001). There was no statistical difference at the level of negative control 

and positive control. The basal DNA damage (untreated negative controls) 

was similar among all participants and only slightly increased in the CRC 

patients group.  

5.3.3.2     Confounding factors 

Confounding factors such as gender, age, smoking habits and alcohol intake 

were also investigated (Figure 5.5 – 5.8; Table 5.2). 

5.3.3.2.1 Gender 

Intergroup comparisons showed higher baseline DNA damage in 

lymphocytes from CRC patients when compared to those from PLP patients 

and healthy individuals, however this effect was not significant (Figure 5.5a 

and 5.5b). A similar effect was observed for the positive control treatment. 

DNA damage in healthy individuals and PLP patients at the negative control 

level was similar. For the positive control this effect was even reversed – 

higher damage was observed in healthy individuals. 

When each group (PLP, CRC patients and healthy individuals) categorised 

into male sub-group were compared to healthy individuals (n=3) (Figure 5.5a) 
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after the TiO2 NPs treatment, the highest DNA damage was observed in the 

CRC group (n=7). This effect was significant only for % Tail DNA at 40 µg/ml 

(p<0.01) and 80 µg/ml (p<0.001) TiO2 NPs. When the PLP group (n=5) was 

compared to healthy individuals, the DNA damage was significantly higher 

only at 80 µg/ml TiO2 NPs for % Tail DNA parameter. Figure 5.5b shows that 

only at 80 µg/ml TiO2 NPs female CRC patients (n=3) showed lesser value of 

% Tail DNA than female PLP patients (n=4) that were significantly different 

from healthy individuals (n=7) (p<0.05). The DNA damage in the CRC group 

was significantly higher from healthy individuals at 10 µg/ml (p<0.05) and 40 

µg/ml (p<0.01) TiO2 NPs.  Male/female healthy individuals sub-groups 

showed in general the lowest DNA damage in all cases apart from the 

positive control when in both cases (male and female study) this response 

was elevated and was slightly higher than in PLP sub-groups. 

Table 5.2 shows the means of the OTM and % Tail DNA and compares 

confounding factors within each of the experimental groups. No statistically 

significant differences were found when focussing on the comparison 

between males and females at all concentrations tested. There was a 

tendency for female sub-groups for both parameters (OTM and % Tail DNA) 

to have higher DNA damage compared to males when samples were treated 

with the two highest concentrations of TiO2 NPs. The level of damage was 

always higher in the case of the positive control in male sub-groups of 

healthy individuals and PLP patients when compared to females. In the CRC 

group the level of DNA damage between males and females was similar. 
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5.3.3.2.2 Age 

Intergroup comparisons showed increased DNA damage in the CRC group at 

all concentrations of TiO2 NPs (Figure 5.6a and 5.6b). This effect was 

significant only among the oldest participants when compared to healthy 

individuals at 10 µg/ml (p<0.05), 40 µg/ml (p<0.01) and 80 µg/ml (p<0.05) 

TiO2 NPs when % Tail DNA was examined (Figure 5.6b). Although among  

31–50 year old individuals similar trend was observed the effect was not 

significant; moreover at the negative control and positive control level the 

highest DNA damage was observed among PLP patients with DNA damage 

in CRC patients being the lowest. 

Table 5.2 shows that in the healthy individuals group, where three age 

groups have been distinguished, OTM values were elevated at the negative 

control level and all concentrations of TiO2 NPs in subjects 51 year old and 

over (n=5). When this age group was compared to 18-30 year old subjects 

(n=2) with increased DNA damage at the level of the positive control, this 

effect was statistically significant (p<0.05). When % Tail DNA was examined 

at the positive control level, the highest DNA damage was also observed 

among the youngest participants, the difference was significant (p<0.05) for 

both remaining age groups. When all three age groups were compared at the 

negative control level and two lower TiO2 concentrations using % Tail DNA 

the youngest group had the highest damage and 31 to 50 group (n=3) the 

lowest. This effect was significant (p<0.05) when the youngest group was 

compared with the 31 to 50 year old group at 40 µg/ml TiO2 NPs. 

In the PLP group higher DNA damage was observed among 31–50 year old 

individuals (n=2) when compared to those over 50 (n=7) (OTM and % Tail 
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DNA) at the negative control, the highest concentration of TiO2 NPs and the 

positive control, this effect was significant (p<0.05) only in case of positive 

control when OTM was examined. At 10 and 40 µg/ml TiO2 NPs higher DNA 

damage was observed among the oldest group of participants for OTM and 

% Tail DNA, but this effect was not significant. 

In Figure 5.6b and Table 5.2 TiO2 treated lymphocytes showed increased 

damage in CRC patients group at all treatment points when subjects aged 51 

and over were compared within the three experimental groups. In the CRC 

group no significant differences appeared between those below or equal to 

50 years of age (n=2), compared with those aged 51 and over (n=8), 

however, there was a statistical difference between those groups at 10 µg/ml 

TiO2 NPs and the positive control (p<0.05) level when % Tail DNA was 

examined.  

 

5.3.3.2.3 Smoking habits 

 Figures 5.7a, 5.7b, 5.7c and Table 5.2 demonstrate that all lymphocytes of 

active, ex- and non-smoking subjects showed an increase in DNA damage 

after treatment with different doses of TiO2 NPs. In all those sub-groups CRC 

patients tended to show higher DNA damage, however this effect was not 

very clear when non-smokers were compared (Figure 5.7a). At the negative 

control level non-smoking PLP patients (n=2) showed the highest DNA 

damage when % Tail DNA was examined and the difference between CRC 

patients (n=3) and healthy individuals (n=6) was significant (p<0.01) for the 

OTM parameter. Intergroup comparisons showed lower DNA damage in 

lymphocytes from healthy individuals for all concentrations of TiO2 NPs used. 
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A higher significant response was observed at 40 µg/ml among PLP and 

CRC patients (p<0.001 for OTM and % Tail DNA) and at 80 µg/ml TiO2 NPs 

(p<0.05 for OTM and p<0.001 for % Tail DNA in the PLP group, and p<0.001 

for % Tail DNA in the CRC group). At the positive control level this pattern 

was reversed and the highest DNA damage was observed among healthy 

individuals. 

When ex-smokers status was examined CRC patients (n=4) had higher 

significant (p<0.05, p<0.01) DNA damage in all cases apart from 80 µg/ml 

TiO2 NPs when compared to PLP patients (n=1). 

When participants were categorised into the active smokers sub-group, the 

highest significant DNA damage was observed in the CRC patients group at 

negative control (p<0.01 for OTM), 10 µg/ml (p<0.01 for % Tail DNA), 40 

µg/ml TiO2 NPs (p<0.001 for % Tail DNA) and positive control (p<0.01 for 

OTM and p<0.001 for % Tail DNA) and in the PLP patients group at positive 

control (p<0.01 for OTM).   

Table 5.2 shows that in the healthy individuals group active smokers showed 

higher non-significant DNA damage for both parameters (OTM and % Tail 

DNA) when compared to non-smokers (there was no ex-smokers sub-group 

present in this group). However, when this relationship was examined at the 

positive control level, the non-smokers sub-group appeared to be more 

damaged and this effect was significant (p<0.05 for OTM and % Tail DNA). 

When active, ex- and non-smokers were compared within the PLP group 

using OTM and % Tail DNA, the lowest damage was observed in ex-smokers 

sub-group and this effect was significant at the level of the negative control 
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(p<0.01 for OTM and p<0.05 for % Tail DNA), 10 µg/ml (p<0.01 for OTM and 

% Tail DNA) and 40 µg/ml (p<0.05 for OTM and % Tail DNA) TiO2  NPs as 

well as the positive control (p<0.01 for OTM) In most cases DNA damage in 

the non-smokers sub-group exceeded values for active smokers. At the 

positive control level, active smokers had the highest DNA damage. 

There were no significant differences for OTM between active, ex- and non-

smokers in the CRC group and DNA damage was similar among those sub-

groups. When % Tail DNA was examined the active smokers sub-group 

showed the highest damage. This effect was statistically significant at the 

negative control level, 40 µg/ml TiO2 NPs and positive control for both 

remaining sub-groups (p<0.05, p<0.01 and p<0.001). 

5.3.3.2.4 Alcohol intake 

Figure 5.8a, 5.8b, 5.8c and Table 5.2 demonstrate an upward trend in DNA 

damage for lymphocytes from non-drinkers, moderate and heavy alcohol 

drinkers among PLP and CRC patients as well as healthy individuals.  

Figure 5.8a shows that the difference between non-alcohol drinkers in the 

CRC group and healthy individuals was significant only in case of 40 (p<0.05 

for OTM and p<0.001 for % Tail DNA) and 80 µg/ml of TiO2 NPs (p<0.05 for 

OTM). At those two concentrations there was also a significant increase in 

DNA damage in the PLP group, p<0.001 for OTM (40 µg/ml of TiO2 NPs) and 

p<0.001 for % Tail DNA (80 µg/ml of TiO2 NPs). At the three remaining 

treatment points the difference was not significant and DNA damage was 

similarly distributed among three groups of participants. 
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DNA damage for moderate alcohol drinkers within healthy individuals, PLP 

and CRC patients is shown in Figure 5.8b. There was a trend for 

lymphocytes from healthy individuals to reach the highest values and this 

difference was significant at 10 and 40 µg/ml (p<0.05 for OTM for PLP and 

CRC) and at 80 µg/ml of TiO2 NPs (p<0.05 for % Tail DNA for CRC group 

only). At the positive control level the CRC group had the highest damage but 

this effect was not significant. 

Among heavy alcohol drinkers DNA damage in lymphocytes from the CRC 

group was always the highest one at all treatment points (Figure 5.8c) and 

this effect was significant at 10 µg/ml (p<0.05), 40 µg/ml (p<0.001) and 80  

µg/ml TiO2 NPs (p<0.001) for the CRC group and at 80 µg/ml TiO2 NPs 

(p<0.001) for the PLP group when compared to healthy individuals using % 

Tail DNA.  

When the drinking habit was compared within the healthy individual group 

(Table 5.2) increased DNA damage was observed in lymphocytes from 

moderate alcohol drinkers at the negative control level and all concentrations 

of TiO2 NPs and this effect was significant for both remaining sub-groups at 

the negative control (p<0.05 for OTM, p<0.01 for % Tail DNA); at 10 µg/ml 

(p<0.01 for OTM; p<0.05 for heavy drinkers and p<0.01 for non-drinkers 

when % Tail DNA was examined); at 40 µg/ml (p<0.001 for OTM; p<0.05 for 

heavy and p<0.01 for non-alcohol drinkers for % Tail DNA) and  80 µg/ml 

TiO2 NPs (p<0.01 for heavy and p<0.05 for non-drinkers for OTM; p<0.001 

for % Tail DNA). At the positive control level the highest DNA damage was 

obtained in the non-drinking group and this effect was significant only when 

the moderate sub-group was compared (p<0.001 for OTM). 
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Sub-groups within the PLP group did not show any significant difference and 

there was similar level of DNA damage. 

In the CRC group, the DNA damage did not show any particular trend and 

the increase of damage varied between different treatment points. A 

significant difference was observed only at the highest dose of TiO2 NPs 

(p<0.01 when heavy drinkers were compared to non-alcohol drinkers using 

OTM; p<0.01 for moderate and p<0.001 for non-alcohol drinkers when 

compared to heavy drinkers having the highest damage when using % Tail 

DNA).  

5.3.4 The micronucleus assay 

Table 5.3A shows the differences in the Cytochalasin B proliferation index 

(CBPI), measuring the rate of cell cycle, of the micronuclei induced by 10, 40 

and 80 µg/ml TiO2 NPs and 0.4 µM MMC; the percentage of binucleated cells 

(% BiNC); the number of micronuclei per 1000 binucleated cells (BiMN); the 

number of nuclear buds (BiBuds) and nucleoplasmic bridges (BiNPBs) in 

binucleated cells; and the number of micronuclei in mononucleated cells 

(MonoMN). Table 5.3B shows the same data but as percentage change (%) 

where the negative control is described as 100%. Three groups were 

involved in this study: healthy individuals (n=20), PLP patients (n=19) and 

CRC patients (n=20). The confounding factors (age, gender, smoking and 

drinking habits) were also assessed and means of CBPI, %BiNC and BiMN 

are given in Table 5.4 and presented as histograms (Figures 5.9 – 5.12). 
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5.3.4.1 Patient and control groups 

Tables 5.3A and 5.3B show that after TiO2 NPs treatment, lymphocytes of 

polyposis coli and colon cancer patients showed a decrease in the 

percentage of binucleated cells (% BiNC) that was significant only in 

polyposis coli patients group at the highest concentration of TiO2 NPs and at 

positive control (0.4 µM MMC; p<0.001) when compared to negative control. 

This decrease appeared to be significantly different for all three 

concentrations of TiO2 NPs used as well as positive control when patient 

groups were compared to corresponding treatment levels in healthy 

individuals group (Table 5.3A) and at the highest concentration of TiO2 NPs 

in the PLP group (p<0.001) when % change was calculated (Table 5.3B). 

These changes led to a significant decrease in the cytokinesis-block 

proliferation index (CBPI) values. In healthy individuals group CBPI was 

reduced from 1.85 to 1.77 (by 4.33%) for the maximum dose of TiO2 NPs 

(p<0.001) and to 1.65 (by 10.81%) for the positive control (p<0.001). In the 

PLP group those values were 1.58 (9.20%) and 1.57 (9.77%) (p<0.001) and 

in CRC group: 1.64 (4.09%) and 1.62 (5.27%) (p<0.001) respectively.  

The treatment with TiO2 NPs significantly increased the total number of 

micronuclei in binucleated cells in all groups when compared to untreated 

controls. At the level of the highest concentration of TiO2 this increase was 

5.8 fold (487.50%) (healthy individuals), 2.1 fold (113.17%) (PLP group) and 

2.3 fold (130%) (CRC group). At the level of the positive control the number 

of binucleated cells containing MN increased 10.6 fold (by 959.72%), 2.3 fold 

(by 136.09%) and 4 fold (by 307.88%) respectively. 
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Also the number of mononucleated cells with MN (MonoMN) increased 

significantly in all three groups of participants as indicated in Tables 5.3A and 

5.3B. 

In most of the samples treated with TiO2 and MMC (positive control) there 

was an increase in the number of nucleoplasmic bridges and to lesser extent 

nuclear buds (BiBuds) in binucleated cells. 

 

 

5.3.4.2       Confounding factors 

5.3.4.2.1 Gender 

Figure 5.9 shows a relationship between three groups of participants in 

relation to gender when CBPI, % BiNC and Total BiMN were taken into 

account at the level of the untreated negative control. There was a decrease 

in CBPI value in both, PLP patients (p<0.05 for males) and CRC patients 

(p<0.05 for males and p<0.01 for females). Although a similar effect was 

observed when % BiNC was examined the differences were not significant. 

When the total number of MN in binucleated cells was counted the highest 

values were obtained in the male CRC group and female PLP group, where 

this result reached significance (p<0.01). 

As it is seen in Table 5.4 when male and female sub groups were compared 

within each participating group and CBPI, % BiNC and Total BiMN were 

examined, there were no statistically significant differences observed in 

healthy individuals and PLP groups. In the CRC group there was a trend in 

the female group to reach lower significant values for CBPI and % BiNC 
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when compared to males, however, a higher number of MN was produced 

within the male sub-group. 

5.3.4.2.2 Age 

In relation to age, the two older patient groups: 31 to 50 and 51 to 90 years of 

age induced similar numbers of MN when compared to healthy individuals. 

Significantly higher values were observed in the PLP group in the 31 to 50 

years of age group (p<0.05) (Figure 5.10). 

Values of % BiNC cells and CBPI were lower in patients groups. This effect 

was significant in the oldest group of participants when the CBPI was 

examined (p<0.05 for PLP and p<0.01 for CRC patients). 

When age sub-groups were compared within the healthy individuals group 

the responses were similarly distributed. In the PLP increased MN formation 

was observed in the 31 to 50 years of age group. The only significant 

differences (p<0.05) were produced in the CRC patient group where a clear 

trend for the oldest participants to cause a higher level of MN was observed.  
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5.3.4.2.3 Smoking habits 

Non-smokers and active smokers in patient groups produced decreased 

CBPI values when compared to healthy individuals (Figure 5.11). This effect 

was significant in CRC patients within non- and active smokers (p<0.01). In 

the PLP group values were significant (p<0.01) in the active smokers sub-

group. In both patient groups increased production of MN was observed 

when compared to healthy individuals. The significance was reached in 

active smokers in the PLP group (p<0.05). 

There was no consistent trend observed when the smoking habit was 

compared within the same donor group. The only statistically different point 

was in the healthy individuals group at the level of the positive control where 

20% more MN was produced by the non-smoking group (p<0.05). 

5.3.4.2.4 Alcohol intake 

When alcohol intake, as a confounder was examined and patient groups 

were compared to healthy individuals (Figure 5.12), there was an increase in 

the production of MN in the PLP and CRC groups (the only significant 

difference: p<0.05 for non-alcohol drinkers in the CRC group). The value of 

CBPI was also reduced in both patient groups – this effect was significant for 

non-alcohol drinkers in the PLP group (p<0.05) and the CRC group 

(p<0.001), and for heavy alcohol drinkers in the CRC group (p<0.05). 

There was no clear response when alcohol intake was compared within the 

same donor group (Table 5.4). In most of the cases heavy alcohol drinkers 

produced higher levels of MN and this trend was especially strong in the 
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CRC group, where the only significant difference (p<0.05) was observed at 

the level of the negative control. 

5.3.5 The micronucleus – FISH 

Table 5.5 shows the total number of MN scored in 1000 binucleated cells, the 

number of MN without a FISH centromeric signal (C-MN) and with a signal 

(C+MN) in all three groups of participants. Values are given for each 

treatment point. The significant increase in the number of MN is shown 

(p<0.001 for the two highest doses of TiO2 NPs and the positive control in 

healthy individuals, PLP and CRC patients). The number of MN and MN with 

a signal was increased in a dose dependent manner in all groups. This effect 

was significant for the first two doses of TiO2 NPs in the PLP group (p<0.01 

and p<0.001) and for the highest dose of TiO2 NPs in the CRC group 

(p<0.05). The highest number of signals was observed in healthy individuals 

when a sample was treated with MMC (4.3 fold increase when compared to 

the negative control). The lowest number of signals was observed within the 

CRC group (Figure 5.13 and Table 5.5).  

Results presented in Figure 5.13 where the total numbers of MN per 1000 

binucleated cells, with and without signals are shown in the form of 

histograms, confirm a dose dependent increase in MN production, with PLP 

and CRC patients having the highest numbers of MN across all treatment 

points when compared to healthy individuals. However these responses were 

not statistically significant. 
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Figure 5.1 - The intensity particle size distribution of TiO2 NPs suspended in RPMI at a 

concentration of 10 µg/ml. The intensity-weighted mean diameter as determined by DLS 

measurement was 168.1 nm. 
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Figure 5.2 – Scanning Electron Microscopy (SEM) micrograph of TiO2 nanoparticles 

(NPs) 22-53 nm in diameter. 
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Dispersant

10 µg/ml 40 µg/ml 80 µg/ml

0 104.2 221.5 382.6

2 160.5 266.4 320.7

24 248.5 349.1 501.8

48 169.3 460.0 575.2

0 170.4 200.1 474.8

2 169.2 441.2 717.6

24 395.8 515.5 700.4

48 439.3 658.8 1303.0

0 168.1 343.3 415.5

2 221.2 406.2 621.9

24 325.8 425.2 1062.0

48 431.3 503.8 879.9

Particle size (nm)

Milli Q water

PBS

RPMI

Incubation 

time (h)

 
 

Table 5.1 – Size distribution of TiO2 NPs measured after suspending in water, PBS or RPMI 

for different concentrations and for different incubation times as determined by dynamic light 

scattering (DLS). 
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Figure 5.3  Histograms showing the means of % Tail DNA and OTM in lymphocytes of 

polyposis poli (PLP) and colon cancer (CRC) patients compared to healthy individuals in the 

Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 NPs and the positive control 

(H2O2). Bars indicate standard errors. 

ns (not significant), **p<0.01, ***p<0.001 – levels of significance in relationship to untreated 

negative control 
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Mean OTM ± SE Mean % Tail DNA ± SE 
CONFOUNDING  FACTORS   Negative 

control 

 TiO2 NPs (µg/ml) 

100µM H2O2 
Negative 
control 

 TiO2 NPs (µg/ml) 

100µM H2O2 n 10  40  80  10  40  80  

H
e
a

lt
h

y
 i

n
d

iv
id

u
a

ls
 

Gender   
     

  
    Male 3 2.29 ± 0.09 2.28 ± 0.16 2.64 ± 0.14 3.38 ± 0.31   5.73 ± 0.39 11.54 ± 0.50 13.85 ± 0.42 14.15 ± 0.95 15.65 ± 0.58 33.43 ± 2.75 

Female 7 2.32 ± 0.08 2.67 ± 0.17 3.19 ± 0.27 3.82 ± 0.31   5.53 ± 0.28 11.67 ± 0.40 12.85 ± 0.80 15.58 ± 1.57 18.38 ± 1.49 30.56 ± 1.50 

Age   
     

  
    

18 to 30 2 2.26 ± 0.12 2.48 ± 0.21 2.93 ± 0.19 3.18 ± 0.19   6.34 ± 0.17 12.28 ± 0.41 14.27 ± 0.70 16.10 ± 1.05 16.80 ± 0.83 37.13 ± 1.99 

31 to 50 3 2.13 ± 0.12 2.45 ± 0.15 2.93 ± 0.12 3.66 ± 0.43   5.93 ± 0.44 11.10 ± 0.36 11.59 ± 0.56 13.78 ± 0.46* 17.41 ± 1.49 29.47 ± 1.93* 

51 to 90 5 2.44 ± 0.08 2.64 ± 0.24 3.12 ± 0.40 3.91 ± 0.39   5.09 ± 0.29* 11.69 ± 0.55 13.64 ± 0.99 15.60 ± 2.23 17.96 ± 2.01 30.31 ± 1.96* 

Smoking habit   
     

  
    

Active smokers 4 2.49 ± 0.09 2.79 ± 0.27 3.21 ± 0.49 3.86 ± 0.49   4.76 ± 0.24* 11.94 ± 0.66 13.58 ± 1.25 15.99 ± 2.79 18.58 ± 2.49 27.85 ± 1.36* 

Non-smokers 6 2.19 ± 0.07 2.39 ± 0.11 2.90 ± 0.10 3.57 ± 0.24   6.15 ± 0.23 11.42 ± 0.29 12.87 ± 0.52 14.59 ± 0.54 16.88 ± 0.80 33.80 ± 1.74 

Drinking habit   
     

  
    

Heavy 3 2.32 ± 0.09* 2.34 ± 0.16** 2.57 ± 0.16*** 3.19 ± 0.34**   5.11 ± 0.42 11.21 ± 0.38** 13.22 ± 0.56* 12.89 ± 0.81* 14.64 ± 0.66*** 30.83 ± 3.06 

Moderate 1 2.80 ± 0.05 3.83 ± 0.66 5.32 ± 0.82  5.03 ± 1.14   4.35 ± 0.20*** 14.54 ± 0.48 17.98 ± 3.31 28.09 ± 3.90 27.62 ± 6.93 25.99 ± 2.04 

No alcohol 6 2.23 ± 0.08* 2.46 ± 0.10** 2.87 ± 0.09*** 3.71 ± 0.28*   6.04 ± 0.23 11.35 ± 0.32** 12.32 ± 0.55** 14.13 ± 0.65** 17.35 ± 0.78*** 32.62 ± 1.52 

P
o

ly
p

o
s
is

 c
o

li
  

Gender   
     

  
    

Male 5 2.19 ± 0.16 2.67 ± 0.13 3.39 ± 0.18 4.01 ± 0.31   5.81 ± 0.20 11.59 ± 0.74 14.85 ± 0.59 17.34 ± 1.11 20.47 ± 1.47 29.50 ± 1.28 

Female 4 1.99 ± 0.20 2.49 ± 0.18 3.50 ± 0.21 4.76 ± 0.23   5.02 ± 0.59 10.72 ± 1.02 13.93 ± 0.94 19.05 ± 1.14 23.87 ± 1.26 27.53 ± 2.99 

Age   
     

  
    

31 to 50 2 2.29 ± 0.11 2.45 ± 0.11 3.39 ± 0.24 4.66 ± 0.60   6.11 ± 0.12 12.18 ± 0.70 13.98 ± 0.46 17.51 ± 1.97 22.51 ± 2.76 31.63 ± 1.59 

51 to 90 7 2.05 ± 0.16 2.63 ± 0.14 3.46 ± 0.17 4.25 ± 0.23   5.28 ± 0.36* 10.93 ± 0.74 14.58 ± 0.67 18.27 ± 0.90 21.83 ± 1.15 27.77 ± 1.80 

Smoking habit   
     

  
    

Active smokers 6 2.08 ± 0.16 2.74 ± 0.13 3.45 ± 0.17 3.98 ± 0.26**   5.96 ± 0.23 11.01 ± 0.73 15.29 ± 0.57 17.66 ± 0.95 20.97 ± 1.30 30.83 ± 1.52 

Ex-smokers 1 1.49 ± 0.14** 1.98 ± 0.09** 2.63 ± 0.16* 4.91 ± 0.26   3.89 ± 0.24**   8.10 ± 0.17* 10.57 ± 0.68** 14.40 ± 0.18* 19.60 ± 1.17 24.10 ± 1.43 

Non-smokers 2 2.50 ± 0.14 2.46 ± 0.14 3.82 ± 0.09 5.14 ± 0.19   4.74 ± 0.85 13.35 ± 0.52 13.86 ± 0.28 21.28 ± 0.80 26.22 ± 1.08 24.29 ± 3.89 

Drinking habit   
     

  
    

Heavy 3 2.07 ± 0.23 2.42 ± 0.11 3.40 ± 0.26 4.60 ± 0.41   5.51 ± 0.54 10.91 ± 1.14 13.64 ± 0.38 17.90 ± 1.69 23.40 ± 2.17 28.22 ± 2.82 

Moderate 3 2.02 ± 0.19 2.50 ± 0.21 3.19 ± 0.28  4.18 ± 0.46   5.15 ± 0.45 11.05 ± 1.00 13.55 ± 1.02 17.22 ± 1.55 18.37 ± 1.12 27.93 ± 2.01 

No alcohol 3 2.22 ± 0.26 2.85 ± 0.21 3.73 ± 0.12 4.25 ± 0.27   5.73 ± 0.58 11.66 ± 1.15 16.14 ± 0.88 19.18 ± 0.94 24.18 ± 1.10 29.73 ± 3.13 

C
o

lo
n

 c
a

n
c
e

r 

Gender   
     

  
    

Male 7 2.23 ± 0.15 2.79 ± 0.15 3.51 ± 0.16 4.46 ± 0.20   5.71 ± 0.51 12.07 ± 0.67 16.76 ± 1.55 22.18 ± 1.60 23.10 ± 0.92  34.27 ± 2.91 

Female 3 2.00 ± 0.09 2.41 ± 0.10 3.33 ± 0.15 4.26 ± 0.21   6.03 ± 0.22 14.01 ± 0.89 18.01 ± 1.13 27.67 ± 4.12 23.41 ± 1.01 34.81 ± 4.84 

Age   
     

  
    

31 to 50 2 1.88 ± 0.28 2.38 ± 0.15 3.47 ± 0.32 4.25 ± 0.55   5.41 ± 0.58 10.91 ± 1.65 13.73 ± 1.17* 19.20 ± 2.56 22.87 ± 1.26 25.13 ± 2.90* 

51 to 90 8 2.23 ± 0.13 2.75 ± 0.13 3.46 ± 0.14 4.44 ± 0.22   5.90 ± 0.43 13.09 ± 0.55 17.98 ± 1.30 24.98 ± 1.95 23.27 ± 0.83 36.76 ± 2.67 

Smoking habit   
     

  
    

Active smokers 3 1.68 ± 0.15 2.62 ± 0.21 3.32 ± 0.26 4.14 ± 0.37   6.24 ± 0.33 14.72 ± 0.68 19.18 ± 1.32 31.95 ± 3.41 23.58 ± 1.05 42.03 ± 3.83 

Ex-smokers 4 2.14 ± 0.18 2.72 ± 0.22 3.29 ± 0.23 4.58 ± 0.28   5.80 ± 0.77 11.87 ± 0.94* 15.30 ± 0.99 19.80 ± 1.25*** 22.86 ± 0.99 35.02 ± 3.61* 

Non-smokers 3 2.66 ± 0.08 2.66 ± 0.16 3.81 ± 0.04 4.43 ± 0.44   5.37 ± 0.56 11.62 ± 0.82* 17.53 ± 3.26 21.07 ± 3.26** 23.25 ± 1.79 26.06 ± 3.21** 

Drinking habit   
     

  
    

Heavy  5 2.17 ± 0.21 2.86 ± 0.16 3.61 ± 0.16 4.05 ± 0.27**   6.61 ± 0.47 13.09 ± 0.34 18.85 ± 1.55 24.09 ± 1.82 25.54 ± 0.69 34.11 ± 2.46 

Moderate 3 1.98 ± 0.19 2.49 ± 0.22 3.18 ± 0.28 4.47 ± 0.37   4.77 ± 0.47 11.81 ± 1.28 15.59 ± 1.28 20.14 ± 1.65 21.70 ± 0.70** 35.33 ± 4.91 

No alcohol 2 2.39 ± 0.17 2.46 ± 0.14 3.48 ± 0.29 5.17 ± 0.14   5.33 ± 0.82 12.82 ± 2.13 15.15 ± 3.60 28.68 ± 6.73  19.57 ± 0.78*** 33.93 ± 9.02 

Table 5.2 - Mean OTM and % Tail DNA (with standard error of the mean: SE) of lymphocytes from polyposis coli, colon cancer patients 
and healthy individuals categorised into population sub-groups as examined  in the Comet assay, with 10 - 80 µg/ml of TiO2 NPs, 100 µM 
H2O2 (positive control) and negative control.                                                                                                                                                                                                                                                                                                                                                                 
*p<0.05; **p<0.01; ***p<0.001 levels of significance in relationship to levels of DNA damage in compared sub-groups 
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Figure 5.4 Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of polyposis poli (PLP) and colon cancer (CRC) patients 

compared to the DNA damage in the healthy control group (CONTROL) in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 NPs and the positive 

control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01; ***p<0.001 – levels of significance in relationship to healthy controls 
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Figure 5.5a Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of male donors among polyposis poli (PLP) and colon cancer 

(CRC) patients compared to the DNA damage in male healthy control group (CONTROL) in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 NPs and 

the positive control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01; ***p<0.001 – levels of significance in relationship to healthy controls within the same 

treatment dose. 
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Figure 5.5b Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of female donors among polyposis poli (PLP) and colon 

cancer (CRC) patients compared to the DNA damage in female healthy control group (CONTROL) in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 

NPs and the positive control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01 – levels of significance in relationship to healthy controls within the same 

treatment dose. 
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Figure 5.6a Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of 31 to 50 years of age polyposis poli (PLP) and colon 

cancer (CRC) patients compared to the DNA damage in healthy control group (CONTROL) in the same age group in the Comet assay after treatment with 10, 40 

and 80 µg/ml TiO2 NPs and the positive control (H2O2). Bars indicate standard errors.  
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Figure 5.6b Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of 51 to 90 years of age polyposis poli (PLP) and colon 

cancer (CRC) patients compared to the DNA damage in healthy control group (CONTROL) in the same age group in the Comet assay after treatment with 10, 40 

and 80 µg/ml TiO2 NPs and the positive control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01 – levels of significance in relationship to healthy controls 

within the same treatment dose. 
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Figure 5.7a Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of non smoking polyposis poli (PLP) and colon cancer (CRC) 

patients compared to the DNA damage in non smoking healthy control group in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 NPs and the positive 

control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01; ***p<0.001 – levels of significance in relationship to healthy controls within the same treatment 

dose. 
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Figure 5.7b Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of ex smokers among polyposis poli (PLP) and colon cancer 

(CRC) patients compared to the DNA damage in ex smokers in healthy control group in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 NPs and the 

positive control (H2O2). Bars indicate standard errors. *p<0.05; **p<0.01 – levels of significance in relationship to healthy controls within the same treatment dose. 
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Figure 5.7c Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of active smokers among polyposis poli (PLP) and colon 

cancer (CRC) patients compared to the DNA damage in active smokers in healthy control group in the Comet assay after treatment with 10, 40 and 80 µg/ml TiO2 

NPs and the positive control (H2O2). Bars indicate standard errors. **p<0.01; ***p<0.001 – levels of significance in relationship to healthy controls within the same 

treatment dose. 
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Figure 5.8a Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of non alcohol drinkers among polyposis poli (PLP) and 

colon cancer (CRC) patients compared to the DNA damage in non alcohol drinking healthy control group (CONTROL) in the Comet assay after treatment with 10, 40 

and 80 µg/ml TiO2 NPs and the positive control (H2O2). Bars indicate standard errors. *p<0.05; ***p<0.001 – levels of significance in relationship to healthy controls 

within the same treatment dose. 
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Figure 5.8b Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of moderate alcohol drinkers among polyposis poli (PLP) 

and colon cancer (CRC) patients compared to the DNA damage in moderate alcohol drinking healthy control group (CONTROL) in the Comet assay after treatment 

with 10, 40 and 80 µg/ml TiO2 NPs and the positive control (H2O2). Bars indicate standard errors. *p<0.05 – levels of significance in relationship to healthy controls 

within the same treatment dose. 
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 Figure 5.8c Histogram showing the means of Olive tail moment (OTM) and % Tail DNA in lymphocytes of heavy alcohol drinkers among polyposis poli (PLP) and 

colon cancer (CRC) patients compared to the DNA damage in heavy alcohol drinking healthy control group (CONTROL) in the Comet assay after treatment with 10, 

40 and 80 µg/ml TiO2 NPs and the positive control (H2O2). Bars indicate standard errors. *p<0.05; ***p<0.001 – levels of significance in relationship to healthy 

controls within the same treatment dose. 
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Figure 5.9  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); B) % 

binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in untreated 

lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the Micronucleus 

assay depending on gender. Bars indicate standard errors.                                                                  

 *p<0.05; **p<0.01; ***p<0.001 - levels of significance in relationship to healthy individuals 
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Figure 5.10  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); B) % 

binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in untreated 

lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the Micronucleus 

assay depending on age. Bars indicate standard errors.                                                                  

 *p<0.05; **p<0.01; ***p<0.001 - levels of significance in relationship to healthy individuals 
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Figure 5.11  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); B) % 

binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in untreated 

lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the Micronucleus 

assay depending on smoking habits. Bars indicate standard errors.                                                                  

 *p<0.05; **p<0.01; ***p<0.001 - levels of significance in relationship to healthy individuals 
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Figure 5.12  Histograms showing the means of A) CBPI of MN (per 1000 binucleated cells); B) % 

binucleated cells per 1000 cells (% BiNC); C) micronuclei (MN) per 1000 BiNC cells in untreated 

lymphocytes of healthy individuals, polyposis coli and colon cancer patients in the Micronucleus 

assay depending on drinking habits. Bars indicate standard errors.                                                                  

 *p<0.05; ***p<0.001 - levels of significance in relationship to healthy individuals 
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Figure 5.13  Histograms showing the mean levels of total number of MN per 1000 cells, total number of 

MN without signal (C-MN) and total number of MN with signal (C+MN) observed in lymphocytes from 

healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after treatment with 

10, 40 and 80 µg/ml TiO2 NPs and the positive control (MMC). Bars indicate standard errors. 
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Table 5.5  The mean levels of total number of MN per 1000 cells, total number of MN without signal (C-MN) and total number of MN with 

signal (C+MN) observed in lymphocytes from healthy individuals, polyposis coli and colon cancer patients in the MN FISH assay after 

treatment with 10, 40 and 80 µg/ml TiO2 NPs and the positive control (MMC).  

*p<0.05, **p<0.01, ***p<0.001 – levels of significance in relationship to untreated negative control 
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5.4 Discussion 

Humans and biological systems are constantly exposed to industrial 

products, chemicals and toxins present in the polluted air, wastewater, soil, 

cosmetics, food and pharmaceuticals. As nanotechnology products have 

been constantly introduced to the market, an increased interest has been 

given to nanomaterials in respect to their physico-chemical properties and 

functions. 

Titanium dioxide as a bulk compound and in a nanomaterial format has been 

used as a whitening and brightening agent in the production of pigments, 

paints, plastics and paper, but also as a food additive and an ingredient of 

pharmaceutical products (Hamilton et al., 2009; Pfaff and Reynders, 1999). 

For a long time, the respiratory tract was considered to be the primary tissue 

to be affected by TiO2 and toxicology studies were performed to evaluate its 

toxic potential (Boffetta et al., 2004; Nel et al., 2006). Sugibayashi et al. 

reported TiO2 to be contained in soil, vegetables and the human body, 

suggesting that we consume products containing titanium daily and the 

gastrointestinal tract may be another very important way of exposure 

(Sugibayashi et al., 2008). Titanium dioxide has been found in soybeans 

(3.24 µg/g), lemon (1.64 µg/g), shrimp (2.52 µg/g), Chinese cabbage (22 

µg/g) or tomato (39.1 µg/g) (Itoh et al., 2005; Sugibayashi et al., 2008). 

As TiO2 NPs are present in food their toxic influence on humans should be 

established. Experiments in rats showed that after oral administration, rutile 

TiO2 NPs were found in organs like liver, spleen, lung and peritoneal tissue 

(Jani et al., 1994). Also Trouiller et al. observed increased toxicity and 
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genotoxicity in mice after ingestion of titanium NPs in organs like liver, bone 

marrow cells, foetuses and peripheral blood (Trouiller et al., 2009). 

Various experiments conducted in vivo (in rodents) and in vitro (Chinese 

hamster ovary cells) demonstrated low toxicity of TiO2 NPs. They also 

presented low hazard risk for aquatic species (Warheit et al., 2007). 

Contradictory results in mice however showed genotoxic ability of orally 

administered titanium NPs to induce 8-OHdG adducts, micronuclei formation, 

inflammatory factors with γ-H2AX foci being the most sensitive parameter in 

the study (Trouiller et al., 2009).  

The aim of this present study was to observe differences in response to 

anatase TiO2 nanoparticles in peripheral blood lymphocytes from three 

groups of participants: polyposis coli patients (PLP), colon cancer patients 

(CRC) and healthy individuals serving as a control group. Techniques 

employed were the Comet assay, the MN assay and the MN-FISH allowing 

the examination of different endpoints. Also nanomaterial characterization 

studies were performed to assess the nature of examined nanoparticles. 

The TiO2 NPs concentrations used in this study were based on a preliminary 

study (data not shown). Three doses of TiO2 were chosen: 10, 40 and 80 

µg/ml as higher doses were causing precipitation which, especially in case of 

MN assay could hinder the actual scoring of results. The effect of 

precipitation was also observed by Osman et al. at the concentration of 100 

µg/ml and higher of TiO2 NPs (Osman et al., 2010). Other investigators 

however managed to work with this and even higher doses of TiO2 NPs 

(Kang et al., 2008; Wang et al., 2007) obtaining similar responses in 
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peripheral lymphocytes and a human B-cell lymphoblastoid cell line, although 

130 µg/ml TiO2 NPs caused toxicity higher than 60% for 24 h and 48 h 

exposure (Wang et al., 2007). 

Although it is a good practice to perform characterization studies on both, the 

bulk material (primary size) and the nanosuspension used for the actual 

treatment (secondary size) there is still a risk that these measurements are 

not done properly, either the actual solvent is omitted or the characterisation 

is done on primary particles and the final result does not correspond to the 

actual size and agglomeration state (Morimoto et al., 2010). In the present 

study the behaviour of TiO2 NPs was investigated using water, PBS and 

RPMI to reflect the actual treatment conditions, as recommended (Powers et 

al., 2006). As shown in Table 5.1 the mean hydrodynamic diameter of TiO2 

NPs measured by DLS was widely distributed. The smallest size was found 

in water preparations (104 nm), whereas in PBS/RPMI size distribution was 

dominated by larger aggregates formed due to the presence of inorganic 

cations attracted to negatively charged surface of nanoparticles (Thomassen 

et al., 2010). The tendency of TiO2 NPs for agglomeration is quite common 

and toxicity evaluation studies have been performed in this state (Osman et 

al., 2010; Soto et al., 2007) using different cell lines and nanoparticle 

concentrations. As determined with Scanning Electron Microscopy (SEM), 

TiO2 NPs appeared to be spherical in shape and fairly aggregated. This 

confirms observation of Meissner et al., who found that even sonication is not 

able to destroy bridges between primary particles, hence TiO2 

nanosuspension include aggregates. However, the process of aggregation 

may be impeded by the addition of proteins to media, such as bovine serum 
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albumin enhancing stabilization of the nanosuspension (Meissner et al., 

2009).  

 

One of the physical properties of nanoparticles is their surface charge which 

can be measured with the Zeta potential (a function of particle surface charge 

or a layer formed by interactions with the surrounding medium). This 

parameter defines the stability of colloidal dispersions (Kaszuba et al., 2010). 

Values of Zeta potential lower than -30 mV and higher than +30 mV indicate 

that the nanosuspension is stable, whereas within ±15 mV the 

nanosuspension would be considered unstable and tend to aggregate (von 

der Kammer et al., 2010). The Zeta potential measurement in this study, 

performed in water, revealed a negative surface charge of TiO2 NPs of -28.7 

mV that was moderately stabilizing. Similar results were obtained by other 

investigators (-27 mV and -28.67 mV) (Kopac and Bozgeyik, 2010; Tantra et 

al., 2010). Bhattacharya et al measured the Zeta potential of TiO2 NPs as 

+48.8 mV demonstrating that the nanosuspension was very stable 

(Bhattacharya et al., 2009). Such  different values may be explained by the 

fact that different solvents/media were used (different pH, etc.) as well as 

different concentrations leading to different measurements taken (Kaszuba et 

al., 2010).  

Nanoparticles of TiO2 induced a dose-dependent increase in the formation of 

DNA damage measured using OTM and % Tail DNA parameters indicating 

single and double strand breaks. Significantly increased damage in the 

Comet assay after treatment with TiO2 NPs was also observed in other 

studies where OTM (Kang et al., 2008), % Tail DNA (Wang et al., 2007) and 
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Tail moment (Trouiller et al., 2009) were evaluated. In those studies values of 

response received were a few folds higher compared to this study, for both 

parameters tested. Those differences may be due to individual 

susceptibilities of participants or DNA damage already present in cells (Wang 

et al., 2007). A dose dependent increase in OTM was also observed 

following exposure to cobalt-chromium alloy nanoparticles when human 

fibroblasts were treated (Papageorgiou et al., 2007). In contradiction are 

results of Jin et al. where luminescent silica NPs did not increase the number 

of DNA strand breaks in cultured lung epithelial A549 cells (Jin et al., 2007). 

The genotoxic potential of TiO2 NPs was evaluated using the Micronucleus 

assay. The MN frequency in binucleated and mononucleated cells was 

increased in a dose-dependent manner. Similar observations were made by 

Kang et al when formation of MN in peripheral blood lymphocytes was 

investigated (Kang et al., 2008) and by Wang et al. using a lymphoblastoid 

cell line who observed a significant increase in the formation of BiNPBs as 

well as MN (Wang et al., 2007). The induction of MN after exposure to TiO2 

NPs has been also reported in other studies using Syrian hamster embryo 

cells (Rahman et al., 2002) or Chinese hamster ovary K1 cells (treated with 

fine particles) (Lu et al., 1998).  

In this study the number of BiNPBs was also established as it helps to 

distinguish toxic effects of different agents. As NPBs are representing DNA 

from structural rearrangement, their presence together with MN indicates that 

the chemical tested is clastogenic. In the case of an aneugenic agent MN 

would result from chromosome loss and NPB would not be created (Thomas 
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et al., 2003; Touil et al., 2002). There was a small but significant increase in 

the number of BiNPBs and the ratio of BiNPBs/Total MN for the highest dose 

of NPs was similar among the three groups of participants (0.18-0.21) 

indicating that TiO2 NPs have clastogenic properties. This was also 

suggested in other studies (Rahman et al., 2002). Those results were also in 

agreement with experiments conducted in mice by Trouiller et al., who 

suggested that 2.1-fold increase in MN formation at the highest dose of TiO2 

NPs used was a reliable marker of clastogenicity (Trouiller et al., 2009). In 

other studies, TiO2 NPs, with or without photoactivation did not increase the 

number of chromosomes or morphological aberrations and were considered 

to be non photo-clastogenic (Theogaraj et al., 2007; Warheit et al., 2007). 

Different observations may be a result of different types of cells used for 

treatment, different concentrations and preparation of the nanosuspension. 

CBPI declined in a dose-dependent manner and the difference was always 

significant in the case of the highest dose of NPs as well as at the positive 

control level indicating an inhibition of cell division. Similar observations have 

been made by Wang et al. (Wang et al., 2007). 

In the present study also confounding factors were investigated, such as 

gender, age, smoking habits and alcohol intake.  

In a previous study Bajpayee et al. reported that males produce significantly 

higher levels of baseline DNA damage than females (Bajpayee et al., 2002). 

In this study no significant differences were observed between males and 

females when examined separately in each group of participants (Table 5.2). 

In the case of the two highest doses of TiO2 NPs in healthy individuals and 
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the PLP group, in the Comet assay and in the MN assay, there was a 

tendency for the female group to reach higher DNA damage levels for both 

Comet parameters (OTM and % Tail DNA) and to produce the highest 

number of MN in binucleated cells. This was in agreement with study of 

Wojda et al. who observed an increased MN frequency in females (Wojda et 

al., 2007). Also Bonassi et al. reported higher levels of MN frequencies in 

females (Bonassi et al., 2001). In the CRC group the level of damage was 

similarly distributed in the Comet assay. However in the MN assay the 

decline in CBPI and % BiNC after the treatment was significantly higher in 

females. At the same time, the number of MN was elevated in males. In 

general the highest damage after treatment with TiO2 NPs was observed in 

the CRC group for both, males and females. Similar, results were produced 

in the MN assay. 

When smoking status was examined, the present study revealed that in the 

healthy individuals group active smokers induced slightly higher DNA 

damage in lymphocytes treated with TiO2 NPs when compared to non 

smokers. However, this effect was not significant. In the both remaining 

patient groups, when OTM was examined there was a trend for non- and ex-

smokers to reach the highest values, especially at the highest concentration 

of TiO2 NPs used. For % Tail DNA, active and non-smokers produced the 

highest values. The overall effect was not clear and DNA damage seemed to 

be randomly distributed. Non-smokers, ex-smokers and active smokers sub-

groups in the PLP and CRC groups produced significantly more damage 

when compared to healthy individuals. When the MN assay was employed, 

no statistically significant differences were found among all groups and sub-
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groups and results obtained were not consistent. However there was a trend 

for both patient groups to reach lower values of CBPI and % BiNC and 

increased number of MN when compared to healthy individuals.  

When the age of participants was examined as the confounding factor, 

intergroup comparisons showed increased in a dose-dependent manner DNA 

damage in all groups (Table 5.2 and 5.4). There was a clear trend for age-

dependent increased DNA damage, as previously reported (King et al., 1997; 

Mendoza-Nunez et al., 2001). In the CRC group the highest DNA damage 

was observed in subjects aged 51 and over. In the PLP and the healthy 

individuals group the most affected group were individuals below or equal to 

50 years of age. The genotoxic damage evaluated with the MN assay 

confirmed those results. In the colon cancer group the oldest individuals 

induced the higher number of MN, in the two remaining groups it was the 31 

to 50 years of age group. Decline of CBPI and % BiNC was lower among 

healthy individuals. 

Although there was a trend in lymphocytes from patient groups to produce 

dose-dependent significantly higher DNA damage when compared to healthy 

controls, this effect was reversed in the case of moderate alcohol drinkers 

where healthy individuals were more sensitive to TiO2 NPs treatment. When 

alcohol drinking habits were compared within each group individually, the 

DNA damage did not show any particular trend and varied between different 

treatment points. Heavy and moderate alcohol drinkers produced higher 

levels of MN and this trend was especially strong in the CRC group.  

 



178 

 

In this study the effect of different concentrations of TiO2 NPs on peripheral 

blood lymphocytes from gastrointestinal disease patients and healthy 

controls was examined. In the Comet assay in a great majority of cases the 

exposed lymphocytes induced higher levels of DNA strand breaks in the 

CRC patients group and PLP group when compared to healthy individuals, 

for both OTM and % Tail DNA. Moreover, in the MN assay, TiO2 NPs 

increased the number of MN and BiNPBs in a dose-dependent manner. This 

effect was statistically significant at the highest concentrations of titanium 

NPs used as well as for positive control when compared to untreated 

controls. An intergroup comparison showed that at 10 and 40 µg/ml TiO2 NPs 

the highest number of MN was observed in the CRC group. For the highest 

concentration and the positive control, this response was similarly distributed 

between all groups. The decline in CBPI and % BiNC was dose-dependent 

and significantly greater in patient groups (p<0.001) when compared to 

healthy participants. In contrast, when the same parameters were analysed 

as % change and cells were treated with the positive control the healthy 

individuals group appeared to have the highest decrease in CBPI (up to 

10.81%, p<0.001) when compared to patients, 9.77%, p<0.001 (PLP) and 

5.27%, p<0.01 (CRC). Also the number of MN in bi- and mono-nucleated 

cells was highly elevated in the healthy individuals group (increase by 

959.72% [BiMN] and 760% [MonoMN]) when compared to the PLP group 

(136.09% and 184.09%) and the CRC group (307.88% and 104%) 

respectively, p<0.001. The highest concentrations of NPs induced similar 

response: increase in the number of BiMN – 487.50% (healthy individuals), 
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113.17% (PLP) and 130% (CRC), p<0.001 as well as MonoMN – 310% 

(healthy individuals), 147.72% (PLP) and 84% (CRC), p<0.001.  

Table 5.5 shows the total number of MN in binucleated cells, as well as MN 

with signals (centromere-positive, C+MN, indicating chromosome loss) and 

without (centromere-negative, C-MN, indicating chromosome breakage). The 

number of MN and C+MN was increased in all groups in a dose-dependent 

manner showing induction of chromosome loss. Experiments revealed that 

CRC patients had a higher number of MN than healthy individuals that in turn 

produced more MN than PLP patients. 

In contrast to this study, Bhattacharya et al. demonstrated that TiO2 NPs 

were not able to induce genotoxicity in lung epithelial cells and lung 

fibroblasts using the Comet assay, however, they caused a significant loss of 

viability in the latter cell line and generated high amounts of 8-OHdG 

adducts. Authors suggested that it was due to the high level of generated 

ROS and may be related to the surface charge (Bhattacharya et al., 2009). 

The level of intracellular ROS generated by TiO2 NPs was determined by 

Kang et al. using the fluorescent probe 5-(and-6)-carboxy-2’,7’-

dichlorofluorescein diacetate (DCFDA). An increase in fluorescence intensity 

was observed in a dose-dependent manner (Kang et al., 2008). Also Trouiller 

et al. observed high levels of oxidative DNA damage in mice liver (Trouiller et 

al., 2009). In a previous study of the same authors anatase TiO2 NPs were 

non-cyto- and –genotoxic in Chinese hamster lung fibroblasts (Bhattacharya 

et al., 2008). According to Gurr et al., anatase TiO2 NPs (10-20 nm), but not 

particles ≥200 nm, even in the absence of photoactivation, are able to induce 
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production of free radicals such as hydrogen peroxide and nitric oxide in 

experiments conducted in a human bronchial epithelial cell line (Gurr et al., 

2005). Similar studies with the same observations were conducted by Turkez 

et al. who found TiO2 NPs to induce sister chromatid exchanges and 

micronuclei in human whole blood cultures (Turkez and Geyikoglu, 2007). 

In agreement with presented data are results of other studies where DNA 

damage in lymphocytes was evaluated and patient baseline values were 

shown to be higher than those of healthy individuals (Najafzadeh et al., 2009; 

Najafzadeh et al., 2007). Blasiak et al. reported that breast cancer patients 

had higher basal DNA damage than healthy control individuals (Blasiak et al., 

2004). Also a study involving patients with obstructive sleep apnea syndrome 

showed that basal DNA damage was lower in controls (Kontogianni et al., 

2007). Confounding factors analysed in the present study did not shed any 

more light on the relationship between DNA damage and other factors as 

responses to toxic insult did not show any particular characteristic pattern. 

However in the majority of cases there was an increased DNA damage in 

both patient groups when compared to healthy controls. In conclusion, in the 

present study TiO2 NPs induced dose-dependent increases of damage 

regardless of confounding factors and in the absence of photoactivation. 
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Chapter 6 

Evaluation of twelve selected NewGeneris 

dietary/environmental compounds in vitro in 

lymphocytes and spermatozoa using  

the Comet assay 
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6.1.   Introduction 

 

Over the last decade or so it has become clear that children may be far more 

genetically susceptible to dietary / environmental toxins than adults 

(Landrigan et al., 2010; Wild and Kleinjans, 2003). This is especially true for 

certain sub-groups carrying high risk alleles for metabolising enzymes 

(Godschalk and Kleinjans, 2008). Depending on the chemical composition of 

the toxins present in varying concentrations in our diet or the environment / 

life style, these contaminants can act either per se as DNA damaging agents 

or after being activated by metabolising enzymes. Hence, exposure to a large 

number of dietary / environmental compounds with a wide variety of chemical 

properties being metabolised by several different pathways can lead to DNA 

damage and subsequently to the onset of severe diseases or cancer. 

Although exposure to dietary / environmental compounds is most likely to be 

intermittent rather than continuous, certain dietary patterns in ethnic or social 

groups may result in a chronic exposure to certain compounds, thus, 

increasing the risk for cancer (Halmes et al., 2000).  

 

The European NewGeneris study of maternal diet during pregnancy and 

children’s health currently focuses on identifying links between foetal in utero 

exposures to mutagens and the onset of childhood disease and cancer 

(Merlo et al., 2009). To evaluate different cellular susceptibilities and to find 

new biomarkers of exposure, twelve model mutagens were chosen 

representing different groups of chemicals, either acting as a carcinogen or 
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co-carcinogen. These compounds are commonly found as dietary food 

mutagens, environmental pollutants or life style factors (see Table 6.1). 

Heterocyclic amines such as the food mutagens 2-amino-3-

methylimidazo[4,5-f]quinoline (IQ) and 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP) are considered highly mutagenic, 

especially after metabolic activation, originating from preparing proteinaceous 

food like meat or fish at high temperatures (Jagerstad and Skog, 2005; 

Wogan et al., 2004). N-nitrosodimethylamine (NDMA) is often found in fried 

food, as a disinfection by-product in water and it can be formed 

endogenously from nitrates. Nitrosamine is also a component of cigarette 

smoke (Ashley et al., 2010; Lijinsky, 1999; Richardson et al., 2007; Ward et 

al., 2005). Another food mutagen is acrylamide (AA) commonly consumed 

with fried carbohydrate-rich food like French fries and chips (Hogervorst et 

al., 2010). Smoking is a life style factor and considered as a major source of 

the polycyclic aromatic hydrocarbon benzo[a]pyrene (BaP). Upon metabolic 

activation, BaP becomes even a more potent genotoxin. However, other 

ways of exposure for BaP include contaminated food as BaP is a combustion 

and frying by-product (Luch, 2009; Zhu and Wang, 2003). Organochlorines 

like 2,3,7,8-tetrachlorodibenzodioxin (TCDD) and 3,3',4,4'-tetrachlorobiphenyl 

(PCB77) are mainly found as very persistent pollutants in our environment 

contaminating our food chain. Despite their production being widely banned, 

some industrial and household products containing PCBs are still in use 

(Carpenter, 2006; Sandal et al., 2008). Mycotoxins such as the fungal 

metabolites deoxynivalenol (DON) and aflatoxin B1 (AFB1) are produced by 

mould, i.e. by Fusarium graminearum and Aspergillus flavus, respectively, 
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which can infest grain and granaries. Hence, DON and AFB1 can be found in 

varying amounts in bread products and cereals. After consumption, AFB1 

can form a very potent carcinogenic compound when being metabolically 

activated (Golli-Bennour et al., 2010; Hazel and Patel, 2004). Oxidative 

stress from reactive oxygen species from intrinsic or external sources is 

responsible for endogenous lipid peroxidation products such as the DNA-

reactive aldehydes 4-hydroxynonenal (HNE) and malondialdehyde (MDA), 

which may play an important role in carcinogenesis (Butterfield et al., 2010; 

Knoll et al., 2005; Niki, 2009). Ethanol (EtOH) is consumed with alcoholic 

beverages and is considered a life style factor. Ethanol per se is not 

considered mutagenic; however, it has shown an adverse effect on the 

development of the foetus during pregnancy (Irvine, 2003; Phillips and 

Jenkinson, 2001). 

 

The twelve selected chemicals may be encountered in various amounts and 

combinations during our life depending on dietary habits, environmental 

exposures and the life style we choose. Once ingested, inhaled or absorbed 

through skin they can damage the DNA in somatic and germ cells. 

 

In this study, the dietary / environmental contaminants (Table 6.1) were 

evaluated with the alkaline and neutral Comet assay through in vitro 

exposure of lymphocytes and spermatozoa in the absence and presence of 

S9 metabolic activation (van Leeuwen et al., 2005). For assessing their effect 

in the Comet assay, non-physiological but non-cytotoxic concentrations were 

used in the experiments.  
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Table 6.1: Summary of various dietary / environmental compounds [modified 

from Merlo et al., (Merlo et al., 2009)]. 

 

Compound Chemical class Impact Formation/Source 

    

AA Acrylamide Food mutagen Frying/baking food 

IQ, PhIP Heterocyclic amines Food mutagens 
Frying/baking meat or 
fish 

NDMA Nitrosamine 
Food mutagen 
Environmental (food chain) 
Life style factor 

Frying/baking food 
Endogenously from 
nitrates 
Smoking 

BaP 
Polycyclic aromatic 
hydrocarbon 

Life style factor 
Food mutagen 
Environmental (food chain) 

Smoking 
Frying/baking food 
Pollutant from 
combustion 

TCDD, 
PCB77 

Organochlorins Environmental (food chain) Pollutant 

AFB1, DON Mycotoxins Environmental (food chain) Mould product 

HNE, MDA 
DNA-reactive 
aldehydes 

Macronutrients Lipid peroxidation 

EtOH Alcohol Life style factor Drinking 

 

AA - monoacrylamide; AFB1 - aflatoxin B1; BaP - benzo(a)pyrene; DON - deoxynivalenol; 

EtOH - ethanol; HNE - 4-hydroxynonenal; IQ - 2-amino-3-methylimidazo[4,5-f]quinoline; 

MDA - malondialdehyde; NDMA - N-nitrosodimethylamine; PCB77 - 3,3',4,4'-

tetrachlorobiphenyl; PhIP - 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; TCDD - 

2,3,7,8-tetrachlorodibenzodioxin; 
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6.2. Materials and Methods 

6.2.1. Materials 

Materials previously discussed in Chapter 2 

 

6.2.2. Methods 

6.2.3. Blood and semen samples 

After informed consent, peripheral blood from four healthy, non-smoking 

volunteers (average age of 35.75 ± 6.7 years) was obtained in heparinised 

vacutainers (Greiner-Bio-One, Germany) by venepuncture. Also four semen 

samples were provided (average age of 35.75 ± 6.7 years) and each sample 

was analysed within 2 hours after ejaculation according to the WHO criteria 

(WHO, 1999) for general appearance, viscosity, volume, pH as well as sperm 

concentration, motility and morphology. After aliquoting, semen samples 

were snap-frozen in liquid nitrogen and subsequently stored at −80 °C until 

analysis. 

 

6.2.4. Lymphocyte isolation for the Comet assay 

Previously described in Chapter 2 

 

6.2.5. Treatment and cell viability 

Cell suspensions (1 ml, 106 cells per ml RPMI) were exposed for 30 min at 

37°C for lymphocytes or for 60 min at 32°C for sperm to defined 



187 

 

concentrations of the 12 selected compounds as well as DMSO because of 

its use as a solvent and hydrogen peroxide, which served as a positive 

control. For genotoxicity assessment, the following concentrations were 

used: 0.5, 1, 3 mM for AA; 2.5, 25, 100 µM for PhIP; 9.2, 92, 183 µM for IQ; 

5, 50, 135 mM for NDMA; 1.13, 11.3, 25 µM for BaP; 0.1, 0.5, 1 µM for 

TCDD; 3.4, 17, 34 µM for PCB77; 0.1, 1, 5 µM for AFB1; 10, 50, 100 µM for 

DON; 0.5, 5, 50 µM for HNE; 0.5, 5, 50 mM for MDA; 10, 100, 1000 mM for 

EtOH; and 1, 2.5, 5% for DMSO and 10, 50, 100 µM for H2O2. Cells were 

either treated in the absence or presence of 1% human S9-mix. The 

preparation of the S9-mix and the NADPH regeneration system was 

prepared freshly before each experiment as previously described (van 

Leeuwen et al., 2005).  

 

Lymphocyte viability was measured using the Trypan blue exclusion test (10 

µl of 0.05% Trypan blue was added to 10 µl of cell suspension) (Pool-Zobel 

et al., 1992) and additionally the fluorescein diacetate ethidium bromide (10 

µl of 3 mg/ml fluorescein diacetate in acetone and 10 µl 0.025 mg/ml 

ethidium bromide in PBS was added per 10 µl cell suspension) for each 

viability test (Dankberg and Persidsky, 1976). The percentage of viable cells 

was estimated within 100 evaluated cells. For the highest concentrations of 

all tested compounds, a viability of above 75% was produced in both or at 

least one of the two viability tests (Table 6.2) in order to avoid a false positive 

response due to cytotoxicity (Henderson et al., 1998). 
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6.2.6. Comet assay 

DNA integrity was measured using the Comet assay as previously described 

(Tice et al., 2000). The alkaline and the neutral version of the Comet assay 

were employed (see Chapter 2 for details).  

 

6.2.7. Statistical analysis 

Data were tested for normality prior to statistical analysis. Normal 

distributions were checked through the Shapiro-Wilk test to assess whether 

parametric or non-parametric statistics could be used. For normally 

distributed data, differences were assessed by the parametric One Way 

ANOVA test. The relationship between DNA damage and various parameters 

characterising the individual donors was analyzed using post-hoc analysis 

(Dunnett test). The mean of each data set was used for statistical analysis. A 

probability level at p<0.05 was regarded as statistically significant.  

For each given concentration, at least 50 cells were evaluated for every 

individual per duplicate slide, which yielded six means for three repeated 

experiments and eight means for four repeated experiments.  

 

 

 

 

 

 



189 

 

 

Table 6.2: Viability data for the selected dietary / environmental compounds 

of interest using the Trypan blue exclusion test and the fluorescein viability 

test. 

 

Compound 
Highest 
dose in 

use 

Highest 
dose 

tested 

% solvent 
in 

treatment 

Viability 
(Trypan blue test) 

Viability 
(Fluorescein test) 

      

AA 3 mM 10 mM 1% 85% 80% 

PhIP  100 µM 200 µM 1% 85% 75% 

IQ  183 µM 917 µM 1% 85% 90% 

NDMA 135 mM 135 mM 1% 90% 80% 

BaP 25 µM 50 µM 1% 75% 85% 

TCDD 1 µM 1.5 µM 1% 80% 80% 

PCB77 34 µM 34 µM 1% 
n/a (34 µM) 
precipitated 

95% (3.4 µM) 

75% 

AFB1 5 µM 32 µM 1% 85% 80% 

DON 100 µM 100 µM 1.5% 75% 65% 

HNE 50 µM 50 µM 1% 90% 75% 

MDA 50 mM 50 mM 1% 80% 80% 

EtOH 1000 mM 1000 mM 4.6% 80% 65% 

DMSO 5% 5% 1% 80% 90% 

H2O2 100 µM 200 µM 1% 95% 85% 

 

AA - monoacrylamide; AFB1 - aflatoxin B1; BaP - benzo(a)pyrene; DON - deoxynivalenol; 

EtOH - ethanol; HNE - 4-hydroxynonenal; IQ - 2-amino-3-methylimidazo[4,5-f]quinoline; 

MDA - malondialdehyde; NDMA - N-nitrosodimethylamine; PCB77 - 3,3',4,4'-

tetrachlorobiphenyl; PhIP - 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; TCDD - 

2,3,7,8-tetrachlorodibenzodioxin; 
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6.3.  Results 

 

Twelve selected chemicals (Table 6.1) were investigated for their potential to 

damage DNA in vitro in isolated lymphocytes and spermatozoa. Two 

versions of the Comet assay were chosen, the alkaline and the neutral 

version. For the alkaline Comet assay, lymphocytes were additionally treated 

in the presence of S9-mix. The highest doses employed were showing ≥75% 

cell viability for at least one of the two viability tests used (Table 6.2). For all 

experiments hydrogen peroxide was chosen as a positive control resulting in 

a clear dose-dependent induction of DNA damage for both cell types and 

both versions of the Comet assay. As DMSO was used as a solvent for 

hydrophobic compounds it was also included in this study.  

 

6.3.1. The alkaline Comet assay in lymphocytes and spermatozoa 

As seen in Table 6.3 and in Figures 6.1 & 6.2, the highest doses used for all 

tested compounds produced always significant increases in DNA damage 

within lymphocytes in the range of 1.5 – 3.0-fold in % Tail DNA (p<0.001, 

only for EtOH being p<0.01). Except for EtOH and DMSO all other 

compounds also resulted for the middle dose in significant increases in DNA 

damage with different significance levels (p<0.05 to p<0.001). Only four out 

of the twelve selected environmental / dietary chemicals showed a significant 

increase in DNA damage for the lowest dose used: benzo[a]pyrene (1.13 µM; 

1.4-fold, p<0.05), both mycotoxins, AFB1 (0.1 µM; 1.6-fold, p<0.05) and DON 

(10 µM; 1.3-fold, p<0.01), as well as the reactive aldehyde HNE. For lowest 

dose of HNE (0.5 µM), the significant increase in % tail DNA was found to be 
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2-fold (p<0.001) above baseline DNA damage. When looking at OTM as the 

parameter of damage, which takes also the moment length of the comet tail 

into account, a similar DNA damage pattern was seen for all the compounds 

and doses, however, the lowest doses of AA (0.5 mM; 1.3-fold, p<0.05) and 

PhIP (2.5 µM; 1.4-fold, p<0.05) were additionally to those of AFB1, DON and 

HNE also positive, while the lowest dose of BaP did not reach significance. 

The supplementation of S9-mix during the treatment resulted in a general 

trend towards an increase in DNA damage for all tested chemicals, especially 

in connection with the lower doses (Figure 6.3 & 6.4). The compounds EtOH, 

DMSO, HNE and TCDD did show the lowest increase in % Tail DNA when 

co-treated with S9-mix. With the OTM parameter MDA also joined this group. 

 

When using the alkaline Comet assay on spermatozoa as the target cells 

(Table 6.3, Figures 6.1 & 6.2) the comet parameter % Tail DNA was more 

sensitive for detecting damage than the OTM. The highest doses for all 

selected compounds significantly increased DNA damage measured in % 

Tail DNA in the range of 1.3 to 2.2-fold (p<0.001, except for AA, BaP and 

TCDD with p<0.01); for the OTM parameter, TCDD and PCB77 did not reach 

significance for their highest tested doses. The heterocyclic amines PhIP and 

IQ, the organochlorines TCCC and PCB77, the mycotoxins AFB1 and DON 

as well as the DNA-reactive aldehydes HNE and MDA induced significant 

damage in the sperm DNA (% Tail DNA) for all tested doses. For the OTM 

parameter, only DON and MDA remained positive for the tested dose range. 

Usually used as a solvent for hydrophilic compounds with an upper limit of 

1% in the treatment volume, DMSO alone induced significant DNA damage 
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only in spermatozoa under alkaline condition for all three tested doses (1%, 

2.5% and 5%) for both comet parameters, % Tail DNA and OTM. The 

positive control compound H2O2 clearly resulted in dose-dependent 

significant increases from control levels of 15 to 42 % Tail DNA or 3.4 to 9.8 

OTM for the highest dose of 100 µM for lymphocytes and 24 to 58 % Tail 

DNA or 4.4 to 10.4 OTM for sperm. The supplementation of S9-mix during 

the treatment showed a trend towards a much higher increase in DNA 

damage for all tested chemicals when using spermatozoa instead of 

lymphocytes (Figure 6.3 & 6.4). The compounds DMSO, EtOH and TCDD 

showed the lowest increase in % Tail DNA and OTM even when co-treated 

with S9-mix. 

 

6.3.2. The neutral Comet assay in lymphocytes and spermatozoa 

The neutral version of the Comet assay assesses primarily double and some 

single-strand breaks (DSB, SSB) (Collins et al., 2008) while the alkaline 

version also includes alkali labile sites as well as DBS and SSB. In general, 

when compared to the alkaline Comet assay the neutral version resulted in 

lower numbers of % Tail DNA and OTM – reduced by approximately 50% for 

all twelve selected compounds for both lymphocytes and spermatozoa (Table 

6.3, Figures 6.1 & 6.2). All chemicals induced a similar pattern of DNA 

damage measured in % Tail DNA for both versions of the Comet assay and 

both cell types with spermatozoa being more sensitive to some of the 

selected chemicals. For lymphocytes, none of the chemicals, except for the 

positive control, peaked out but showed significantly increased DNA damage 

(OTM) when compared to the negative control. EtOH did not induce any DNA 
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damage for the tested doses of 10, 100 and 1000 mM. The six compounds 

MDA, HNE, DON, TCDD, BaP and NDMA were each positive (% Tail DNA) 

for all three tested doses with a range of significance from p<0.05 to p<0.001. 

When considering the OTM parameter only MDA, HNE, TCDD and BaP 

remained significantly increased together with PhIP for all three doses.  

 

For sperm, the neutral assay produced similar results when looking at the 

measured % Tail DNA. Only EtOH induced more DNA damage in 

spermatozoa than in lymphocytes and showed a similar DNA damage 

response pattern (% Tail DNA) for the selected compounds (Table 6.3, 

Figures 6.1 & 6.2). Similar to the alkaline Comet assay, also the neutral 

version showed for spermatozoa a highly significant induction of DNA 

damage (OTM) for the DNA-reactive aldehydes MDA and HNE as well as for 

PhIP, IQ and BaP. TCDD induced more damage, while DON did not induce 

any significant DNA damage when measuring OTM. However DON did 

significantly induce DNA damage for the middle (p<0.05) and highest dose 

(p<0.01) when measuring % Tail DNA. 
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 Table 6.3: 

The DNA damage induced in vitro in lymphocytes and sperm in the absence and presence of S9 mix was measured using the alkaline 

and the neutral Comet assay with the parameters % Tail DNA and Olive Tail Moment (OTM). The following concentrations (doses 1 to 3) 

were used:  0.5, 1, 3 mM for AA; 2.5, 25, 100 µM for PhIP; 9.2, 92, 183 µM for IQ; 5, 50, 135 mM for NDMA; 1.13, 11.3, 25 µM for BaP; 

0.1, 0.5, 1 µM for TCDD; 3.4, 17, 34 µM for PCB77; 0.1, 1, 5 µM for AFB1; 10, 50, 100 µM for DON; 0.5, 5, 50 µM for HNE; 0.5, 5, 50 mM 

for MDA; 10, 100, 1000 mM for EtOH; and 1, 2.5, 5% for DMSO and 10, 50, 100 µM for H2O2. 
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Com-

pound 

Cell 

type 

Comet 

assay 

% Tail DNA ± S.E.  OTM ± S.E. 

Control Dose 1 Dose 2 Dose 3  Control Dose 1 Dose 2 Dose 3 

AA Ly A 12.28 ± 1.47  15.31 ± 1.73 17.64 ± 1.90 
***

 19.06 ± 2.05 
***

  2.42 ± 0.35 3.24 ± 0.44 
*
 3.66 ± 0.47 

**
 3.81 ± 0.48 

**
 

 Ly N   9.76 ± 0.90 10.39 ± 0.94 13.30 ± 1.09 
**

 13.23 ± 1.30 
**

  1.93 ± 0.23 1.99 ± 0.23 2.74 ± 0.29 
*
 2.79 ± 0.37 

*
 

 Sp A 24.67± 2.18 27.35 ± 2.76 28.94 ± 3.03 33.31 ± 3.03 
**

  4.06 ± 0.35 4.71 ± 0.57 5.28 ± 0.58 
*
 5.19 ± 0.51 

*
 

 Sp N 17.47 ± 1.32 18.08 ± 1.24 18.98 ± 1.29 
*
 20.36 ± 1.26 

***
  4.22 ± 0.38 4.49 ± 0.36 4.78 ± 0.38 5.34 ± 0.40 

 Ly A+S9 14.64 ± 1.13 30.35 ± 1.51 35.45 ± 1.67 36.12 ± 1.73  2.33 ± 0.20 5.15 ± 0.32 5.55 ± 0.32 6.49 ± 0.41 

 Sp A+S9 23.50 ± 0.84 39.80 ± 1.21 47.38 ± 1.44 51.33 ± 1.17  3.17 ± 0.17 10.86 ± 0.57 13.81 ± 0.49 12.96 ± 0.41 

PhIP Ly A 12.73 ± 1.17 16.06 ± 1.81 20.84 ± 2.41 
*
 38.10 ± 2.50 

***
  2.54 ± 0.28 3.51 ± 0.52 

*
 4.24 ± 0.54 

***
 7.19 ± 0.67 

***
 

 Ly N 9.45 ± 0.88 11.45 ± 1.12 12.22 ± 1.37 
*
 15.21 ± 1.26 

***
  1.88 ± 0.20 2.54 ± 0.33 

*
 2.66 ± 0.36 

*
 3.44 ± 0.37 

***
 

 Sp A 24.21 ± 1.64 36.73 ± 1.96 
**

 44.77 ± 1.51 
***

 50.16 ± 1.91 
***

  4.49 ± 0.45 6.00 ± 0.31 7.39 ± 0.44 
**

 7.82 ± 0.47 
***

 

 Sp N 18.35 ± 1.05 21.14 ± 1.31 
***

 21.44 ± 1.18 
**

 24.04 ± 1.12 
***

  4.09 ± 0.29 5.35 ± 0.43 
**

 5.38 ± 0.38 
**

 6.67 ± 0.42 
***

 

 Ly A+S9 14.68 ± 1.37  31.69 ± 2.18  33.94 ± 2.12 37.62 ± 2.01  3.75 ± 0.44 6.18 ± 0.55 7.72 ± 0.66 8.25 ± 0.57 

 Sp A+S9 23.74 ± 0.83 55.01 ± 1.20 68.83 ± 1.47 69.82 ± 1.51  3.14 ± 0.19 14.48 ± 0.50 17.00 ± 0.49 20.97 ± 0.81 

IQ Ly A 14.77 ± 1.59 17.38 ± 1.89 22.78 ± 2.42 
**

 37.29 ± 2.44 
***

  2.95 ± 0.36 3.76 ± 0.59 5.14 ± 0.64 
***

 7.40 ± 0.69 
***

 

 Ly N 9.36 ± 0.73 12.35 ± 1.09 13.16 ± 0.95 
*
 14.18 ± 1.33 

**
  1.95 ± 0.17 2.56 ± 0.29 3.06 ± 0.27 

**
 3.28 ± 0.37 

***
 

 Sp A 23.70 ± 1.48 34.93 ± 1.44 
***

 38.65 ± 1.68 
***

 46.08 ± 1.92 
***

  4.53 ± 0.44 5.06 ± 0.35 5.36 ± 0.47 7.96 ± 0.56 
***

 

 Sp N 17.36 ± 1.65 19.17 ± 1.19 23.17 ± 1.65 
***

 25.81 ± 2.07 
***

  4.11 ± 0.51 4.41 ± 0.34 5.48 ± 0.50 
**

 7.22 ± 0.74 
**

 

 Ly A+S9 14.66 ± 0.98 37.48 ± 1.61 38.86 ± 1.58 41.41 ± 1.82  2.28 ± 0.17 5.40 ± 0.28 5.45 ± 0.25 5.70 ± 0.30 

 Sp A+S9 26.54 ± 1.32 48.65 ± 2.34 50.17 ± 2.21 55.62 ± 2.04  6.56 ± 0.45 15.50 ± 0.98 12.05 ± 0.70 16.72 ± 0.88 

NDMA Ly A 15.95 ± 1.65 20.04 ± 2.15 24.05 ± 2.41 
**

 30.34 ± 2.44 
***

  3.40 ± 0.41 4.44 ± 0.55 5.21 ± 0.59 5.96 ± 0.61 
**

 

 Ly N 10.45 ± 0.90 12.96 ± 1.59 
*
 14.46 ± 1.37 

*
 16.18 ± 1.46 

***
  2.27 ± 0.22 3.16 ± 0.47 3.60 ± 0.47 

**
 4.05 ± 0.52 

***
 

 Sp A 25.80 ± 2.32 33.36 ± 2.95 39.48 ± 2.97 
**

 43.39 ± 2.69 
***

  6.06 ± 0.72 7.38 ± 0.84 9.49 ± 1.09 
*
 10.77 ± 0.97 

**
 

 Sp N 18.53 ± 1.91 22.06 ± 2.18 24.06 ± 2.86 
**

 26.77 ± 2.60 
***

  5.10 ± 0.72 6.84 ± 0.84 7.29 ± 0.99 
*
 7.48 ± 0.84 

***
 

 Ly A+S9 18.68 ± 2.01 29.94 ± 2.66 35.63 ± 3.47 40.15 ± 3.01  5.54 ± 0.73 8.77 ± 1.02 12.08 ± 1.49 13.62 ± 1.29 

 Sp A+S9 23.62 ± 0.77 44.85 ± 1.00 47.27 ± 1.33 64.02 ± 1.48  3.42 ± 0.19 7.67 ± 0.21 8.51 ± 0.31 18.02 ± 0.70 
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BaP Ly A 16.73 ± 2.06 23.52 ± 2.71 

*
 32.22 ± 3.27 

***
 36.38 ± 3.30 

***
  3.80 ± 0.55 6.08 ± 0.82 9.20 ± 1.14 

***
 10.99 ± 1.21 

***
 

 Ly N 8.38 ± 0.99 11.36 ± 1.14 
*
 11.08 ± 1.10 

*
 15.23 ± 1.70 

***
  1.85 ± 0.28 2.75 ± 0.35 

***
 2.86 ± 0.40 

**
 3.64 ± 0.46 

***
 

 Sp A 27.73 ± 1.84 34.77 ± 1.67 36.91 ± 1.56 
*
 40.45 ± 1.61 

**
  4.58 ± 0.41 5.35 ± 0.33 5.66 ± 0.31 

***
 6.89 ± 0.40 

***
 

 Sp N 18.35 ± 1.05 20.16 ± 1.23 
*
 22.05 ± 1.50 

***
 24.40 ± 1.62 

***
  4.10 ± 0.30 4.45 ± 0.34 5.73 ± 0.63 

*
 7.22 ± 0.96 

***
 

 Ly A+S9 15.75 ± 0.96 40.19 ± 1.74 38.83 ± 1.75 56.19 ± 1.43  2.83 ± 0.25 8.07 ± 0.49 7.13 ± 0.45 11.44 ± 0.44 
 Sp A+S9 23.50 ± 0.84 58.73 ± 1.75 65.50 ± 1.34 71.04 ± 1.25  3.17 ± 0.17 12.97 ± 0.59 13.98 ± 0.64 21.36 ± 0.73 

TCDD Ly A 11.28 ± 1.43 11.81 ± 1.34 13.24 ± 1.61 
*
 16.58 ± 2.06 

***
  2.17 ± 0.33 2.41 ± 0.33 2.64 ± 0.37 3.19 ± 0.47 

**
 

 Ly N 9.48 ± 0.91 11.68 ± 1.37 
*
 14.12 ± 1.23 

***
 14.34 ± 1.05 

***
  1.65 ± 0.21 2.49 ± 0.39 

**
 3.03 ± 0.36 

***
 2.89 ± 0.30 

***
 

 Sp A 24.02 ± 1.70 27.23 ± 2.45 25.97 ± 2.33 29.91 ± 2.35 
**

  3.48 ± 0.29 4.63 ± 0.55 4.41 ± 0.52 
**

 4.32 ± 1.19 

 Sp N 17.36 ± 1.65 21.28 ± 1.41 
***

 21.49 ± 1.78 
***

 23.61 ± 2.18 
***

  4.11 ± 0.51 5.04 ± 0.52 6.59 ± 0.78 
***

 7.82 ± 1.05 
***

 

 Ly A+S9 12.47 ± 0.96 23.24 ± 1.45 23.97 ± 1.68 31.32 ± 1.94  2.41 ± 0.21 4.62 ± 0.35 4.35 ± 0.32 4.89 ± 0.34 
 Sp A+S9 23.67 ± 1.59 28.77 ± 1.71 35.44 ± 1.42 38.98 ± 2.09  3.75 ± 0.33 4.24 ± 0.31 5.48 ± 0.26 6.55 ± 0.40 

PCB77 Ly A 11.21 ± 1.41 13.92 ± 1.55 15.58 ± 1.99 
**

 17.08 ± 2.11 
***

  2.14 ± 0.33 2.53 ± 0.32 3.20 ± 0.50 
*
 3.52 ± 0.45 

**
 

 Ly N 9.85 ± 1.00 10.85 ± 1.26 11.45 ± 1.08 13.96 ± 1.26 
**

  2.22 ± 0.27 2.60 ± 0.49 2.88 ± 0.40 
*
 3.55 ± 0.43 

***
 

 Sp A 24.17 ± 1.62 31.16 ± 2.12 
*
 36.34 ± 2.09 

***
 40.62 ± 2.14 

***
  4.39 ± 0.36 4.52 ± 0.44 5.72 ± 0.50 6.08 ± 0.43 

 Sp N 15.88 ± 1.58 19.43 ± 1.63 
*
 21.30 ± 1.83 

***
 20.79 ± 1.54 

**
  3.70 ± 0.43 4.34 ± 0.35 5.67 ± 0.52 

*
 4.96 ± 0.41 

 Ly A+S9 13.61 ± 0.97 25.09 ± 1.68 28.67 ± 1.64 34.76 ± 1.68  2.59 ± 0.23 5.30 ± 0.45 5.85 ± 0.42 7.18 ± 0.51 
 Sp A+S9 26.90 ± 2.79 34.12 ± 2.64 42.27 ± 3.04 52.63 ± 3.82  5.77 ± 0.72 7.10 ± 0.45 9.46 ± 0.68 13.09 ± 0.99 

AFB1 Ly A 13.82 ± 1.56 21.57 ± 2.28 
*
 23.42 ± 2.35 

**
 33.65 ± 2.74 

***
  2.59 ± 0.33 4.67 ± 0.60 

***
 4.55 ± 0.50 

**
 6.39 ± 0.66 

***
 

 Ly N 9.99 ± 0.98 11.98 ± 1.17 14.57 ± 1.27 
**

 16.33 ± 1.48 
***

  2.02 ± 0.20 2.63 ± 0.31 3.23 ± 0.33 
**

 3.93 ± 0.43 
***

 

 Sp A 23.58 ± 1.45 37.88 ± 1.84 
**

 45.89 ± 1.88 
***

 50.62 ± 2.32 
***

  4.53 ± 0.43 6.73 ± 0.49 7.35 ± 0.50 
*
 10.71 ± 0.88 

***
 

 Sp N 18.81 ± 1.33 22.32 ± 1.41 
*
 26.23 ± 2.55 

***
 24.88 ± 1.88 

***
  4.59 ± 0.41 5.54 ± 0.43 

*
 8.18 ± 1.08 

***
 6.82 ± 0.76 

***
 

 Ly A+S9 15.81 ± 1.17 38.80 ± 1.86 45.27 ± 1.86 49.24 ± 1.50  2.52 ± 0.24 5.92 ± 0.35 7.96 ± 0.40 7.52 ± 0.27 
 Sp A+S9 27.00 ± 0.74 56.70 ± 1.55 58.73 ± 1.16 64.18 ± 1.10  5.42 ± 0.20 13.82 ± 0.42 15.53 ± 0.39 15.99 ± 0.38 

DON Ly A 14.96 ± 1.51 19.31 ± 1.97 
** 22.57 ± 2.16 

*** 25.39 ± 2.23 
***  2.90 ± 0.37 3.95 ± 0.48 

** 4.46 ± 0.58 
*** 5.10 ± 0.64 

*** 
 Ly N 9.19 ± 0.79 12.37 ± 1.27 

*** 13.18 ± 1.30 
*** 16.99 ± 1.29 

***  2.10 ± 0.19 2.58 ± 0.29 2.92 ± 0.31 
** 3.97 ± 0.42 

*** 
 Sp A 24.25 ± 1.88 28.70 ± 2.51 

* 35.04 ± 3.51 
*** 42.88 ± 2.72 

***  5.23 ± 0.66 7.90 ± 0.91 
*** 11.33 ± 1.39 

*** 10.49 ± 1.05 
** 

 Sp N 16.45 ± 1.60 19.47 ± 1.80 20.55 ± 1.96 
* 20.83 ± 2.08 

**  3.04 ± 0.37 2.97 ± 0.35 2.98 ± 0.33 3.68 ± 0.41 
 Ly A+S9 15.42 ± 1.09 29.76 ± 1.76 34.54 ± 1.77 39.09 ± 1.82  2.38 ± 0.20 5.78 ± 0.42 6.43 ± 0.39 7.15 ± 0.40 
 Sp A+S9 27.00 ± 0.74 53.00 ± 1.40 58.91 ± 1.31 65.42 ± 1.38  5.42 ± 0.20 12.08 ± 0.36 13.86 ± 0.41 15.98 ± 0.40 
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HNE Ly A 13.72 ± 1.48 27.25 ± 2.59 
***

 30.55 ± 2.70 
***

 34.99 ± 3.17 
***

  2.61 ± 0.32 5.77 ± 0.66 
***

 6.44 ± 0.72 
***

 7.24 ± 0.82 
***

 

 Ly N 9.22 ± 0.98 11.72 ± 1.02 
*
 13.56 ± 1.05 

***
 16.39 ± 1.10 

***
  1.81 ± 0.26 2.82 ± 0.37 

***
 3.14 ± 0.33 

***
 3.75 ± 0.36 

***
 

 Sp A 23.37 ± 1.41 27.52 ± 1.71 
*
 40.39 ± 1.66 

***
 50.70 ± 2.79 

***
  4.15 ± 0.39 4.99 ± 0.42 7.43 ± 0.51 

***
 11.82 ± 0.81 

**
 

 Sp N 17.85 ± 1.59 21.58 ± 1.82 
**

 21.86 ± 1.56 
**

 25.68 ± 1.62 
***

  4.54 ± 0.50 5.24 ± 0.55 6.46 ± 0.63 
**

 7.29 ± 0.60 
**

 

 Ly A+S9 15.51 ± 1.09 29.83 ± 1.60 34.43 ± 1.85 39.60 ± 1.77  2.50 ± 0.21 3.82 ± 0.22 4.85 ± 0.34 5.64 ± 0.30 
 Sp A+S9 27.00 ± 0.74 49.37 ± 1.59 56.76 ± 1.45 55.89 ± 1.30  5.42 ± 0.20 11.85 ± 0.48 16.57 ± 0.66 12.93 ± 0.39 

MDA Ly A 12.40 ± 1.37 14.06 ± 1.78 16.18 ± 1.59 
*
 25.47 ± 2.22 

***
  2.25 ± 0.30 2.53 ± 0.32 3.47 ± 0.40 

*
 5.11 ± 0.55 

***
 

 Ly N 9.53 ± 1.02 12.87 ± 1.13 
**

 13.95 ± 1.46 
***

 15.77 ± 1.47 
***

  2.12 ± 0.26 3.10 ± 0.34 
*
 3.27 ± 0.42 

*
 3.80 ± 0.46 

***
 

 Sp A 23.57 ± 1.17 28.00 ± 1.47 
**

 33.83 ± 2.01 
***

 46.11 ± 2.06 
***

  3.80 ± 0.28 6.46 ± 0.48 
**

 7.94 ± 0.66 
***

 12.09 ± 0.86 
***

 

 Sp N 17.08 ± 1.49 18.76 ± 1.67 21.63 ± 1.98 
*
 24.38 ± 2.00 

***
  4.02 ± 0.43 4.86 ± 0.48 5.57 ± 1.19 6.41 ± 0.56 

*
 

 Ly A+S9 15.57 ± 1.08 29.44 ± 1.50 33.03 ± 1.76 35.79 ± 1.77  2.43 ± 0.19 4.07 ± 0.25 4.56 ± 0.32 5.51 ± 0.34 
 Sp A+S9 27.00 ± 0.74 50.96 ± 1.36 54.78 ± 1.26 57.55 ± 1.55  5.42 ± 0.20 11.63 ± 0.41 13.26 ± 0.44 14.16 ± 0.58 

EtOH Ly A 12.41 ± 1.45 14.32 ± 1.61 16.27 ± 1.74 19.55 ± 2.03 
**

  2.41 ± 0.36 2.63 ± 0.35 3.42 ± 0.46 4.04 ± 0.50 
*
 

 Ly N 9.76 ± 0.90 10.14 ± 0.91 9.77 ± 1.22 12.28 ± 1.15  1.93 ± 0.23 1.71 ± 0.17 1.98 ± 0.33 2.50 ± 0.32 

 Sp A 23.88 ± 2.57 26.48 ± 3.19 28.12 ± 3.23 33.00 ± 3.32 
***

  4.83 ± 0.61 5.26 ± 0.73 5.34 ± 0.76 6.71 ± 0.81 
*
 

 Sp N 18.69 ± 1.89 20.95 ± 1.82 23.52 ± 2.35 
**

 26.27 ± 2.78 
***

  2.68 ± 0.29 2.78 ± 0.24 3.32 ± 0.35 
**

 4.04 ± 0.48 
***

 

 Ly A+S9 14.00 ± 0.97 27.87 ± 1.92 28.65 ± 1.90 31.54 ± 1.99  2.27 ± 0.18 5.19 ± 0.44 5.01 ± 0.40 5.48 ± 0.40 
 Sp A+S9 25.61 ± 2.12 28.13 ± 2.60 34.90 ± 2.39 42.83 ± 2.44  6.52 ± 0.63 6.83 ± 0.79 8.98 ± 0.80 13.63 ± 0.99 

DMSO Ly A 10.49 ± 1.47 11.68 ± 1.38 12.54 ± 1.52 15.44 ± 1.74 
***

  2.23 ± 0.32 2.38 ± 0.32 2.61 ± 0.39 3.53 ± 0.46 
**

 

 Ly N 9.22 ± 0.98 10.15 ± 1.15 11.63 ± 1.10 
*
 13.61 ± 1.02 

***
  1.81 ± 0.26 2.07 ± 0.28 3.01 ± 0.73 

*
 3.01 ± 0.25 

***
 

 Sp A 23.57 ± 1.17 26.63 ± 1.41 
*
 27.95 ± 1.57 

**
 31.99 ± 1.88 

***
  3.75 ± 0.28 5.08 ± 0.47 

*
 5.02 ± 0.47 

*
 5.32 ± 0.53 

*
 

 Sp N 15.13 ± 1.53 17.85 ± 1.30 
*
 18.56 ± 1.31 

**
 19.48 ± 1.55 

***
  3.54 ± 0.37 4.43 ± 0.37 4.65 ± 0.39 

*
 4.83 ± 0.44 

*
 

 Ly A+S9 13.49 ± 1.12 27.66 ± 1.85 30.24 ± 1.67 30.22 ± 2.05  2.10 ± 0.18 5.16 ± 0.39 5.58 ± 0.47 6.38 ± 0.58 
 Sp A+S9 26.13 ± 1.45 30.30 ± 1.32 34.20 ± 1.69 38.35 ± 1.59  4.44 ± 0.25 6.19 ± 0.32 6.75 ± 0.39 7.77 ± 0.40 

H2O2 Ly A 15.08 ± 1.86 21.63 ± 2.43 
*
 32.44 ± 2.54 

***
 42.23 ± 2.77 

***
  3.36 ± 0.51 5.05 ± 0.69 

*
 6.88 ± 0.76 

***
 9.76 ± 0.79 

***
 

 Ly N 10.34 ± 0.81 14.38 ± 1.24 
*
 16.95 ± 1.41 

**
 18.19 ± 1.76 

***
  2.05 ± 0.19 3.11 ± 0.31 

*
 3.80 ± 0.44 

***
 4.38 ± 0.59 

***
 

 Sp A 24.30 ± 1.35 37.96 ± 2.44 
***

 47.11 ± 2.17 
***

 57.85 ± 2.31 
***

  4.38 ± 0.40 6.78 ± 0.65 
***

 7.53 ± 0.62 
***

 10.38 ± 0.68 
***

 

 Sp N 14.53 ± 2.29 18.29 ± 1.73 
*
 20.78 ± 1.89 

***
 23.35 ± 2.81 

***
  2.29 ± 0.34 2.72 ± 0.31 

*
 2.80 ± 0.31 3.63 ± 0.49 

**
 

 Ly A+S9 14.00 ± 0.97 50.64 ± 1.65 53.36 ± 1.97 54.57 ± 1.50  2.27 ± 0.18 7.70 ± 0.38 9.47 ± 0.38 8.47 ± 0.34 
 Sp A+S9 23.62 ± 0.77 65.32 ± 1.55 70.47 ± 1.20 70.86 ± 1.27  3.42 ± 0.19 11.77 ± 0.42 11.14 ± 0.30 22.64 ± 0.79 

 



198 

 

 

Statistical comparisons were carried out between the negative control and each of the treatments. Normal distributions were checked with Kolmogorov-Smirnov and 

the Shapiro-Wilk tests. For parametric statistics, the one way ANOVA test with a post-hoc analysis (Dunnett test) was used, while for non-parametric statistics the t-

test was employed (
*
 p<0.05, 

** 
p<0.01 and 

***
 p<0.001). Abbreviations: Ly - lymphocytes; Sp - sperm; A - alkaline Comet assay; N – neutral Comet assay; A-S9 – 

alkaline Comet assay, cells treated with 1% S9-mix; AA - monoacrylamide; AFB1 - aflatoxin B1; BaP - benzo(a)pyrene; DON - deoxynivalenol; EtOH - ethanol; HNE 

- 4-hydroxynonenal; IQ - 2-amino-3-methylimidazo[4,5-f]quinoline; MDA - malondialdehyde; NDMA - N-nitrosodimethylamine; PCB77 - 3,3',4,4'-tetrachlorobiphenyl; 

PhIP - 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; TCDD - 2,3,7,8-tetrachlorodibenzodioxin. 
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Figure captions 

Figure 6.1: 

Results of the alkaline and neutral Comet assay on lymphocytes and 

sperm for the 12 NewGeneris chemicals including DMSO and hydrogen 

peroxide showing % Tail DNA. 

 

Figure 6.2: 

Results of the alkaline and neutral Comet assay on lymphocytes and 

sperm for the 12 NewGeneris chemicals including DMSO and hydrogen 

peroxide showing OTM. 

 

Figure 6.3: 

Results of the alkaline Comet assay on lymphocytes and sperm for the 12 

NewGeneris chemicals including DMSO and hydrogen peroxide showing 

% Tail DNA in absence and presence of S9 mix. 

 

Figure 6.4: 

Results of the alkaline Comet assay on lymphocytes and sperm for the 12 

NewGeneris chemicals including DMSO and hydrogen peroxide showing 

OTM in absence and presence of S9 mix. 
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Figure 6.1  
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Figure 6.2 
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Figure 6.3. 
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Figure 6.4. 
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6.4. Discussion 

During our lifetime we are constantly exposed to toxins which target our 

DNA. Even as a foetus when still protected inside the womb, food mutagens, 

environmental and life style toxins are able to reach the starting life via the 

placental connection to the mother – in addition to possible damage 

originating from the paternal and maternal DNA comprising of the embryo at 

conception. It becomes clear that small changes in life style and food intake 

may have a major positive impact on the developing foetus’ health 

(Shirakawa et al., 1997). The pan-European study NewGeneris which 

investigates exposure risks to newborns and links to early childhood cancer 

and diseases selected twelve candidate chemicals (Table 6.1) meant to be 

representative for well known groups of food-borne and environmental 

carcinogens. These selected chemicals of various chemical classes and 

origins (Table 6.1) were investigated in this study for their potential to 

damage DNA using the Comet assay. 

 

A recent study assessing ten of the twelve selected NewGeneris compounds 

for their potential to induce cytogenetic damage using the cytokinesis-

blocked micronuclei assay (CBMN) found that PhIP (2.5 µM), AA (0.5 mM) 

and PCB (250 µM) significantly induced micronuclei in binucleated 

lymphocytes. Both compounds BaP (100 µM) and AA (250 µM) also induced 

nucleoplasmic bridges (Katic et al., 2010). As the CBMN assay requires 

culturing lymphocytes it cannot assess immediate DNA damage or damage 

towards cell types like spermatozoa which are highly specialised, unable to 

cell cycle and deficient for DNA repair. The Comet assay, a rapid technique 
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to evaluate DNA integrity within single cells (Tice et al., 2000), has the 

advantage of being used for different cell types and different pHs. Thus, in 

various cells different types of damage and different levels of sensitivity can 

be assessed (Baumgartner et al., 2009).  

 

For the alkaline Comet assay, the same DNA damage response pattern for 

the % Tail DNA comet parameter were generally observed for both cell types 

in this study (Figures 6.1 & 6.2); however, spermatozoa seem to be more 

sensitive towards smaller doses of PhIP, IQ, AFB1, DON, HNE and MDA 

than lymphocytes when treated under similar conditions without the presence 

of S9-mix. Compounds such as AFB1, AA, B[a]P and NDMA are usually 

considered indirect chemical mutagens which require metabolic activation 

(Le Hegarat et al., 2010), i.e. supplementation with S9-mix or the use of 

hepatic cell lines, then showing even higher damage to DNA compared to 

non-supplemented experiments. In this study, especially for PCB77 and 

MDA, spermatozoa were showing a very high increase in DNA damage for all 

treatment doses. The damage response towards certain classes of chemicals 

became even more obvious when looking at the OTM comet parameter. The 

mycotoxins AFB1 and DON as well as the DNA-reactive aldehydes HNE and 

MDA highly increased DNA damage in spermatozoa when compared to 

lymphocyte responses. NDMA triggered in spermatozoa a very strong 

response; a lower response was seen for BaP. This result was reversed 

when using lymphocytes for in vitro assessments in the Comet assay. 

Certain chemicals within the twelve selected dietary / environmental 

compounds seem to have a much stronger effect on spermatozoa than on 

lymphocytes, especially, those directly acting on DNA and being highly 
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reactive. When performing the Comet assay using spermatozoa for DNA 

damaging investigations, sperm always show a high amount of baseline DNA 

damage (around 20% Tail DNA for healthy fertile men) containing about 

twice as many single-strand breaks compared to lymphocytes (Ahmad et al., 

2007; McKelvey-Martin et al., 1997). This is possibly due to the high number 

of alkaline-labile sites introduced by the extremely dense DNA-protamine 

chromatin (Baumgartner et al., 2009; Fernandez et al., 2000; Muriel et al., 

2004). As there is also a higher baseline DNA damage found for 

spermatozoa when using the neutral Comet assay, i.e. representing an 

increase primarily in double-strand breaks, additional intracellular processes 

during spermatogenesis utilising DNA-nicking enzymes may play a role 

(Fairbairn et al., 1994; McPherson and Longo, 1993). 

 

Even without metabolic activation in vitro, i.e. without supplementation of the 

treatment solution with S9-mix, BaP showed for the highest dose (25 µM) an 

even higher response in OTM in lymphocytes than the positive control. Still 

being highly significant at p<0.001 the measured OTM for sperm was 1.6-fold 

smaller. When considering the measured % Tail DNA, BaP showed 

approximately the same significant increase in both cell types indicating an 

equal endogenous level of p450 enzymes to metabolise BaP. As OTM also 

takes the moment length of the comet tail into account, BaP seemed to 

produce a different comet tail migration pattern for lymphocytes than for 

spermatozoa: longer comet tails in lymphocytes and shorter tails for sperm. 

Sipinen and colleagues found that the DNA fragmentation seen in the Comet 

assay on sperm was independent of the addition of enzymatic activation of 
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BaP, suggesting an yet unknown metabolism of BaP in ejaculates (Sipinen 

and Laubenthal et al., 2010). 

 

For the neutral Comet assay, almost the same DNA damage response 

pattern as for the alkaline version has been observed, although reduced to 

lower values of % Tail DNA and OTM, suggesting that the detrimental effects 

of HNE, MDA and AFB1 are based not only on the induction of single-strand 

breaks and alkali labile sites but also on the induction of double-strand 

breaks. The evaluation of the damage response pattern of the selected 

compounds, thus, was pH-independent for the version of the Comet assay in 

use (alkaline conditions pH >13, neutral conditions pH ~8.5). All three 

compounds showed as they did in the alkaline assay, that spermatozoa 

seem to be more sensitive to these chemicals. However, DON might be an 

exception regarding the neutral Comet assay when considering % Tail DNA 

and more obviously for OTM producing less damage than in lymphocytes, 

which was not seen in the alkaline Comet assay. DNA-reactive aldehydes 

like HNE were shown to induce DNA damage in the Comet assay (Glei et al., 

2007; Schaeferhenrich et al., 2003; Yadav et al., 2008). HNE has also been 

suggested to be a key mediator of oxidative stress-induced cell death and 

direct scavenging of intracellular glutathione (Liu et al., 2000). 

 

Supplementing with human liver-extract S9-mix for metabolic activation 

during the treatment with the selected compounds resulted in a trend that 

lower doses became a bigger insult, hence inducing increased DNA damage 

at a lower concentration. Especially, the damage the highest doses of AA 

and BaP induced almost doubled the % Tail DNA for lymphocytes compared 
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to the treatment without metabolic activation. Also NDMA seemed to be 

affected producing the highest measured OTM for lymphocytes. Similar 

results were seen for sperm.  

 

Spermatozoa as a highly specialized cell type with no cytoplasm and 

extremely condensed chromatin seem prone to being more sensitive towards 

certain chemicals found in our diet and environment than lymphocytes. As a 

result, this might be very harmful to the next generation if after in vivo 

treatment a damaged sperm happens to fertilise an oocyte, especially, when 

bearing in mind that 80% of de novo structural chromosome aberrations 

detected during development or birth in animal studies are paternal in origin 

(Estop et al., 1995; Shelby et al., 1993). It may therefore not be sufficient to 

study more easily accessible blood lymphocytes (Albertini et al., 2000), and 

mature germ cells may also have to be used as indicators for the evaluation 

of reprotoxins  (Baumgartner et al., 2009).  

 

In conclusion, the largest harmful impact on the DNA of lymphocytes and 

spermatozoa is due to the DNA reactive-aldehydes which are generated by 

lipid peroxidation. Additionally, the heterocyclic amines and food-mutagens 

as well as nitrosamine and benzo[a]pyrene produce in vitro high amounts of 

DNA damage, even without metabolic activation. As this study was used for 

the DNA integrity evaluation at some non-physiological concentrations, the 

possible impact of these compounds, which could contribute to the onset of 

cancer, heritable defects and immunological diseases, should be considered 

carefully. Nevertheless, the results presented should not be considered 

lightly as some compounds generate effects in an acute exposure; however, 
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exposure to compounds in diets could be considered sub-chronic or even 

chronic. The protection of the unborn foetus from its exposure to these 

dietary / environmental compounds has to be of utmost importance to avoid 

potential future health problems. 
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7.1    General discussion 

In the present investigation, the DNA damaging effects of various dietary and 

environmental compounds have been investigated by treating in vitro 

lymphocytes and spermatozoa (NewGeneris study only) from healthy 

individuals, polyposis coli (PLP) and/or colorectal cancer patients (CRC).  

The food mutagens, PhIP and IQ, induced a dose-dependent increase in 

chromosomal abnormalities in all tested groups when the Micronucleus 

assay, the Micronucleus – FISH assay and the Sister Chromatid Exchange 

(SCEs) assay were employed. The results showed that lymphocytes from the 

pre-cancerous state (PLP) and CRC had decreased % BiNC and CBPI 

values. The frequency of MN was significantly increased in a dose-

dependent manner in both, bi- and mononucleated cells. An increase in MN 

and BiNPBs formation indicated that food mutagens may have some 

clastogenic properties. However results obtained with the MN-FISH assay, 

where an increased number of centromeric signals in a dose-dependent 

manner was seen, suggests that an aneugenic method of action is also 

possible. In general, patient groups appeared to be more sensitive to the 

toxic insult when compared to the healthy individual group. PhIP and to a 

lesser extent IQ, induced increased formation of MN and SCEs regardless of 

confounding factors and in the absence of metabolic activation, which 

suggests that human lymphocytes possess at least some metabolic 

capabilities allowing toxic compounds to produce cytogenetic damage. 
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The human lymphoblastoid cell line (MCL-5) expressing metabolic activity 

was used by Pfau et al. (1999) to perform the MN assay with known food 

mutagens. IQ appeared to be more active in producing MN, when compared 

to PhIP. However, when the Comet assay was employed, PhIP was more 

potent. This effect may be a result of different treatment times in both assays 

(Pfau et al., 1999). Also the Chinese hamster lung cell line (Otsuka et al., 

1996) and the human hepatoma cell line (HepG2) proved to be competent to 

activate PhIP and IQ and lead to increased MN formation (Sanyal et al., 

1997). Our results are in contradiction with some other studies where 

formation of MN was not observed in peripheral blood lymphocytes and the 

bone marrow of mice (Breneman et al., 1996; Director et al., 1996). However, 

those differences may be due to different metabolic capabilities of rodent and 

human cells. 

The protective potential of the flavonoids quercetin (Q) and rutin (R) against 

oxidative stress induced in vitro by IQ and PhIP in lymphocytes from healthy 

individuals and untreated, newly diagnosed colon cancer patients using the 

Comet assay was also investigated.  In the presence of up to 500 µM Q and 

R, the DNA damage resulting from a high dose of PhIP or IQ was 

significantly reduced (p<0.001) to levels comparable to six times lower IQ or 

7.5 times lower PhIP doses. Lymphocytes from colon cancer patients had 

greater baseline DNA damage than those from healthy individuals (p<0.01) 

and this higher level of damage was also observed throughout in vitro 

treatment. Except for the >50 years of age group and male gender, 

confounding factors such as smoking, drinking and/or dietary habits were not 

found to be significant, although the relatively small size of some sub-groups 



213 

 

could make these analyses more problematic. In conclusion, flavonoids 

reduced oxidative stress caused by food mutagens in vitro in lymphocytes of 

healthy individuals and colon cancer patients. Thus, dietary supplementation 

with flavonoid-rich vegetables and fruits may prove very effective in 

protecting against oxidative stress. In practice, it may be easier to provide 

anti-mutagens in the daily diet in order to slow cancer development and 

progression, as well as induce cells to apoptose (programmed cell death) 

and eliminate mutant cells, especially since the healthy diet does not bring 

unpleasant side effects, in contrast to chemotherapy (Ferguson et al., 2004). 

As polyposis coli and colon cancer patients seem to be already more 

susceptible to toxic substances present in the diet, the cytotoxic and 

genotoxic potential of TiO2 nanoparticles (NPs) have been examined in 

peripheral blood lymphocytes in these two patient groups as well as healthy 

individuals. Physicochemical characterization of TiO2 NPs was performed 

using: DLS (size distribution from 104 nm in ddH2O to 1303 nm in RPMI), 

Zeta potential (-28.7 nm) and SEM (average size 34 nm) measurements. The 

cells were exposed to nanoparticle concentrations ranging from 10 to 80 

µg/ml. The techniques used were: the Comet assay, the Micronucleus assay 

and the Micronucleus FISH assay.  The results have shown concentration-

dependent effects of TiO2 NPs in both patient groups and healthy individuals 

in the Comet assay when OTM and % Tail DNA parameters were examined. 

Also the genotoxic damage measured as the frequency of Micronuclei (MN) 

in binucleated cells was increased in a dose-dependent manner. 

Experiments revealed that polyposis coli and colon cancer patients had a 

higher level of DNA damage (observed with the Comet assay) and a higher 
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number of MN than healthy individuals. In conclusion, in the present study, 

TiO2 NPs induced dose-dependent increases of damage regardless of 

confounding factors and in the absence of photoactivation. 

Both food mutagens, IQ and PhIP, as well as TiO2 NPs induced dose-

dependent statistically significant increase in DNA damage and chromosomal 

abnormalities in all tested groups regardless of confounding factors and 

without photo- or metabolic activation. The data have been approached in 

two different ways. Firstly, parameters such as OTM and %Tail DNA (the 

Comet assay) and CBPI, %BiNC, BiMN, MonoMN, NPBs and BiBuds (the 

Micronucleus assay) were examined and showed increased sensitivity 

among patient groups. Secondly, the same parameters were converted to 

%ages in order to analyse % change between negative control (marked as 

100%) and different treatment points. These analyses proved healthy 

individuals to be more sensitive to the treatments as the % changes were 

generally higher in this group. It should be noted that although the % change 

increase was larger among healthy individuals, the baseline damage 

observed within patient groups was also significantly higher than the values 

seen in the healthy individuals group. This may indicate that although the 

increase in damage measured as % change seemed to be smaller in patient 

groups, the lymphocytes used in these experiments seemed already to be 

carrying a significant burden of damage. Their capability to accumulate 

further damage may thus be diminished. 
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In our final project, twelve frequently encountered chemical compounds have 

been selected for the in vitro evaluation of their genotoxic potential using 

lymphocytes and spermatozoa. Additionally, these compounds could also 

contribute to immunological diseases. The selected chemicals included 

heterocyclic amines, organochlorines, polycyclic aromatic hydrocarbons, 

mycotoxins, lipoperoxidation products and alcohol. Damage in somatic cells 

such as lymphocytes could give rise to cancer, while damage in germ cells 

could not only give rise to cancer but also to inherited defects. The alkaline 

Comet assay with and without the presence of metabolic activation as well as 

the neutral Comet assay were used to assess DNA integrity in lymphocytes 

and spermatozoa after in vitro treatment with low, middle and high doses of 

each chemical. DNA reactive-aldehydes generated by lipid peroxidation, 

food-mutagens such as heterocyclic amines, nitrosamine and 

benzo[a]pyrene produced the highest amounts of DNA damage, even without 

metabolic activation. Damage in the neutral assay detecting only double 

strand breaks was lower than in the alkaline assay. In general, there was  

increased damage in the spermatozoa by comparison with the lymphocytes 

with altered slopes in the dose response curves.  Thus, protecting our 

somatic and germ cells as well as the unborn foetus from the exposure to 

these dietary / environmental genotoxins could be of utmost importance to 

avoid future health problems. Especially during pregnancy, a controlled diet 

and life style might significantly contribute to reduce childhood diseases.  

It is still to be established which assays are the most accurate in reflecting 

the genotoxic and cytotoxic potential of substances as there is no single 

assay able to detect all genotoxic end points. Unfortunately, due to the fact 

that various assays use various biological systems and reagents, the results 
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obtained may be significantly different. It has been recognised for example 

that the Comet assay is not able to detect aneugenic properties of chemicals 

tested (Pfuhler et al., 2009). Also, some chemicals may induce gene 

mutations but not chromosome mutations and vice versa (Eastmond et al., 

2009). 

In conclusion, both patient groups appeared to be more susceptible to the 

toxic insult used in these studies compared to healthy individuals. 
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7.2 Future work 

It would be worthwhile to conduct more studies using different cancer types 

to establish whether similar responses could be found in other cancer 

patients. Similar or other genetic end-points could be used, such as repair 

studies and studies examining RAS oncoproteins as increased levels are 

known to be associated with many cancer types. Such studies may further 

confirm the differences between cancer patients and healthy individuals. 
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SUBJECT SAMPLE NAME GENDER AGE TYPE OF DIET FAMILY HISTORY

ACTIVE EX-SMOKER NON-SMOKER SEVERE MODERATE NON-ALCOHOLIC

1 13 male 26 ٧ 10 u/week Western Yes

2 22 female 29 ٧ 3 u/week Western No

3 25 female 61 ٧ ٧ Western No

4 28 female 35 ٧ ٧ vegetarian No

5 29 female 48 ٧ 2 u/week Asian Yes

6 30 male 39 15/day 2 u/week Western No

7 31 male 36 ٧ 8 u/week Western Yes

8 32 female 19 ٧ 6 u/week Western Yes

9 35 female 29 ٧ 15 u/week vegetarian Yes

10 39 male 72 ٧ 6 u/week Western No

11 41 female 23 ٧ ٧ Asian No

12 42 male 21 ٧ 4 u/week Western No

13 45 male 45 ٧ ٧ Western Yes

14 46 male 68 ٧ 3 u/week Western No

15 51 female 23 ٧ ٧ Western Yes

16 52 female 25 25/day 5 u/week Western No

17 53 female 25 ٧ 7 u/week Western Yes

18 56 female 49 ٧ 6 u/week vegetarian Yes

19 58 male 32 ٧ ٧ Western Yes

20 59 male 34 10/day 2 u/week Asian Yes

21 112 male 51 15/day 8 u/week Western No

22 123 male 52 ٧ 10 u/week Western Yes

23 124 female 59 ٧ 2 u/week vegetarian No

24 125 male 64 25/day 20 u/week Western Yes

25 138 male 78 ٧ 3 u/week Western No

26 141 female 89 21/day ٧ Asian No

27 142 male 68 ٧ ٧ Asian No

28 143 male 59 ٧ 5 u/week Western No

29 154 male 58 ٧ 4 u/week Western No

30 156 male 53 ٧ 9 u/week vegetarian Yes

31 158 male 34 ٧ ٧ Asian Yes

32 159 male 68 ٧ 8 u/week Western Yes

33 162 female 62 ٧ 2 u/week Western Yes

34 166 male 72 ٧ ٧ Asian No

35 169 male 71 ٧ ٧ Asian Yes

36 168 male 78 ٧ 12 u/week Western Yes

37 167 female 69 6/day 8 u/week Western Yes

38 172 female 68 ٧ 10 u/week vegetarian No

39 173 male 67 ٧ 2 u/week Asian Yes

40 174 female 65 ٧ 3 u/week Western Yes

SMOKING HABITS ALCOHOL INTAKE (units/week)

Appendix 2. Healthy individuals and colon cancer patients database details for study: “Investigation of the protective effect against oxidative stress of 

flavonoids in lymphocytes of colon cancer patients in the presence of food mutagens”. ٧ = Yes
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36 168 male 78 ٧ 12 u/week Western Yes

37 167 female 69 6/day 8 u/week Western Yes

38 172 female 68 ٧ 10 u/week vegetarian No

39 173 male 67 ٧ 2 u/week Asian Yes

40 174 female 65 ٧ 3 u/week Western Yes

Appendix 2. Healthy individuals and colon cancer patients database details for study: “Investigation of the protective effect against oxidative stress of 

flavonoids in lymphocytes of colon cancer patients in the presence of food mutagens”. ٧ = Yes
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SUBJECT SAMPLE NAME GROUP GENDER AGE TYPE OF DIET FAMILY HISTORY

ACTIVE EX-SMOKER NON-SMOKER SEVERE MODERATE NON-ALCOHOLIC Comet MN SCE

1 4 HI male 75 15-20/day 15 u/week 10 1 Western CRC

2 5 HI female 45 ٧ ٧ 1 2 9 Asian

3 7 HI female 39 ٧ ٧ 2 3 8 BREAST CANCER

4 101 HI female 28 ٧ ٧ 6 4 4

5 102 HI male 25 ٧ ٧ 3 5 5

6 103 HI male 68 ٧ 6 u/week 7 6 2 Western

7 104 HI female 56 ٧ ٧ 7 3 PLP

8 105 HI female 59 ٧ ٧ 5 8 1 CRC

9 106 HI male 49 5/day 2 u/week 9 10 Western

10 107 HI female 65 2/day 1 u/week 4 10 6 Western PULMONARY CANCER

11 108 HI male 42 15-20/day ٧ 11 7 PULMONARY CANCER

12 109 HI female 55 8/day 22 u/week 8 12 LARYNX CANCER

13 110 HI female 22 15-20/day 5 u/week 13

14 111 HI male 72 ٧ 20 u/week 14 Asian

15 112 HI male 32 30/day 10 u/week 15 PLP

16 113 HI male 26 10/day ٧ 16 Western

17 114 HI female 31 ٧ ٧ 9 17

18 115 HI female 41 ٧ ٧ 18

19 116 HI male 55 15/day ٧ 19

20 117 HI female 56 15-20/day 15 u/week 20 vegetarian

21 101 PLP female 55 15-20/day ٧ 1 1 YES

22 104 PLP male 58 14/day ٧ 4 2 2 NO

23 105 PLP female 68 ٧ 1-2 u/week 3 3 YES

24 106 PLP female 51 ٧ ٧ 5 4 3 YES

25 111 PLP male 75 ٧ 21 u/week 6 Western YES

26 119 PLP female 61 ٧ 1-2 u/week 7 1 vegetarian NO

27 120 PLP female 78 30/day 3 u/week 8 vegetarian YES

28 121 PLP male 84 21/day ٧ 9 6

29 124 PLP male 45 10/day 5 u/week 7 10

30 125 PLP male 39 37/day 20 u/week 2 11 7

31 126 PLP female 67 ٧ 14 u/week 6 12 5

32 127 PLP male 73 6/day 3 u/week 8 13 4

33 129 PLP female 83 ٧ ٧ 14 Asian NO

34 134 PLP male 59 40/day 28 u/week 9 15 8 YES

35 118 PLP male 67 ٧ 6 u/week 16 9 YES

36 122 PLP male 69 ٧ 28 u/week 17 10 BONE CANCER

37 189 PLP female 56 ٧ 3 u/week 18

38 107 PLP female 29 ٧ ٧ 5 Asian

39 130 PLP male 57 ٧ 2 u/week 19 Asian YES

40 132 PLP male 49 ٧ 12 u/week 20 BREAST CANCER

SMOKING HABITS ALCOHOL INTAKE (units/week) Samples No in:
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41 64 CRC male 73 ٧ 4 u/week 3 1 LARYNX CANCER

42 66 CRC male 74 ٧ 28 u/week 4 2 YES

43 100 CRC male 50 ٧ 2 u/week 5 3 10 YES

44 102 CRC male 67 ٧ 6 u/week 10 4 9 NO

45 103 CRC male 56 10/day 15-26 u/week 1 5 1 NO

46 108 CRC male 51 40/day 14 u/week 6 2

47 109 CRC male 81 20/day 1-2 u/week 7 3 YES

48 112 CRC male 76 ٧ ٧ 6 8 5 Asian YES

49 113 CRC female 60 ٧ 20 u/week 7 9 7 Western NO

50 114 CRC male 62 ٧ ٧ 10 4 Asian COLON CANCER

51 115 CRC female 49 10/day 14 u/week 9 11 6

52 116 CRC male 79 ٧ ٧ 12 8

53 119 CRC female 61 5/day 1-2 u/week 13

54 123 CRC female 39 ٧ ٧ 14 Asian

55 128 CRC male 63 ٧ 3 u/week 8 15 COLON CANCER

56 133 CRC male 72 ٧ 4 u/week 16 Western YES

57 195 CRC female 74 ٧ 5 u/week 18 Western

58 4M CRC female 62 20/day ٧ 2 20

59 188 CRC male 63 ٧ ٧ 17

60 1M CRC female 41 20/day ٧ 19

Appendix 3. Healthy individuals, polyposis coli and colon cancer patients database details. ٧ = Yes
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N MoNC BiNC Multis %BiNC NDI N 1 2 3 >3 Σ BiMN Σ MN 1 ≥ 2 Σ BiBud Σ Bud 1 ≥ 2 Σ BiNPB Σ NPB N 1 2 ≥ 3 Σ MoMN Σ MN

Appendix 4 Micronucleus scoring sheet

Sheet:

CBPI BiNC with NPBs (BiNPDs) MoNC with MN (MoMN)
Date Culture Code Decode Observations M

o
N

C

B
iN

C

BiNC with MN (BiMN) BiNC with Buds (BiBuds)

C
e

ll
s

Scorer:
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