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Abbreviations 

b.w. Body weight 
CYP Cytochrome P450 
fMNBN Frequency of micronucleated binucleated cells 
HCA Heterocyclic amines 
HMF 5-hydroxymethylfurfural 
i.p. Intraperitoneal 
IARC International Agency for Research on Cancer 
IQ 2-amino-3-methyl-3H-imidazo[4,5-f]quinoline 
MeIQx 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline 
MOE Margin of exposure 
MPCE Micronucleated polychromatic erythrocyte 
MPCEII Micronucleated PCE with high DNA content 
NCE Normochromatic erythrocyte 
PAPS 5’-phosphoadenosine-3’-phoshposulphate 
PCE Polychromatic erythrocyte 
PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 
s.c. Subcutaneous 
S9 Liver homogenate from Arochlor induced rat 
SCE Sister chromatide exchange 
SCGE Single cell gel electrophoresis, comet assay 
SMF 5-sulfooxymethylfurfural 
SULT Sulfotransferase 
TDNA Tail DNA, percentage DNA in a comet tail 
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Introduction 

Food plays an important part in our lives, both culturally and, more obvi-
ously, for its nutritional benefits. A large proportion of our food today is at 
some point subjected to heat during preparation. Heating is important for 
several purposes, including improving the texture, taste and bioavailability 
of certain nutrients and also in the control of microorganisms. Although 
these properties are of great importance for our health and well-being, there 
are other aspects of heating that are negative. For example the composition 
of nutrients can be altered due to loss of vitamins during the heating process 
(Leskova et al. 2006). Furthermore, a vast number of new compounds are 
formed. Some of these are known to be mutagens or carcinogens, but there is 
also a wide range of compounds for which the toxicological information still 
is limited. The intake of most known heat-induced compounds is usually 
rather low, with levels ranging from nanograms to micrograms per person 
and day. However, it is important to note that we are involuntarily and inevi-
tably exposed to them throughout our whole life. Despite the enormous 
number of potentially toxic compounds in the diet there are also plenty of 
substances, apart from macronutrients, that provide nutritional benefits. For 
example antioxidants and vitamins. One such is folic acid which has a well 
documented effect on chromosomal stability. Deficiency can result in ane-
mia and is also, in pregnant women, coupled to the development of neural 
tube defects in the offspring. As a considerable amount of people in Sweden 
do not reach the recommended intake, there have been a long and intense 
debate about supplementation of folic acid during the last years.  
 
It is undoubted that substances in food has a great impact, both positive and 
negative, on cancer incidence. This thesis investigates the genotoxicity of 
some heat induced food toxicants both in vitro, utilising cell cultures, and in 
vivo in experimental animals. Furthermore, possible beneficial effects on 
chromosomal stability of folic acid are investigated in humans with normal 
folate status. 
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Objectives 

The overall aim of this thesis is to study how some components in our nor-
mal diet influences chromosomal stability. The genotoxicity of five heat-
induced food toxicants and one well known chromosome stabilising agent is 
evaluated with both in vivo and in vitro methods. In more detail the objec-
tives were to: 
 

� Compare the genotoxic effects of three heterocyclic amines and 
acrylamide in vivo in mice (Paper I). 

� Examine the genotoxic effect of furan in vivo in mice and in vitro in 
human lymphocytes (Paper II). 

� Study genotoxic effects of HMF in relation to metabolic activation 
by sulfotransferases, in vivo in mice and in vitro in five different cell 
lines (Paper III). 

� Illustrate the effects of folic acid on chromosomal stability in hu-
mans with normal folate status (Paper IV). 

 
Hopefully the knowledge gained within this thesis will contribute to the 
evaluation of the risk and benefits of these compounds.  
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Background 

Heat-induced food toxicants 
Numerous toxic compounds are formed when food is exposed to heat. In 
general, the formation of heat-induced food toxicants is dependent on cook-
ing time, temperature and technique (e.g. Skog et al. 1998). Fried and grilled 
food items usually contain higher amounts of toxic compounds than boiled 
ones. The human exposure to these compounds varies considerably, ranging 
from nanograms to grams. Existing knowledge about some of these com-
pounds such as heterocyclic amines (HCAs), nitrosamines, polycyclic aro-
matic hydrocarbons (PAHs) and acrylamide is extensive (Jägerstad and Skog 
2005), whereas toxicological data on other compounds, such as furan and 5-
hydroxymethylfurfural (HMF) are still limited. It is likely that some of these 
compounds cause food-related cancer and there are certainly yet many other 
unknown substances awaiting toxicological evaluation. This thesis further 
examines the genotoxicity of some of these compounds. The increased 
knowledge will hopefully contribute to the risk assessment of heat-induced 
food toxicants.  

Heterocyclic amines (HCA) 
One of the most well-known groups of heat-induced compounds is the het-
erocyclic amines (HCAs). They were identified during the late 1970s by a 
Japanese research group led by professor Sugimura. They found that smoke 
condensate from grilling of fish and meat was mutagenic in the Ames test 
(Nagao et al. 1977). Since this initial discovery, about 20 different HCAs 
have been isolated (Turesky 2002). They are divided into two classes, IQ-
type and non-IQ-type, based on their chemical structure. The members of the 
first group are formed in meat heated to at least 150 °C (Skog et al. 1998). 
They have been proposed to form through the reaction of free amino acids 
with sugars and creatine (Skog et al. 1998). The non-IQ-types are formed at 
high temperature, at least 250 °C, as a pyrolysate product (Turesky 2002). 
The formation of HCAs, as for many other heat-induced food toxicants, is 
favoured by increased cooking time and temperature but also by the amount 
of accessible precursors (Skog et al. 1998). The human daily intake of HCAs 
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has been estimated to be in the order of some ng kg-1 b.w. (Augustsson et al. 
1997; Zimmerli et al. 2001). Three of the most common HCAs in the human 
diet are PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine), IQ (2-
amino-3-methyl-3H-imidazo[4,5-f]quinoline), and MeIQx (2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline) (Figure 1). 
 
 

  
 

 
 
 
 
Figure 1. Chemical structure of three common heterocyclic amines, PhIP, MeIQx, 
and IQ. 

All HCAs examined so far have tested positive in carcinogenicity tests. Ac-
cording to the International Agency for Research on Cancer (IARC), IQ is a 
probable human carcinogen (Group 2A) while MeIQx and PhIP are possible 
human carcinogens (Group 2B) (IARC 1993). HCAs are metabolised into 
their reactive metabolites mainly by CYP enzymes, especially CYP1A2 (for 
review see e.g. Kim and Guengerich 2005; Turesky 2005). Their  
genotoxicity has been studied in various organisms, such as bacteria, Droso-
phila, mammalian cells, and in experimental rodents (for review see Sugi-
mura et al. 2004). In this thesis, the flow cytometer-based micronucleus as-
say was used to further investigate the in vivo genotoxicity. This sensitive 
method allows detection of genotoxic effects at much lower doses than many 
other in vivo methods. Hence, the details about the dose-response curve can 
be uncovered. 

Acrylamide 
Acrylamide has long been known to be a neurotoxic and carcinogenic com-
pound (for review see e.g. Shipp et al. 2006). For example, it is classified as 
a probable human carcinogen (Group 2A) by the IARC (1995a). In spring 
2002, acrylamide was on the headlines when it was revealed that it had been 
found in a large number of different food items (Tareke et al. 2002). The 
highest amounts were detected in carbohydrate-rich foods that had under-
gone heat treatment. In potato crisps, chips, coffee and biscuits levels up to 
1 000 �g kg-1 food were detected. This information started a world-wide 
media frenzy with tabloid headlines such as ‘Crisps of Death’.  
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Since then, it has been discovered that one of the main mechanisms of 
acrylamide formation in food is the reaction between the amino acid aspar-
agine and fructose or glucose upon heating at temperatures above 120 °C 
(Mottram et al. 2002; Stadler et al. 2002). In 2003, Svensson et al. calculated 
the mean daily intake of acrylamide by adults to be 0.5 �g kg-1 b.w. An on-
going study trying to estimate the intake of acrylamide by Swedish children, 
aged 4-11 years, points towards similar results, about 0.4 �g kg-1 b.w. (Mar-
gareta Malecka-Petersson, personal communication). 

Acrylamide is a vinylic amide (Figure 2) that is widely used in industrial 
processes (Friedman 2003; Shipp et al. 2006). In addition to its carcinogenic 
effects (IARC 1995a) it has also been shown to be neurotoxic and to disrupt 
reproduction as well as exerting mutagenic effects in mammalian systems in 
vivo and in vitro (Friedman 2003; Shipp et al. 2006). Acrylamide is metabo-
lised into the reactive metabolite glycidamide by CYP2E1 (Sumner et al. 
1999). Glycidamide forms DNA-adducts and seems to be responsible for the 
genotoxic activity of acrylamide (Segerbäck et al. 1995). 
 

NH2
CH2

O

 
 

Figure 2. Chemical structure of acrylamide. 

Furan 
Furan is a volatile, heterocyclic compound that has a long history of use in 
industrial processes (NTP 1993) (Figure 3). It has been shown to be both 
hepatotoxic and carcinogenic in rodents and is classified by the IARC as a 
possible human carcinogen (Group 2B) (IARC 1995b). Furan has since long 
been known as a volatile flavour in food (Stich et al. 1981). In 2004, the U.S. 
Food and Drug Administration found that furan also was present in numer-
ous kinds of heat-treated food items, especially canned and jarred products 
(FDA 2004). High levels have been detected in, for example, babyfood, 
sauces, soups, and coffee, with levels up to 100 �g kg-1 food. The mean daily 
intake of furan in the USA has been estimated to 0.2 �g kg-1 b.w. for adults 
and about the same for 2-5 years old children (Morehouse et al. 2008). The 
mechanism behind the formation seems to be either oxidation of polyunsatu-
rated fatty acids at elevated temperatures or decomposition of ascorbic acid 
derivatives (Becalski and Seaman 2005; Fan 2005). It is difficult to estimate 
the intake of furan because of its volatility. This property affects the analysis 
and makes it difficult to estimate the actual intake. The levels probably de-
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crease after opening of the container or during the final preparation of the 
food (Fan 2005). A study by Roberts et al. (2008) shows that the way of 
cooking influences the furan levels. For example, preparing convenience 
foods in a saucepan decreases the level more than using the microwave oven. 
Stirring the food or let it stand before serving decrease the levels further.  
 
 
 
 

Figure 3. Chemical structure of furan.  

The mechanism behind the carcinogenicity of furan is not yet fully under-
stood. Previous studies of the genotoxicity of furan has shown disparate re-
sults and both genotoxic (McGregor et al. 1988; NTP 1993; Stich et al. 
1981) and non-genotoxic mechanisms (Fransson-Steen et al. 1997; Mortel-
mans et al. 1986; Wilson et al. 1992) have been proposed. Furan is metabo-
lised by CYP2E1 to the reactive metabolite cis-2-butene-1,4-dial (Kedderis 
et al. 1993). It is probably responsible for the genotoxic activity of furan that 
has been noted in some studies. The metabolite is mutagenic in the Ames 
test (Peterson et al. 2000), forms DNA adducts (Byrns et al. 2006), and in-
duces DNA single-strand breaks and DNA cross-links in CHO cells 
(Marinari et al. 1984).  

5-Hydroxymethylfurfural (HMF) 
5-Hydroxymethylfurfural (HMF) is a water soluble furan derivative formed 
during the heating of reducing sugars and amino acids or through spontane-
ous decomposition of sugars (Figure 4). So far there are no cancer studies 
performed on this compound. However, there are in vitro results indicating 
potential genotoxic properties of HMF or its metabolites (e.g. Lee et al. 
1995; Surh and Tannenbaum 1994). The presence of HMF in food has been 
known for a long time. For example, it has been used as a quality parameter 
for honey (White and Siciliano 1980).  High levels are found in bread and 
coffee with around 400 mg kg-1 (Murkovic and Pichler 2006). Other impor-
tant sources of HMF exposure are for example caramel products, dried fruits 
and juices made of dried fruits. The human exposure has been estimated to 
30-150 mg per person and day (Janzowski et al. 2000), a level far higher 
than that of other heat induced food toxicants.  

HMF is rapidly metabolised and excreted in rats and mice (Godfrey et al. 
1999). Most of the HMF ingested is excreted within 24 hours after admini-
stration. The genotoxicity of HMF has been tested in a limited number of 
test systems. For example it has been shown that it increases the level of 

O
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sister chromatide exchange (SCE) in V79 cells expressing human sulfotrans-
ferase, SULT1A1 but not in the parental V79 cells (Glatt et al. 2005). It also 
induces chromosomal aberrations in V79 cells (Nishi et al. 1989). One pro-
posed pathway for the metabolism of HMF is sulfonation into 5-
sulfooxymethylfurfural (SMF) by sulfotransferases (Surh and Tannenbaum 
1994). The metabolite SMF has been shown to be mutagenic in Salmonella 
(Surh and Tannenbaum 1994). It has been demonstrated that it increases the 
number of adenomas in the small intestine, and also the number of aberrant 
crypt foci in the colon of the min-mice (Svendssen et al. 2007). Preliminary 
results also show that SMF induces micronuclei in mice (Johanna Dahlberg 
and Lilianne Abramsson-Zetterberg personal communication). However, 
SMF has not been found in urine from mice (Godfrey et al. 1999; Murkovic 
and Pichler 2006). This could possibly indicate that SMF is rapidly further 
metabolised or bound to proteins or DNA. Some other metabolites of HMF 
have also been proposed, for example 5-hydroxymethyl-2-furoic acid and N-
(5-hydryoxymethyl-2-furoyl)glycine.  

 

 

 
 

Figure 4. Chemical structure of HMF. 

Metabolic enzymes 
The vast majority of xenobiotics entering an organism are metabolised by 
varying enzyme systems to facilitate excretion. Sometimes this metabolism 
will result in the bioactivation of compounds into reactive intermediates. 
This is probably the case for the heat-induced food toxicants discussed in 
this thesis. Thus, it is important to be aware of the different activities of 
these enzymes in human and animal tissues when assesing the risk posed to 
humans. The heat-induced food toxicants discussed in this thesis are mainly 
metabolised by two such enzyme systems, cytochrome P450 and sulfotrans-
ferases (CYP and SULT).  

Cytochrome P450 (CYP) 
The enzymes of the cytochrome P450 (CYP) family are heme-thiolate pro-
teins that catalyse a phase I biotransformation. They are membrane bound 
and display a broad substrate specificity. Utilising oxygen and NADH or 
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NADPH in a monooxygenation process, an oxygen atom is incorporated into 
the substrate. The increased polarity makes the substrate more water soluble, 
which facilitates excretion. The CYP enzymes are found in highest levels in 
the liver but are also present in a majority of other tissues. Although they 
normally catalyse detoxication processes they can in some cases bioactivate 
certain substrates into electrofilic substances. These can in turn react with 
e.g. DNA and thereby cause mutations. 
 
The CYP enzymes are divided into families and subfamilies based on their 
amino acid sequences. Families are denoted as CYPn where n is the family 
number. Members of the same family shows at least 40% similarity. Sub-
families show more than 55% similarity and are designated with a letter after 
the family name, e.g. CYP1A. Those which show more than 97% identity 
are denoted by a number after the subfamily name, CYP1A1 (Ingelman-
Sundberg et al. 2000). 
 
For several of the compounds discussed in this thesis CYP1A2 and CYP2E1 
are of special interest. CYP1A2 metabolises substrates such as polar hetero-
cyclic and aryl amines, this includes HCAs. CYP2E1 has a very broad sub-
strate specificity. Substrates are often small, hydrophobic molecules, e.g. 
ethanol, alkanes, alkenes, and aromatics. More than 70 different chemicals 
have so far been identified metabolised by CYP2E1 including acrylamide 
and furan. 

Sulfotransferase (SULT) 
Sulfotransferases (SULTs), a group of xenobiotic-metabolising enzymes, are 
found in a broad range of tissues. There are two groups of SULTs, cytosolic 
and membrane-bound (Glatt 2000). In this thesis the emphasis is put on cy-
tosolic SULTs. They metabolise xenobiotics and small endogenous com-
pounds. SULTs transfer a sulfo moiety from the cofactor 5’-
phosphoadenosine-3’-phosphosulphate (PAPS) to the substrate (Glatt 1997). 
This increases the water solubility and decreases the passive penetration over 
membranes, as the sulfate-group formed is ionised at physiological pH. In 
general the conjugation is considered as a detoxication pathway resulting in 
a more rapid elimination of the compound. However, the sulfonation can 
also result in bioactivation of some substrates into reactive sulfoconjugates 
(Glatt 1997; Glatt 2000). Many of these sulfoconjugates are short-lived elec-
trophiles that can react with e.g. DNA. In the context of genotoxicity, it is 
important to note that sulfotransferases have the ability to take part in a con-
jugation and deconjugation cycle. The sulfoconjugates can spontaneously be 
hydrolysed and thus be available for another sulfonation reaction (Glatt 
1997). This could prolong the exposure to the toxic intermediates.  
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The SULT enzymes are categorised into five families. Previously, members 
of the SULT superfamily were often namned after their substrate. This sys-
tem was somewhat confusing as the substrate specificity is overlapping be-
tween different SULTs. To adress this, a nomenclature system for SULTs 
has been proposed by Blanchard et al. (2004). Different SULT families are 
indicated by SULTn, where n denotes the family. Each subfamily is indi-
cated by a subsequent letter after the family number e.g. SULT1A. Individ-
ual genes are denoted by a number e.g. SULT1A1. The SULTs within a fam-
ily and subfamily shows at least 45% and 60% identity in the amino acid 
sequence, respectively (Blanchard et al. 2004).  

SULT1A1 is a phenol-sulfating phenol sulfotransferase (previously named 
PST). It has been proposed that it is involved in the metabolism of HMF into 
SMF (Lee et al. 1995). In human it is found in high levels in liver and is also 
present in many other tissues such as placenta, adrenal gland, endometrium, 
colon, brain and leukocytes. In mice, the mRNA expression for SULT1A1 is 
highest in large intestine, liver and lung (Alnouti and Klaassen 2006). The 
levels of SULT1A1 in mice vary with age and sex. For example, higher lev-
els of the mRNA was found in livers from females compared to males at 45 
days of age. Furthermore, the levels of SULT1A1 increases after birth to 
reach a maximum at 22 days of age whereafter it decresases again (Alnouti 
and Klaassen 2006). 

Protective compounds in the diet 
There is not only harmful substances in our diet but also an enourmous num-
ber of protective compounds. Among these is folic acid, a well known chro-
mosome stabilising agent. In this thesis the relationship between chromo-
some stability, measured as micronucleus frequency, and folate status in 
healthy people is discussed.  

Folic acid 
Folates are an important group of B vitamins functioning as coenzymes in 
the synthesis of nucleotides and in the amino acid metabolism. Folate is used 
as a generic term for compounds that have similar chemical and nutritional 
properties as the synthetic form pteroyl-L-glutamic acid (folic acid) accord-
ing to Blakely et al. (1987) (Figure 5). The folate group is divided into natu-
ral folates, which are present in our diet, and folic acid, which is syntheti-
cally produced. Folates are synthesised by higher plants and are present in 
many dietary sources. The highest amounts of folates are found in vegetables 
and pulses. Chicken and fish are moderate sources while meat and meat 
products only contain small amounts of folates. An important source of 
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folate in our diet is cereals and, since yeast also has high folate content, 
bread is a good source. Folates are relatively sensitive to oxidative degrada-
tion enhanced by oxygen, light and heat. This reaction split the molecule into 
biologically inactive forms. The greatest loss of folates occurs during proc-
essing and storage of food (Witthöft et al. 1999). Folate is required for the 
synthesis of the nucleotide deoxythymine (dTMP) from deoxyuracil (dUMP) 
(for review see Fenech 2001). When the level of folate is low, dUMP is ac-
cumulated and uracil is incorporated in DNA instead of thymine. These mis-
incorporations are thought to lead to point mutations and even chromosome 
breakage (Fenech 1999; Fenech and Rinaldi 1994). This is supported by 
studies showing that individuals with high frequency of micronucleated 
erythrocytes had exceptionally low values of folates and B12 (MacGregor et 
al. 1997). Folate deficiency can also results in megaloblastic anaemia where 
abnormally large red blood cells are formed.  

 
 

Figure 5. Chemical structure of the synthetically produced folic acid. 

Another important effect of folate deficiency is that babies born by folate 
deficient mothers run a higher risk of developing neural tube defects. Nor-
mally, the neural tube is developed about 30 days after fertilisation. This 
implies that it is important for the mother to have a normal folate status even 
before fertilisation. Studies have shown that the risk of neural tube defects 
decreases drastically if the woman early in her pregnancy eats a supplement 
of folic acid (Czeizel and Dudas 1992; Honein et al. 2001; Liu et al. 2004). 
Folates are also involved in many other health aspects. For example it is 
thought to decrease the risk of stroke and heart attacks.  

The recommended daily intake of folates for adults is 300 �g per day in 
Sweden (Becker et al. 2004). An even higher intake is recommended for 
pregnant women or women planning to get pregnant. Since only a part of the 
Swedish population reaches this value, supplementation with folic acid have 
been thoroughly debated. In 1997, the average intake of folates was about 
200 �g per day (Becker and Pearson 2002). The intake was lowest in young 
females while men generally had a higher intake (Witthöft et al. 1999). In 
the supplementation discussion one also has to keep in mind the possibility 
of adverse effects of folic acid. For example, it has been shown that folic 
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acid can enhance the progression of excisting premalignant and malignant 
lesions (Kim 2004). 

DNA damage as a biomarker for cancer 
Cancer is one of the most common causes of death among humans in the 
industrial world. About 50 000 cases are diagnosed each year in Sweden 
(Cancerfonden 2008). To mitigate the cancer risks of the environment it is 
important to survey and pinpoint possible carcinogens. Once candidate sub-
stances are found, their mode of action has to be determined. Cancer is a 
multistage process and early stages of non-heritable cancers are often linked 
to somatic cell damage, either cytogenetic or DNA damage. Such early dam-
age can be used as a biomarker for cancer.  

Primary DNA damage  
Primary DNA damage is usually considered to be damages that can be re-
paired by the repair systems of the cells. Thus, primary damage is not 
equivalent to mutations, although failure of the repair will lead to mutations. 
These damages can be divided into four major categories: base changes, 
DNA crosslinks, intercalations, and DNA strand breaks. Many repair sys-
tems can themselves cause single and double strand breaks as an intrinsic 
part of the repair process. There are several methods available to detect pri-
mary DNA damage, for example SCE, DNA adducts, and the comet assay.  

Comet assay 
Alkaline single cell gel electrophoresis (SCGE), commonly known as the 
comet assay, is a rapid, sensitive and simple method for analysing primary 
DNA damage. It was first described by Singh et al. (1988). The underlying 
principle is that DNA fragments of different lenghts move differently in an 
agarose gel electrophoresis. The small DNA fragments of damaged chromo-
somes migrate faster than undamaged chromosomes. The proportion of 
DNA in this fast-moving “comet tail” is an indication of DNA damage. An 
advantage of the method is that it only requires a small number of cells in 
each experiment. DNA damage, as both single and double-strand breaks, is 
assessed at the level of individual cells.  

Chromosomal aberrations 
Once the damage of a cells DNA is beyond repair it can be classified as a 
established DNA damage. One example of this is chromosomal aberrations, 
like micronuclei described in more detail below. Two important groups of 
genotoxic agents causing chromosomal aberrations are aneugens and clasto-
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Chromosome or fragment of a 
chromosome not attached to the 
spindle during mitosis  

Micronucleus

gens. Aneugenic agents do not affect DNA as such, but probably proteins in 
the mitotic spindle. These proteins are critical for proper segregation of 
chromosomes during mitosis (for review see Kirsch-Volders et al. 2002). 
Clastogenic agents, on the other hand, cause chromatide/chromosome break-
age (Kirsch-Volders et al. 2002). Since this type of damage may be due to 
single events, even a very low exposure can lead to genotoxic effects. In 
contrast to clastogenic agents, aneugenic agents have to reach a threshold 
exposure before the mitotic spindle fails (Kirsch-Volders et al. 2002). 
Aneugenic and clastogenic agents can be distinguished by detecting chineto-
chores or centromeres, for example with fluorescent in situ hybridisation 
(Kirsch-Volders et al. 2002; Norppa and Falck 2003). This kind of mecha-
nistic information is important in the risk assessment and risk management 
of carcinogens.  

Micronuclei 
Micronuclei are small, extranuclear bodies originating either from chromo-
some fragments or whole chromosomes not included in the main nuclei dur-
ing mitosis (Fenech et al. 1999; Heddle 1973; Schmid 1973) (Figure 6). 
Thus, micronuclei can be used as a sensitive cytogenetic endpoint of chro-
mosome aberrations, where damage caused by both aneugenic and clasto-
genic agents can be detected (Kirsch-Volders et al. 1997).  

 
 
 
 
 
 
 

 

Figure 6. Formation of a micronucleus. A micronucleus is formed when a chromo-
some or a chromosomal fragment is not attached correctly to the spindle during cell 
division. This might be caused by aneugenic or clastogenic agents, respectively. The 
presence of a micronucleus can be used as a biomarker of genotoxicity.  

In the in vitro micronucleus assay, the most commonly used cell type is hu-
man peripheral lymphocytes (Decordier and Kirsch-Volders 2006). The 
main advantage of this assay is the well-defined exposure of the target cells. 
On the other hand, in vitro experiments have limitations. The cells are not in 
their normal environment, for example they are lacking the normal metabolic 
system of the body. Despite adding liver homogenate as a surrogate meta-
bolic system, the same conditions as in vivo can not be achieved.  
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The in vivo micronucleus assay is an important method for assessing the 
genotoxicity of a compound (Heddle 1973; Schmid 1973). Its use in predict-
ing human cancer risk is important but limited, mainly due to differences 
between species. For instance, the metabolic systems in mouse, rat, and hu-
man differ, and the distribution of compounds and sensitivity of organs can 
also vary between species. However, despite these differences, a positive 
result in vivo is an important hint that the agent might also be positive in 
humans. An efficient and sensitive variant of the in vivo micronucleus assay  
is the flow cytometer-based micronucleus assay in mice. This method also 
allows the determination of the DNA content of micronuclei. A high relative 
DNA content in the micronucleus indicates that it is probably caused by an 
aneugenic agent (Grawé et al. 1994). 

Monitoring micronucleus occurrence in human peripheral blood has previ-
ously been difficult. As the spleen efficiently removes most of the damaged 
cells such monitoring was limited to splenectomised people. However, in 
2000, Abramsson-Zetterberg et al. presented a method where micronucleus 
frequency in humans can be monitored in reticulocytes which have just en-
tered the peripheral blood system. Using a flow cytometer, micronuclei can 
be detected by the presence of DNA in otherwise DNA lacking reticulocytes. 
Owing to the high sensitivity, this method can be used in intervention stud-
ies.  
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Methods 

In order to evaluate if different substances can cause harm to our DNA, we 
must be able to quantify these damages. There are several methods at hand 
to do this. In this thesis both microscopy-based methods and flow cytometry-
based methods have been used. Detailed descriptions of the methods are 
given in the separate papers.  

Microscopy-based methods 

Micronucleus assay in vitro 
The most common cell type for examining micronucleus induction in vitro is 
human lymphocytes, but exfoliated epithelial cells and other cell types can 
also be used (Fenech et al. 1999). Human lymphocytes have the advantage 
that they are easy to cultivate after mitogenic stimulation with phytohe-
maglutinine prior to exposure to the test substance. Micronuclei can only be 
expressed in dividing cells, therefore it is important to distinguish resting 
cells from dividing cells. This can be done by adding cytochalasin B to the 
cells. Cytochalasin B inhibits cytoplasmic division by blocking the forma-
tion of contractile microfilaments (Fenech 2000) and produces binucleated 
cells. Scoring micronuclei in such cells, that have completed one cell divi-
sion during the exposure, provides more reliable data (Fenech and Morley 
1985). In the present study, the cells were fixed with methanol/acetic acid 
and then stained with Giemsa. Binucleated lymphocytes were then scored for 
the presence of micronuclei under the microscope using the criteria of 
Fenech et al. (2003).  

The frequency of micronucleated binucleated cells (fMNBN) is calculated 
from the cell counts. At least 1 000 binucleated cells should be scored for 
each cultivation. To strengthen the sensitivity of the test, about 2 000 cells 
were scored in our experiments. As a measure of cytotoxicity the proportion 
of binucleated cells of total viable cells was calculated (Fenech 2000). It is 
important to reach at least 50% cytotoxicity at the highest concentration 
tested to ensure that the proper range of concentrations are used (Kirsch-
Volders et al. 2000).  
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Comet assay 
The main principle of the comet assay is that DNA damage is detected by 
examining the DNA movement in an agarose gel. Cell cultures are exposed 
to the test substance during three hours. Single cells are then embedded in 
agarose and lysed to remove cellular and nuclear proteins as well as mem-
branes. The supercoiled DNA is relaxed during treatment with alkali and is 
then subjected to electrophoresis where DNA migrates towards the anode. 
Since cleaved DNA fragments migrate faster than undamaged DNA a 
“comet tail” is formed. The amount of DNA in the tail is proportional to the 
level of DNA damage. To diminish interference of the staining the slides are 
treated with neutralisation buffer before staining with ethidium bromide. 
Comets are then examined with fluorescent microscopy. In this thesis about 
50 cells were scored on each slide, resulting in about 150 cells per treatment. 
The DNA migration can be evaluated in a variety of ways e.g. tail moment, 
tail length or percentage of DNA in the tail (TDNA). TDNA has been shown 
to be a good statistic as it facilitates comparisons between laboratories 
(Moller 2006). In this thesis a computer program was used to calculate 
TDNA which was used as measure of DNA-damage. 

Flow cytometer-based methods  
In the present studies, the samples from the micronucleus assay in mice and 
humans were analysed with a dual laser flow cytometer according to meth-
ods described elsewhere (Abramsson-Zetterberg et al. 1995; Abramsson-
Zetterberg et al. 2000; Grawé et al. 1992). The flow cytometer allows analy-
sis of individual cells based on information about size and structure but also 
on other cell properties visualised by different stainings. Flow cytometric 
analysis of cells is a rapid and sensitive method, as numerous cells are 
scored.  

Micronucleus assay in vivo 
The in vivo micronucleus assay is mainly performed in mice. Due to their 
lack of main nuclei, erythrocytes are one of the most suitable cell types for 
measurement of micronucleus induction. The main nucleus is extruded dur-
ing maturation of the erythroblast. Thus, a micronucleus is the only DNA-
containing structure in an erythrocyte, and after staining it can easily be 
scored under the microscope or with a flow cytometer. Another advantage of 
using erythrocytes is that they are easily obtained and formed continuously 
from erythroblasts in the bone marrow. The most common way of admini-
stration in the in vivo assay in mice is by intraperitoneal (i.p.) injection. For 
compounds accumulating in the liver subcutaneous (s.c.) injection can in-
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crease the dose reaching the bone marrow (Lukas et al. 1971). About 42 
hours after injection, blood samples are drawn and the animals are killed 
(Abramsson-Zetterberg et al. 1996). The cells are analysed for micronucleus 
content on the flow cytometer according to previously established methods 
(Abramsson-Zetterberg et al. 1995; Grawé et al. 1992; Grawé et al. 1993). 
Polychromatic erythrocytes (PCEs) i.e. young erythrocytes contain RNA. 
This is not the case for normochromatic erythrocytes (NCEs) i.e. old eryth-
rocytes. Thus, by addition of a fluorescent RNA dye, PCEs and NCEs can be 
distinguished with the flow cytometer. As erythrocytes are normally devoid 
of DNA, the addition of a DNA dye enables discrimination of micronucle-
ated cells. Limiting the analysis to only PCEs enabled us to calculate the 
frequency of micronucleated PCE formed during the experiment. About  
150 000 to 200 000 PCE were scored per animal. Furthermore, it is impor-
tant to know whether the cell proliferation is affected by the treatment. A 
decrease in cell proliferation can indicate cytotoxicity. This can be deter-
mined by the proportion of PCE among NCE and PCE based on information 
from about 20 000 cells per sample. To obtain information about the mecha-
nism behind the formation of micronuclei, i.e. aneugenic or clastogenic ef-
fect, a subpopulation of micronucleated PCE (MPCE) with high DNA con-
tent was defined (MPCEII). A high DNA content is an indication of 
aneugenic effects (Grawé et al. 1994). Figure 7 shows typical scatter plots 
from the flow cytometric analysis of a clastogen and an aneugen. 
 

Figure 7. Scatter plots from flow cytometric analysis of mice erythrocytes. Each dot 
represents one cell. The fluorescene from the RNA dye (Thiazole Orange) is found 
on the x-axis and from the DNA dye (Hoecsht 33342) on the y-axis. Regions for 
young erythrocytes (PCE), micronucleated PCE (MPCE), and MPCE with a high 
DNA content (MPCEII) were defined based on the control samples. Almost all old 
erythrocytes (NCE) were excluded from the analysis. A part of the NCE population 
is visible to the left of the population of MPCE. Plots A and B show data from mice 
exposed to a clastogen and an aneugen, respectively. Note the high density of dots in 
MPCEII in plot B.  



 25

The advantage of using a flow cytometer-based method is the sensitivity of 
the method. As a higher number of cells are analysed compared to manual 
scoring (about 200 000 compared to about 2 000), it is possible to decrease 
the number of animals per dose.  

Micronucleus assay in human reticulocytes  
Recent progress in the application of the micronucleus assay has led to the 
possiblity to score micronuclei also in humans. Abramsson-Zetterberg et al. 
(2000) presented a method where micronucelated young reticulocytes are 
separated based on the presence of transferrin receptors on the surface. To 
separate these cells, an antibody against the transferrin receptor linked to 
magnetic beads is used. After fixation with paraformaldehyde followed by 
staining, the frequency of micronucleated transferrin positive reticulocytes 
can be determined by flow cytometry. From here on, this method is rather 
similar to the flow cytometer based micronucleus assay in mice. Also in this 
method several hundred thousands of cells are scored for the presence of 
micronuclei. To measure cell proliferation (i.e. proportion of PCE to NCE 
and PCE) a sample of whole blood, fixed and stained as above, must be 
used. This method allows us to monitor how, for example, supplementation 
of the diet with folic acid affects micronucleus occurrence.  

SULT expression and activity 
The expression of SULTs were analysed with a an immunblot assay de-
scribed by Meinl et al. (2008). Cytosolic fractions from the cells were trans-
ferred to a chemoluminiscence membrane. SULTs were detected using an-
tisera raised against different SULT forms. Bands were visualised using an 
enhanced chemoluminiscence detection kit together with an imaging system.  

The activity of SULT1A1 was measured as the sulfonation turnover of HMF 
into SMF in the presence of PAPS. The amount of SMF formed was meas-
ured with mass spectrometry after 15, 30, and 60 minutes.  
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Results and Discussion 

In Paper I the genotoxicity of three common HCAs (IQ, MeIQx, and PhIP)  
was explored and compared with previously published results on acrylamide 
(Abramsson-Zetterberg 2003). All four compounds studied are well-known 
carcinogens but the mechanisms behind carcinogenicity are not fully under-
stood. The flow cytometer-based micronucleus assay in mice was used. This 
is a documented sensitive method for detection of chromosomal aberrations. 
Male Balb/C mice were injected i.p. with different doses of either IQ (0-40 
mg kg-1 b.w.), MeIQx (0-90 mg kg-1 b.w.) or PhIP (0-36 mg kg-1 b.w.). Up-
per doses were limited by solubility. Special attention was paid to a possible 
deviation from a linear dose-response curve in the low dose region. Such a 
deviation could indicate an aneugenic effect (Grawé et al. 1998; Kirsch-
Volders et al. 2002). PhIP showed a clear positive linear dose-response rela-
tionship, even in the low dose region (Figure 8). This is also the case for 
acrylamide (Abramsson-Zetterberg 2003). Hence, they are probably clasto-
genic, and not aneugenic. This was further verified by the results from the 
measurement of DNA content (MPCEII), where the proportion of MPCE 
with a high DNA content did not increase significantly. Interestingly, the 
slope for PhIP was much steeper than that of acrylamide. This indicates that 
the potency of PhIP is much higher. In our study IQ and MeIQx did not 
show any increased level of micronucleated erythrocytes.  

 
Figure 8. The frequency of micronucleated PCE (fMPCE) in peripheral blood in 
mice given intraperitoneal doses of (A) acrylamide (0-100 mg kg-1 b.w.) 
(Abramsson-Zetterberg 2003) and (B) PhIP (0-36 mg kg-1 b.w.). About 200 000 
cells were scored from each treated mice. Each dot shows averages of two or three 
animals.  
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In Paper II the genotoxicity of furan was assessed using two different micro-
nucleus assays: the in vivo assay in mice also used in Paper I, and the in vitro 
cytokinesis-block micronucleus assay in human lymphocytes. In the in vivo 
experiment, male Balb/C mice were injected either i.p. with 0-300 mg kg-1 
b.w. or s.c. with 0-275 mg kg-1 b.w. respectively. An additional experiment 
was performed with male CBA mice injected i.p. with a dose of 225 mg kg-1 
b.w. Even though different methods of administration and two mice strains 
were used, no significant increase in micronucleus frequency compared with 
the control could be determined. To further elucidate the clastogenic proper-
ties of furan the micronucleus assay in vitro was used. Being an in vitro 
method it ensures that the cells are exposed to a well defined concentration 
of the test substance. In the experiment, blood from two donors was cultured. 
For each concentration duplicate samples were set up. Despite reaching cyto-
toxicity, no significant increase in micronucleated binucleated lymphocytes 
was detected. The results presented here point towards that there is a non-
genotoxic mechanism behind the carcinogenicity of furan.  

In Paper III the genotoxic effects of HMF was investigated with two differ-
ent methods, the micronucleus assay in mice and the comet assay in five cell 
lines. In Balb/C mice, HMF did not induce any increase in micronucleus 
frequency after treatment i.p. with doses up to 400 mg kg-1 b.w. This indi-
cates that HMF does not posess clastogenic effects in mice. Preliminary re-
sults with the metabolite, SMF, indicates a clear increase in micronucleus 
frequency (personal communication Johanna Dahlberg and Lilianne 
Abramsson-Zetterberg). To further examine the possible genotoxic effects of 
HMF or its metabolites the comet assay was performed in five cell lines 
expressing different amounts of SULTs. The highest amount of SULT1A1 
were expressed in the modified V79 cell line, V79-hP-PST, followed by the 
human cell line HEK293. In the human cell line Caco-2, the mouse lym-
phoma cell line L5178Y, and in the parental V79 cell line the expression of 
SULT1A1 was below limit of detection. Still, Caco-2 showed a slight activ-
ity of SULT1A1 in the HMF turnover test (Figure 9). V79-hP-PST had the 
highest activity of the cell lines tested.  

The results from the comet assay showed that HMF induced DNA damage at 
exposure to the highest concentration (100 mM) in all cell lines (Figure 10). 
There were no correlation between amount of DNA damage and expression 
of SULT1A1. Furthermore, at this concentration there was a modest, but 
statistically significant, reduction in cell viability in these cell lines. This 
cytotoxicity may possibly be responsible for the DNA damage seen. As ex-
pected, the highest levels of DNA damage was seen in V79-hP-PST where 
an effect was seen already at 25 mM. Surprisingly, HMF induced similar 
levels of DNA damage to the parental V79 cell line. The only difference 
between these two cell lines is the amount of SULT1A1 expressed. How-
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ever, the positive control requiring SULT activation, HMP, behaved as ex-
pected. It caused DNA damage in V79-hP-PST while not in the parental V79 
cells. Therefore, these results indicate that there are other important mecha-
nisms behind the genotoxicity of HMF than SULT activity.  
 

 
Figure 9. Activity of SULT1A1 in five cell lines, measured as HMF turnover into 
the metabolite SMF.  

 

 
Figure 10. Results from the comet assay for the five cell lines. Values are normal-
ised based on the control for each cell type. Concentrations of HMF are, from left to 
right, 0, 2.5, 7.5, 25, 50, and 100 mM. The rightmost bars (black) are the positive 
control HMP, activated by SULT. * indicates significant results (p < 0.05). 
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In Paper IV the effect of folate status on the frequency of micronucleated 
reticulocytes in humans was evaluated. Three studies were performed. Two 
intervention studies (randomised double-blind placebo-controlled) where 
about 30 persons were supplemented during one week with folic acid or a 
combination of folic acid, vitamin B12, and B6 respectively. In the interven-
tion studies, blood samples were analysed before and after the period of sup-
plementation. No significant effect of folic acid supplementation was seen. 
The third study was a baseline study where patients with diabetes II with 
normal folate status were participating. No correlation between baseline 
folate status and micronucleus frequency was shown in any of the studies 
alone. However, when combining all three studies a negative correlation 
between serum folate status and micronucleated reticulocytes was found. A 
low folate status was accompanied with a high micronucleus frequency.   
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General Discussion 

Heat induced food toxicants  
In this thesis both the in vivo and in vitro genotoxicity of five heat-induced 
food toxicants was evaluated. The information gathered provides a possiblity 
to compare the effects of the different compounds. This knowledge is of 
interest when assessing the risk for humans.  

Metabolism and genotoxicity of acrylamide, HCAs, and furan 
The heterocyclic amines IQ, MeIQx, and PhIP are classified as possible or 
probable carcinogens by the IARC. Furthermore, they are very potent 
mutagens in the Ames test, among the most potent mutagens ever tested 
(Gold et al. 2006; Nagao et al. 1977). However, in the current study there 
was only a significant effect on micronucleus formation for PhIP (Table 1). 
Previous results from other in vivo genotoxicity tests have also shown that 
IQ and MeIQx are not that potent. This discrepancy can be due to differ-
ences in sensitivity of the methods but also to the endpoint studied (Jenssen 
and Ramel 1980). IQ and MeIQx are liver carcinogens and sufficiently high 
doses may not reach the target organ, the bone marrow. Another aspect is 
that the micronucleus test, according to Morita et al. (1997), is less sensitive 
for certain groups of chemicals, such as aromatic amines. The  
carcinogenicity of IQ and MeIQx may also be explained by some other 
mechanism than a clastogenic or aneugenic one. Since IQ and MeIQx cause 
a positive effect in the Ames test it is plausible that point mutations are the 
cause of the documented carcinogenicity. Furthermore, it has been shown 
that PhIP, IQ, and MeIQx are positive in the comet assay for example in 
liver, kidney, and brain cells (Sasaki et al. 1997). On the other hand, in bone 
marrow cells there was no effect. This supports that there is a non-
clastogenic effect in bone marrow. Primary DNA damage resulting in point 
mutations may not always be uncovered by the micronucleus test. Even in 
the case of PhIP, there seems to be further mechanisms behind carcinogenic-
ity in addition to the genotoxic effects. For example PhIP, has been shown to 
induce cell proliferation in MCF10A cells (Gooderham et al. 2007). 
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In Paper II the genotoxicity of furan was explored with the micronucleus 
assay in vivo. It has previously been shown that furan is a liver carcinogen 
(IARC 1995b) but the mechanism is so far unclear. Results from previous 
studies point in different directions and both genotoxic and non-genotoxic 
mechanisms have been suggested. For example, furan is not mutagenic in the 
Ames test (Mortelmans et al. 1986) and it does not induce DNA repair in the 
liver (Wilson et al. 1992) or SCE in mice (NTP 1993). On the other hand it 
is considered clastogenic and induces SCE in CHO cells (NTP 1993; Stich et 
al. 1981) and in modified V79 cells (Glatt et al. 2005). In the present study, 
furan did not exhibit any genotoxic effects, neither in vivo nor in vitro  
(Table 1). The negative results in the in vivo studies could be due to various 
causes. Furan is metabolised into cis-2-butene-1,4-dial by CYP2E1 
(Kedderis et al. 1993). Furthermore, it is well-known that CYP activity in the 
liver, where furan is known to be carcinogenic (NTP 1993), is extensive. 
However, information on the CYP activity in bone marrow cells is lacking. 
Thus, bone marrow cells might not be the optimal target. To verify this nega-
tive finding it would be desirable to conduct a micronucleus assay in liver 
cells. Such methods are available but they are currently far from accepted as 
reliable. Another aspect is that furan is accumulated in the liver, which may 
result in a lower dose at the target cells than anticipated (Burka et al. 1991). 
In our experiment, the target cells might not have been exposed to sufficient 
doses to cause a detectable induction of micronuclei, even with the sensitive 
flow cytometer-based method used here. However, increasing the dose is not 
possible as acute toxicity was reached at the highest doses tested.  

To ensure the exposure of the target cells an in vitro experiment was set up 
where cells were exposed to a controlled level of furan. Despite this, no 
genotoxic effect was seen either with or without metabolic activation. S9-
mix was used as metabolic system as it is the most common and readily 
available metabolic activation systems for in vitro studies. However, 
CYP2E1 activity in the S9-mix from Arochlor-induced rats is rather low and 
this might be one reason for the negative results (Escobar-Garcia et al. 2001 
and references therein). Furan is a very volatile compound and the actual 
concentration in the culture medium may be rather transient (Wilson et al. 
1992). Nevertheless, cytotoxic effects were seen at the highest concentra-
tions tested and even higher concentrations would not be meaningful. There 
are other plausible explanations for the carcinogenic effects of furan rather 
than a genotoxic mechanism. For example, increased cell proliferation has 
been shown after exposure to furan, which could be responsible for the car-
cinogenicity (Fransson-Steen et al. 1997; Wilson et al. 1992). Thus, it can 
not be excluded that furan is a non-genotoxic carcinogen that should be  
assessed using a threshold concept.  
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Table 1. Summary of the results from Paper I-III. 
 HMF Furan PhIP MeIQx IQ 
MN assay in mice Neg Neg Pos Pos Pos 
MN assay in human lymphocytes  Neg    
Comet assay      
 Caco-2 Pos      
 HEK293 Pos     
 L5178Y Pos     
 V79 Pos (+)     
 V79-hP-PST Pos (+)     

MN is micronucleus, Neg is negative result, Pos is positive result, + strong effect in 
comet assay. 

Most genotoxic compounds require metabolic activation to acquire their 
mutagenic or carcinogenic properties. As previously mentioned, acrylamide 
and furan are mainly metabolised by CYP2E1 into glycidamide and  
cis-2-butene-1,4-dial, respectively (Kedderis et al. 1993; Sumner et al. 
1999). These two metabolites are probably responsible for the genotoxic 
activity of acrylamide and furan. For furan, the metabolite has given a posi-
tive response in the Ames test (Peterson et al. 2000). HCAs are metabolised 
through N-oxidation and the metabolite formed can in turn be activated into 
highly reactive ester derivatives (Kim and Guengerich 2005; Turesky 2005). 
It has been shown that CYP1A2 plays an important role in DNA adduct for-
mation after exposure to PhIP and IQ in vivo. Snyderwine and co-workers 
(2002) showed that CYP1A2-/- mice exposed to these HCAs displayed dif-
ferences in DNA adduct levels in liver, kidney, and colon compared to the 
wildtype. To allow results from animal toxicity/carcinogenicity tests to be 
compared, both inter- and intraspecies differences have to be taken into ac-
count. For example, the expression levels of CYP enzymes vary considera-
bly, both between and within species. CYP1A2 is a good example of this 
variation. Levels in the human liver can vary 60-fold. This variation is pre-
sumably caused by genetic factors and/or induction of the expression by 
environmental and dietary cues. In experimental animals, on the other hand, 
the variation in the amount of expressed CYP1A2 is more limited (Turesky 
et al. 1998). Furthermore, the catalytic activities of rat and human CYP1A2 
differ. It has been shown that the N-oxidation of PhIP and MeIQx in humans 
is much more efficient than that in rats (Turesky et al. 1998).  

Metabolism and genotoxicity of HMF 
So far, no longterm studies of the carcinogenicity of HMF have been con-
ducted. This hampers any assessment of the risks to humans. The results 
presented in currently available mutagenicity and genotoxicity studies are 
difficult to interpret. Both positive and negative results have been reported. 
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A major theory of the metabolism of HMF is sulfonation by sulfotrans-
ferases into SMF (Glatt et al. 2005; Surh and Tannenbaum 1994). However, 
the results presented in this thesis indicate that there are other mechanisms 
than SULT activation behind the DNA damaging effect. In mice no clasto-
genic or aneugenic effects were seen after exposure to HMF (Table 1). This 
could possibly be due to low expression of SULT1A1 in our mice which 
were 7 weeks old. It has been shown that the levels of SULT1A1 decreases 
when the mice are 22 days old (Alnouti and Klaassen 2006). Furthermore, 
the level of SULT1A1 in bone marrow, our target organ, is not known. Pre-
liminary results have shown that SMF induces a significant increase in mi-
cronucleus frequency after i.p. treatment with 0-700 mg kg-1 b.w. (Johanna 
Dahlberg and Lilianne Abramsson-Zetterberg, personal communication). If 
HMF is metabolised into SMF in our mouse system, it is likely that not a 
high enough concentration of SMF is formed in, or reaches the bone mar-
row. 

The results from the comet assay did not show any connection between 
HMF genotoxicity and SULT1A1 activity. There is a clear difference in the 
SULT1A1 activity of L5178Y, Caco-2, and HEK293 (Figure 9). Still, one 
could not observe any difference in HMF sensitivity. These cell lines express 
SULT at a lower level than human gut and liver. V79-hP-PST, on the other 
hand, has similar SULT expression levels as these organs. In this cell line a 
strong DNA damaging effect of HMF was observed (Figure 10). However, 
this was also the case in parental V79 cells not expressing SULT1A1. These 
results indicate that SULT1A1 is not the major bioactivator of HMF in the 
experimental systems employed. It is important to note that the positive con-
trol, 1-hydroxymethylpyrene (HMP) which is metabolised by SULT1A1, 
induced DNA damage in V79-hP-PST but not in parental V79. This 
strengthens the conclusion that SULT1A1 is not involved in the genotoxic 
effects that were observed. The present results are in agreement with a study 
presented by Nishi et al. (1989). They found chromosomal aberrations in 
V79 after treatment with HMF at similar concentrations to those that were 
used in the present studies. On the other hand Janzowski et al. (2000) did not 
find any increase in DNA damage either in V79 or Caco-2 cells. Glatt et al. 
(2005) tested the ability of HMF to form SCE in V79 and a V79 cell line 
expressing both human CYP2E1 and SULT1A1. Their results, together with 
previous result on Salmonella (Sommer et al. 2003) indicated that SULT1A1 
was responsible for the genotoxic effect of HMF. The absence of a connec-
tion between SULT1A1 and DNA damaging effect in the present study indi-
cates that there are other mechanisms behind DNA damage. Perhaps other 
reactive metabolites are formed at these concentrations. It has also been 
shown that HMF itself decreases the glutathione levels in cells (Janzowski et 
al. 2000). Decreasing the levels of glutathione might increase the sensitivity 
to HMF or any of its metabolites. 
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Human exposure to heat induced food toxicants 
The human exposure to heat-induced food toxicants varies from some  
ng kg-1 b.w. for HCAs up to 2 000 �g kg-1 b.w. for HMF. This information is 
important to take into account when trying to compare the genotoxic risks. In 
Paper I an increased frequency of micronucleated cells for PhIP and acryla-
mide was seen. PhIP had about ten times steeper dose-response slope than 
acrylamide. This would indicate that PhIP is more potent than acrylamide. 
Despite the fact that PhIP had a steeper dose-response slope (Figure 7),  the 
risk for acrylamide was estimated to be much higher (Paper I). This is 
mainly due to the higher intake of acrylamide, about 0.5 �g kg-1 b.w. and day 
compared to ng kg-1 b.w. for PhIP (Table 2). However, it is difficult to get a 
reliable estimate of the intake of heat-induced food toxicants in general. The 
formation of these compounds is dependent on cooking time, temperature, 
levels of the required precursors et cetera (e.g. Skog et al. 1998). For exam-
ple, the amount of acrylamide in potato crisps can vary greatly between dif-
ferent batches and brands (Svensson et al. 2003). The amount of HCA in 
cooked meats can also vary more than 100-fold. In addition to this, heat-
induced food toxicants often display an uneven distribution within food 
items. Higher levels are found in the surface layer of the foods, e.g. bread 
crusts. A further aspect that complicates intake estimation is the volatility of 
compounds. Furan, for example, is very volatile, and thus the levels in food 
and also the human exposure are uncertain (Hasnip et al. 2006). Due to its 
volatility, it is likely that a considerable amount of the furan present initially 
is lost. Even though the exposure to acrylamide and furan is high compared 
to HCAs, the exposure to HMF is far higher. Current estimates points to-
wards daily intakes in the order of 30-150 mg per person. This is a thousand 
fold higher than that of acrylamide.  

Quantitative assessment 
There are a number of different approaches when performing a risk assess-
ment of genotoxic agents in food. One common way is to determine the 
margin of exposure (MOE). This is a way to link data from animal carcino-
genicity studies to the actual human exposure. Here, MOE is calculated as 
the ratio between a dose leading to tumours in 50% of the experimental ani-
mals (TD50) and human mean daily intake. The lower the value of MOE the 
higher the potential risk.  

The MOE of both acrylamide and furan is much lower than that of the HCAs 
tested (Table 2). This indicates that these two compounds pose a higher risk 
than the three HCAs tested in this thesis. Currently, there is no TD50 value 
available for HMF. However, as the exposure to HMF is extremely high, this 
will strongly influence the MOE. If the TD50 of HMF would be similar to 
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that of acrylamide, the MOE of HMF will be almost three orders of magni-
tude lower than that of acrylamide. These results give important information 
on where the emphasis should be put in the evaluation of heat-induced food 
toxicants.  

Table 2. Margins of exposure for six heat-induced food toxicants. 

TD50 is the dose leading to tumours in 50% of experimental animals, in this case 
rats; MOE is margin of exposure, here calculated as the ratio between TD50 and 
human mean daily intake; n.d. is not determined. Data obtained from a) CPDB-  
Cancerogenic Potency Database, Gold et al. (2006), b) Svensson et al. (2003),  
c) Zimmerli et al. (2001), d) Morehouse et al. (2008), and e) Janzowski et al. (2000). 

Extrapolation to man 
Humans are exposed to heat-induced food toxicants throughout life. These 
toxicants probably play an important role in human carcinogenesis. Estimat-
ing the human cancer risk of these compounds has proven to be a  
challenging task. For instance, the reported cancer risk for all HCAs ranges 
between 1 cancer case per 1 000 to 1 case per 20 000 individuals (for review 
see Turesky 2005). As mentioned previously, many factors affect this esti-
mation, such as levels in retail food, home preparation of food and daily 
intake of the food commodities. Another important aspect is the validity of 
the extrapolation from animal studies and other test systems when calculat-
ing the human risk. In addition to above-mentioned interspecies differences, 
for example in metabolism, animal carcinogen studies often use doses far 
higher than the levels that humans are exposed to in their diet. For example, 
the doses used in carcinogen bioassays of HCA are 104-106-fold higher than 
the estimated daily intake of humans (Turesky 2005). The fact that experi-
mental animals are given a standardised diet, in contrast to the diverse hu-
man diet, can also affect the extrapolation from animal data to human cancer 
risk. Thus, it is important to investigate dose-dependent toxicokinetics in the 
risk assessment. 

 TD50  
(mg kg-1 b.w. and day)a 

Daily intake 
(�g kg-1 b.w.) 

MOE 

Acrylamide 3.75 0.5 b 7 500 
    
PhIP 1.78 0.0024 c 742 000 
IQ 0.81 0.0006 c 1 350 000 
MeIQx 1.66 0.0013 c 1 277 000 
    
Furan 0.396 0.2 d 1 980 
    
HMF n.d. 430-2100e n.d. 
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An important limitation when using biomarkers such as micronuclei is the 
relevance of the target cell. Can information from lymphocytes or erythro-
cytes predict cancer in other tissues? For example, Morita et al. (1997) re-
ported the sensitivity of the micronucleus assay in mice to be about 70% 
when compared with IARC data on potential human carcinogens (Group 1). 
Moreover, the sensitivity of the test differs between different classes of 
chemical compounds. A similar study has been conducted for testing the 
sensitivity of comet assay in predicting carcinogenicity (Anderson et al. 
1998). They concluded that 88% of the tested carcinogenic compounds were 
also positive in the comet assay. As can be seen from these figures both the 
micronucleus assay in mice and the comet assay are very sensitive methods 
for detection of potential human carcinogens. 

It is difficult to discern the effect of heat-induced food toxicants in human 
epidemiological studies. According to Hagmar and Törnqvist (2003), for 
acrylamide, it would require about 470 000 cases and half that many controls 
to be able to show a relative risk of 1.05 in a statistically significant way. It 
has also been shown that there can be a great uncertainty in the exposure 
assessment based on food frequency questionaries. This has been shown for 
acrylamide (Wirfält et al. 2008). In addition to cancer studies in experimen-
tal animals it is important to have several sensitive biomarkers, such as  
micronuclei, for the prediction of cancer risks.  

Folic acid  
Folic acid has long been known as a chromosome stabilising agent. It is also 
well known that it decreases the risk for neural tube defects. In Sweden, it 
has been estimated that there would be 10-15 fewer cases of neural tube 
defects in newborn if women had reached the recommended daily intake of 
folic acid. The supplementation of folic acid is undoubtly positive for preg-
nant women and their offspring. However, less is known about the effects of 
an increased folic acid intake in other healthy people with normal folate 
status. In Paper IV the correlation between serum folate levels and micronu-
cleus frequency in humans was studied. When combining the three studies a 
correlation between baseline folate status and frequency of micronucleated 
reticulocytes in humans was seen. This is the first time such a relationship 
has been shown in healthy people with normal folate status. On the other 
hand there was no significant effect in neither of the two intervention stud-
ies. Blount et al. (1997) have shown that splenectomised folate-deficient 
persons had an increased micronucleus frequency. After a period of folic 
acid supplementation the frequency was lowered. This was not the case for 
persons considered folate-sufficient from the beginning. Similar results have 
also been presented by Fenech et al. (1999). They have reported that the 
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supplementation was more effective when adding both folic acid and vitamin 
B12. The absence of an effect in our supplementation trials is likely due to a 
low statistical power.  

The results from the present thesis indicate that a sufficient folate intake 
decreases genetic damage and possibly also decreases the risk for cancer. 
However, in the debate on folic acid supplementation it is important to take 
into account the reported increased risk for colon cancer associated with 
folic acid (Kim 2003). Thus, the debate on folic acid supplementation is not 
yet settled.  
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Concluding Remarks 

In this thesis, effects of compounds in our diet on chromosomal stability was 
studied. The emphasis was mainly put on the negative effects of heat-
induced food toxicants but also stabilising effect of folic acid was evaluated. 
The main findings were that:  

 
� PhIP is more potent than acrylamide in the micronucleus assay in 

vivo, but the human risk is probably higher for acrylamide due to the 
higher exposure. MeIQx and IQ did not posess any effect in the in 
vivo micronucleus assay. There may be other mechanisms involved 
in the carcinogenicity.  

 
� Furan did not show any clastogenic effect in the micronucleus assay, 

neither in vivo nor in vitro. These results indicate that there probably 
are other mechanisms than genotoxic ones behind the  
carcinogenicity of furan. 

 
� HMF is negative in the micronucleus assay in vivo. On the other 

hand, it induced DNA damage in vitro assessed by the comet assay 
in cell lines with different SULT activity. The induced DNA damage 
was unrelated to SULT activity in the cells. These results indicates 
that the bioactivation of HMF is not as important as  previously pro-
posed. This knowledge will be important in the risk assessment of 
HMF.  

 
� It is important to have a normal folate status to increase the chromo-

somal stability. On the other hand one must be aware of the in-
creased cancer risk that accompanies a too high intake.  

 
The biological mechanisms behind the mutagenic and carcinogenic activity 
of the investigated compounds are very complex. As expected, the results 
obtained can only shed light on some of the biological steps of importance.  
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Svensk sammanfattning 

Vid upphettning av mat bildas det en mängd olika giftiga ämnen. Några så-
dana ämnen är de heterocykliska aminerna, akrylamid, furan och  
5-hydroxymetylfurfural (HMF), som alla behandlas i denna avhandling. De 
flesta av dessa ämnen har visat sig vara carcinogena i djurförsök och bedöms 
som troliga eller möjliga carcinogener även för människor. Mekanismerna 
bakom deras eventuella cancerframkallande egenskaper är däremot inte helt 
utredda. Vår exponering för ämnena är väldigt varierande, allt från nano-
gram-nivåer för de heterocykliska aminerna upp till gram för HMF. I den här 
avhandlingen har den genotoxiska aktiviteten av tre vanliga heterocykliska 
aminer, PhIP, IQ och MeIQx, samt furan och HMF studerats med hjälp av 
både in vitro och in vivo metoder. Effekten av folsyra, ett ämne med positiv 
inverkan på kromosomstabilitet, har också undersökts.  

De heterocykliska aminerna är en grupp ämnen som upptäcktes i slutet av 
1970-talet. De bildas vid en reaktion mellan fria aminosyror och sockerarter 
eller kreatin. Man har tills nu karaktäriserat 20 olika heterocykliska aminer. 
Tre av de vanligaste är PhIP, IQ och MeIQx, som studerats i den här avhand-
lingen. Gentoxiciteten hos de tre ämnena undersöktes in vivo med det flödes-
cytometerbaserade mikrokärntestet i mus. Varken IQ eller MeIQx gav någon 
ökning i mikrokärnfrekvensen vid doser upp till 40 respektive 90 mg kg-1 
kroppsvikt. Denna observation tyder på att det även kan vara andra meka-
nismer än genotoxiska som ligger bakom deras carcinogenicitet. När det 
gäller PhIP så gav det en tydlig ökning av frekvensen mikrokärnor vid doser 
upp till 36 mg kg-1 kroppsvikt. Jämför man detta resultat med tidigare publi-
cerade resultat på akrylamid visar det sig att PhIP har en mycket kraftigare 
effekt. Tar man däremot hänsyn till exponeringen, så är troligen risken 
mycket högre för akrylamid. 

Furan är ett flyktigt ämne, som kan bildas i maten genom oxidation av fler-
omättade fettsyror vid upphettning. Det kan också bildas genom nedbrytning 
av askorbinsyraderivat. Höga halter har detekterats, speciellt i konserverad 
mat och kaffe. Furan klassificeras som en trolig carcinogen av IARC, men 
mekanismen bakom carcinogeniciteten är fortfarande oklar. Det har föresla-
gits både genotoxiska och icke-genotoxiska mekanismer. I den här avhand-
lingen studerades den genotoxiska potentialen hos furan med mikrokärn- 
testet både in vivo i mus och in vitro i humana lymfocyter. Efter exponering 
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för furan med doser upp till 300 mg kg-1 kroppsvikt (injicerat intra- 
peritonealt) kunde inte någon signifikant ökning av mikrokärnfrekvensen 
påvisas. Eftersom furan troligen ackumuleras i levern kan detta resultat bero 
på att inte tillräckligt höga doser nådde målorganet, det vill säga benmärgen. 
För att öka dosen till benmärgen så injicerades mössen även subkutant med 
doser upp till 275 mg kg-1 kroppsvikt. Trots detta kunde inte någon effekt 
påvisas. För att ytterligare undersöka de genotoxiska effekterna av furan, 
med en säkerställd exponering av målcellerna, gjordes ett mikrokärntest  
in vitro på humana lymfocyter. Inte heller i detta försök kunde någon effekt 
påvisas. Dessa resultat tyder på att det troligen är en icke-genotoxisk meka-
nism som ligger bakom carcinogeniciteten av furan.  

HMF är ett ämne som bildas vid upphettning av reducerande sockerarter och 
aminosyror eller genom spontan hydrolys av socker. Det finns i mycket höga 
halter (milligramnivåer) i många olika typer av livsmedel, till exempel kaffe, 
torkad frukt och bröd. Än så länge är inga cancerstudier på HMF gjorda, 
men man kan misstänka att även det är ett carcinogent ämne. Det har före-
slagits att HMF metaboliseras till sulfooxymetylfurfural (SMF) av sulfo-
transferas (SULT), framför allt av SULT1A1. Det har föreslagits att SMF 
skulle kunna vara den aktiva metaboliten av HMF. I den här avhandlingen 
studerades om HMF har kromosomskadande effekter med hjälp av mikro-
kärntestet in vivo i mus. Mössen exponerades för HMF under 48 timmar med 
doser mellan 0 och 400 mg kg-1 kroppsvikt. Ingen ökning av mikrokärn- 
frekvensen kunde urskiljas. Resultatet skulle kunna förklaras av att metabo-
liseringen av HMF inte är särskilt effektiv i mus. Människor har däremot 
mycket högre halter av SULT1A1, vilket skulle kunna innebära att HMF 
utgör en större risk.  

För att studera den DNA-skadande effekten av HMF ytterligare, gjordes  
in vitro försök med fem olika cellinjer som uttrycker olika mängd av 
SULT1A1. Metoden som användes i det här försöket var komet-metoden. I 
de två humana cellinjerna, Caco-2 och HEK293, samt muslymfomcellinjen, 
L5178Y, noterades en DNA-skadande effekt vid den högsta koncentratio-
nen, 100 mM. Resultatet visade ingen överensstämmelse mellan uttryck av 
SULT1A1 och DNA-skador. Eventuellt kan den effekt som noterades vara 
kopplad till en ökad cytotoxicitet i stället för att vara en rent DNA-skadande 
effekt. Å andra sidan är SULT aktiviteten i dessa cellinjer mycket lägre än i 
humana tarm- eller leverceller. För att utreda hur den DNA-skadande effek-
ten av HMF ser ut vid normala humana SULT-nivåer gjordes samma typ av 
komet-försök även på två V79 cellinjer. En vanlig V79 med negligerbara 
nivåer av SULT1A1 och en modifierad variant som uttrycker humant 
SULT1A1. Överraskande nog så gav HMF en tydlig effekt i båda dessa cell-
linjer redan vid 25 mM. Inte heller här kan någon koppling mellan DNA-
skador och SULT1A1 aktivitet göras. Troligen är det alltså andra mekanis-
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mer än SULT-medierade effekter som orsakar de DNA-skador som  
observerades i vårt testsystem.  

Utöver alla skadliga ämnen i maten finns det självklart även ämnen med 
positiv inverkan. Ett exempel är vitaminet folsyra, som är känt för att öka 
kromosomstabiliteten. Folsyra är även viktig i den tidiga embryonalutveck-
lingen. Vid brist på folsyra ökar risken för ryggmärgsbråck hos fostret. Det 
rekommenderade dagliga intaget av folsyra är 300 �g. För gravida kvinnor 
rekommenderas ännu högre halter. Eftersom många svenskar inte når upp till 
dessa nivåer har man under de senaste åren diskuterat om en folsyraberik-
ning av till exempel mjöl kan vara ett sätt att öka intaget. Tidigare studier har 
visat att personer med folsyrabrist har en förhöjd mikrokärnfrekvens.  

I den här avhandlingen undersöktes om ett ökat folsyraintag kan ha en  
positiv inverkan på kromosomstabilitet även hos friska personer med normal 
folsyrastatus. Två interventionsstudier, där runt 30 friska personer med nor-
mal folsyrastatus deltog, utfördes. Försökspersonerna fick äta tillskott av 
folsyra eller placebo under en veckas tid. Blodprov togs före och efter studi-
en, varefter mikrokärnfrekvensen i unga röda blodkroppar mättes med hjälp 
av flödescytometri. Ingen minskning av mikrokärnfrekvensen kunde noteras 
i någon av studierna. I en tredje studie mättes bakgrundsnivån av mikrokär-
nor i förhållande till folsyrastatus i patienter med typ-2 diabetes. Inget sam-
band mellan folsyrastatus och mikrokärnfrekvens kunde noteras. När bak-
grundsnivåer från alla tre studierna lades samman såg vi däremot en negativ 
korrelation mellan mikrokärnfrekvens och folsyrastatus. Ju lägre folsyra- 
status desto högre mikrokärnfrekvens. Detta är första gången som ett sådant 
samband visats i friska personer med vad som räknas som normal  
folsyrastatus.  

Resultaten från den här avhandlingen kommer förhoppningsvis att bidra till 
bedömningen av risker och nytta av de ämnen som studerats.  
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