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Abstract

Various recent studies have suggested that regular intake of some non-steroidal
anti-inflammatory drugs (NSAIDs) have a preventative effect against several types
of tumours including breast cancer. The term nanotechnology refers to technology
in which one-billionth of a meter is used as a scale for chemical particle size. This
work aims to study the effect of both ibuprofen and aspirin on DNA damage using
peripheral blood lymphocytes from breast cancer patients and comparing the
results with those from healthy females as a control using the Comet and
micronucleus assays. Western blot analysis (WBA) was used to investigate the
effect of these drugs on XRCC3 and p53 proteins, whereas QPCR was to evaluate
this effect on p53, cox1 and cox2 genes. Two hundred fifty ng/ml of ibuprofen (NP
and bulk) and 500 ng/ml of aspirin (NP and bulk) were used to treat the
lymphocytes. Both aspirin and ibuprofen caused a reduction in DNA damage and
micronucleus formation. Aspirin, both forms, showed a reduction in DNA damage
in the Comet and micronucleus assays. Ibuprofen both forms, by contrast, showed
a statistically significant reduction in micronucleus frequency in the micronucleus
assay, while its preventative effect with the Comet assay was weak or insignificant.
NPs of both agents were more effective than bulk sizes. Using the Comet repair
assay, aspirin and ibuprofen nano form catalysed DNA repair to a greater extent
than their bulk forms. Also, both sizes showed better repair with NSAIDs compared
to samples repaired without NSAIDs. In WBA aspirin increased the expression of
XRCC3 protein in healthy cells. However, both NSAIDs decreased that expression
in cells from BC patients. Furthermore, aspirin increased p53 expression in BC

patients lymphocytes. With the QPCR method, results of both aspirin forms



increased the expression of the p53 gene in BC patient cells statistically
significantly. Both drugs reduced cox1 expression in healthy volunteers and cancer
patients lymphocytes. Moreover, cox2 reduction was only in lymphocytes from BC
patients. The results of this work are consistent with the view that NSAIDs,
particularly aspirin and ibuprofen, could have a promising role in cancer treatment

including breast cancer.

Keywords: Breast cancer, lymphocyte, aspirin, ibuprofen, nanoform, Comet assay,

DNA damage, in vitro.
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Chapter 1- Introduction



1. Introduction

1.1 Genotoxicity

Genotoxicity can be defined as any alteration or damage by a toxicant in the
genome, which under some conditions correlates to mutagenicity. Hence,
genotoxicity can be divided into different gene alterations (insertion, deletion and
point mutation), clastogenic impacts (breakage in DNA strands leading to
alterations in chromosomes structures), and aneugenic defects (numeral
chromosomal aberrations leading to the development of aneuploidy or polyploidy)
(Eastmond et al., 2009). Genetic mutation and DNA damage can be introduced by
different factors having genotoxic potential such as chemical substances and
physical agents (UV and X radiation). This genetic alteration could be detrimental
where it increases the chance of cancer, congenital defects, and inflammation.
Consequently, genotoxicology research becomes an essential part of biomedical
science that enable scientists to study and discover the impact of other chemicals,

and physical agents.

1.2 Cancer

The term cancer refers to diseases in which cells divide and proliferate abnormally
without any control and have the ability to invade other parts of the body. Some
types of cancer have the capacity to spread to other tissues of the body through
the blood and lymph systems or through direct invasion (Hanahan and Weinberg,
2000, 2011). There are more than 100 different types of cancer. Most of them are
classified depending on pathological criteria, where cancers are named according
to the organ or type of cell in which they originate - for instance, cancer that

develops in the breast is called breast cancer; cancer that develops in melanocyte
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cells of the skin is called melanoma (Hoadley et al., 2014). However, extensive-
scale genomics is providing at the present detailed molecular descriptions of
thousands of cancers, producing a systematic molecular-based classification of
tumours. Indeed, The Cancer Genome Atlas (TCGA) Project Network completed
genome-wide studies of ten different malignancies: the glioblastoma multiform

(GBM) (Hoadley et al., 2014; McLendon et al., 2008).

1.3 Breast cancer

Breast cancer (BC) has been found as the most common type of cancer affecting
females worldwide. It accounts for almost 1 in 4 female malignancy cases globally.
In 2008, 1.38 million patients were diagnosed with breast cancer and this number
has been estimated to reach 1.7 million by 2020 (Bhikoo et al., 2011). Despite the
fact that BC is more common in the developed countries compared to developing
countries, the overall survival from BC is increasing but survival remains poorer in
developing nations. This was found to be due to reasons such as adaptation to
western life styles by developing nations, less BC screening and also poorer health
care services (Bhikoo et al., 2011; Osaro, 2016). Various aspects of BC
epidemiology have demonstrated that sex steroid hormones play a crucial role in
carcinogenesis (Henderson and Feigelson, 2000; Hormones and Group, 2013). It
has been shown that the frequent exposure to some risk factors such as
oestrogens lead to an increase in breast cell proliferation. However protective
effects have been noticed when there was a reduction in exposure to female sex
hormones to the same cell types (Cuzick, 2003; Musgrove, 2013). The cumulative
exposure of women to steroid hormones induces breast cell proliferation and this in

turn increases the proportion of genetic mutation which is essential to cancer
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growth and development (Jung et al., 2015). Some studies proved that many
factors including sex hormones are participating in the emergence of cancer in the
breast, for instance external environmental contaminants, oncogenic viruses, and

inflammatory factors (Chace, 2015; Glaser et al., 2004).

1.3.1 Classification of breast cancer

BC is categorised into two main types which are: 1) carcinoma in situ breast cancer
and 2) invasive carcinoma breast cancer. The In situ carcinoma is subdivided into
ductal or lobular carcinoma in situ according to the tumour origin. In both subtypes,
there is no invasion and the tumour cells remain localised and hence there is only
a small chance for metastasis. However, invasive breast carcinoma is associated
with metastasis and it occurs when in situ ductal or lobular tumour cells migrate
over their natural boundaries, namely through their basement membrane with the
consequence of spreading to the neighbouring tissues (Richie and Swanson, 2003;

Ward et al., 2015).

1.3.2 Invasion and metastasis
Breast cancer has the ability to invade the adjacent tissue and this is the main fatal

aspect of this tumour type (Figure 1). The new tumour may relocate to and grow in
other, secondary sites of the body distal to the primary breast tumour (Talmadge
and Fidler, 2010). The capacity of BC cells to migrate and invade surrounding
tissues, and the process of reduced adherence to the main tumour are
demonstrated and well known at the cellular level (Talmadge and Fidler, 2010).
However, at the molecular level these processes are yet poorly understood. The
invasion process begins when the cancerous cells head to the lymphatic system

and blood vessels, then into the blood stream, and eventually to a new healthy
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tissue where they settle down and grow to create secondary tumour sites in a
process called metastasis. The secondary tumours have properties that are often
similar to the original tumour. The majority of uncured tumours have a high
potential to invade and metastasise. Nevertheless, some other cancer types have
very low tendency to metastasis, for instance basal and glioma carcinoma cells.
Metastases from BC have been seen decades after the primary tumour treatment.
The majority of cancer deaths are caused by cancer metastasis and not the
primary tumour. Cancer metastasis is the main cause of morbidity and mortality
and accountable for about 90% of cancer deaths (Guan, 2015; Karrison et al.,
1999). Tumour cells can be present in three different states at secondary malignant
sites: solitary cells in passivity, active pre-angiogenic, and micro metastasis. This
means that there is no increase in tumour size because apoptosis is balanced with
cell proliferation, so could be small and clinically unidentifiable, or could be large

and detectable by existing technology (Demicheli, 2001; van Zijl et al., 2011).
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1.3.3 Hereditary breast cancer

The association between breast cancer and family history was first described in
1866 by French pathologist Paul Broca. This was when Broca’s wife was suffering
from early onset BC when she was in the early stage of her life and Broca followed
a history of her family and faound that the BC could be traced back through four
generations (Broca, 1866; van der Groep et al., 2011). Broca’s observation was
considered as the first description that a predisposition to getting BC could be
inherited and thereby passed down through generations. Since then the
contribution of the family history and BC was established and considered as one
risk factor for the pathology of the BC disease (Claus et al., 1998; van der Groep et

al., 2011).

1.3.4 The molecular genetics of breast cancer

Breast cancer arises as a result of complicated genetic alteration and epigenetic
formation, and these events take place during the tumourigenesis of breast cells.
The consequence of genetic alteration or mutation can be the changing of
nucleotide base pairs in specific places of genes, or complete gene alteration or
gene loss, which in turn leads to aberrant RNA, protein, and loss of gene function
(Sadikovic et al., 2008). Epigenetic changes can also be involved in the aetiology
of BC where it prevents the transcription of some genes without any changes in
base pair sequence (Buchholz and Wazer, 2002). The somatic mutation theory
which was presented by Boveri in 1914 became the principal genetic guide in the
twentieth century (Boveri, 1914; Suter and Marcum, 2007). This theory suggests
that cancer is the consequence of hereditary and/or sporadic genetic mutations in

germinal and somatic cells, respectively. Many cellular pathways are affected by
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such mutations for instance, mitogen-activated protein kinases (MAPK), RB/E2F
that arrest cells in G1, intracellular apoptosis pathway (P3K/AKT/mTOR), and
TP53 pathways, which function as tumour suppressors. These pathways are
essential in controlling cell growth and proliferation and hence disturbance in their
roles due to mutation can cause cancer particularly breast cancer (Suter and
Marcum, 2007; Zhang et al., 2015). BC is considered as a complicated molecular
disease, where the mutations take place in genes, which are responsible for
growth and proliferation. Sporadic formation of BC is the most prevalent and the
oncogenes, which are initially mutated, in turn lead to dysregulation of cell
proliferation and performance, which eventually lead to malignancy. Genes that
have inheritable mutation tendencies are more responsible for familial BC, which is

responsible for only 5%-10% of all breast cancer cases (Suter and Marcum, 2007).

1.4 Oestrogen and its receptor

The oestrogen hormone is an effective mitogen which induces cell proliferation in
normal breast epithelial cells and ductal morphogenesis but also plays an essential
role in carcinogenesis of BC through the over-expression of the oestrogen receptor
(ER). However, scientists still debate the role of oestrogen in BC (Russo and
Russo, 2006; Simoes et al., 2015). Epidemiological research show evidence that
BC risk is positively correlated with post-menopausal levels of oestrogen. The
impact of oestrogen mostly presented through connecting to two nuclear ligand to
activate transcription factors, the ERs ERa and ERP, which finally bind to
oestrogen-responsive elements in the DNA sequence to regulate the transcription
of specific genes (Simoes et al., 2015). In BC tissue the ERa isoform considered

as an essential agent in mitogenic processes. This isoform is highly expressed in
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the early stage of BC (Hewitt et al., 2005). Higher levels of ER are expressed in
nearly 66% of BC tissues compared to normal breast tissues. A stable receptor
dimer is formed by binding oestrogen to ERa and this phosphorylated dimer
activates conformational change (Butt et al., 2005; Suter and Marcum, 2007). In
BC the mitogenic processes can also be activated by binding growth factors with
ER, for instance TGFa, EGF, and IGF-I (Butt et al., 2005; Simoes et al., 2015). The
way that ER[ participates in the development of BC is still unclear, as well as, the
ratio of ERB to ERa that is essential in BC. Many studies found that the level of
ERa-positive cells in the Oestrogen-dependent breast cancers is higher than it is
proportion in normal breast tissue, however, the expression of ERB is reduced,
demonstrating an antagonistic relationship between ERa and ERB (Renoir et al.,
2013). This finding supports the theory that ERa play an important role in
malignancies, and upregulation of ERB may inhibit the promotion of breast tumour
(Chen et al., 2014). Eventually, both ER-negative and ER-positive tumours can be
found in breast tissue. A unique molecular subgroup can be formed by ER-positive
tumours, whereas, the highly aggressive form of BC is often associated with ER-

negativity and a poor prognosis (Suter and Marcum, 2007).

1.5 BRCAl and BRCA2

Around 10,000 to 20,000 women yearly are diagnosed with breast cancer that
shows a family history of the disease. This suggests the probability of a germline
mutation having occurred. In the 1900s, genetic studies using lymphocytes from
these families led to the discovery of two genes BRCA1 and BRCAZ2. These genes
show germline mutations in 65% of family malignant breast cases. BRCAl1 and

BRCAZ2 are identified tumour suppressor genes. BRCA1 and BRCA2 are the most
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important and predisposition genes, inhibiting risks of breast and ovarian cancer for
a lifetime (Pelttari et al., 2015). The proteins that are encoded by these genes have
a role in the elimination of DNA damage and genomic integrity. These two genes
are located on different chromosomes and have dissimilar genetic sequences;
however, they share many similar functional qualities. BRCA1 and BRCA2 encode
proteins which form a protein complex with Rad51 which is very important in the
recognition and repair of DNA double strand breakage. But mutated BRCA1 and
BRCA2 can function adversely and inhibit the repair of double strand DNA
breakage (Cunningham et al., 2014; Zhong et al., 1999). Eventually, the BRCA1
and BRCA2 encoded proteins are expressed through cell division in G1/S and
G2/M phases. Additionally, the expression of wild-type BRCA1 is high in
proliferating cells. BRCA1 has an essential role in a checkpoint response
(Buchholz and Wazer, 2002). The cellular disorders in DNA double-strand repair
increases the proportion of breast cancer formation in female with mutated BRCA
genes in germline cells. The unrepaired damaged DNA in turn lead to additional
mutations (Buchholz and Wazer, 2002; Zhong et al., 1999). Additionally, both
proteins BRCA1 and BRCA2 are functioning in homologous recombination (HR),
an essential DNA repair procedure that uses the undamaged sister chromatid to
perform high-fidelity repair of mainly replication-associated with DNA double-strand
breaks (DSB). HR appears to be the significant pathway responsible for protecting
the integrity of the genome throughout proliferation, whereas, other DSB repair
mechanisms are error-prone and may generate chromosome disorders such as
deletions and translocations (Schlacher et al., 2011). Interestingly, in the hereditary

breast and ovarian cancer syndrome (HBOC) the BRCAL associated with BC is



predominantly oestrogen-receptor (ER) negative, however BRCA2 correlated with
BC have similar distribution of cancer subtypes as found sporadically (Roy et al.,

2012).

1.6 TP53 tumour suppressor

P53 is considered as a tumour suppressor and confirmed to be ‘the guardian of the
genome’ due to its contribution in a variety of cellular pathways (Figure 2) such as
DNA repair, apoptosis, cell cycle arrest, and senescence (Kim et al., 2015).The
significance of p53 in cancer suppression is clear, where it is inactive in more than

50% of all sporadic human tumours (Bieging et al., 2014).

[ Hyperproliferative signals DNA damage
Ribonucleotide

Z N/
depletion

\\ // | Replicative stress |
[Hypoxia| @ ;

deprlvatlon attrmon

Glucose

I Oxidative stress I

Sg Autophagy IMetabolic reprogrammingl
Cell cycle Gl G2 : -
inhibition : '
S (;N

P BSOY/
Tumour
DNA repalr ] : microenvironment

signalling [ Invasion and metastasis I

777777777777 R \ 7777777777 v /

I Tumour suppression |

Nature Reviews | Cancer

Figure 2 shows p53 role in different cellular pathways (Bieging et al., 2014).

10



The p53 role in the aging status is clearly understood in vivo. In a transgenic
mouse model, a truncated form of p53 that enhances wild-type p53 activity
augmented resistance to spontaneous cancer development. Recent researchers
reported that the expression of p53 decreased in neural progenitor cells and
mesenchymal stem cells depend on an age-dependent manner (Wilson et al.,
2010) and that p53 efficiency decreases due to age at the organismal level (Feng
et al., 2007). In general, these outcomes suggest that the decrease or loss of p53
expression throughout aging may involve in the development of cancer (Kim et al.,
2015). P53 tumour suppressor gene has also been found as one of the most
mutated genes in breast cancer and is found in approximately of 20-40% of the
cases. This consequently results in the loss of its growth suppressive character
and eventually leads to uncontrolled cell proliferation (Christgen et al., 2012; Ergul
and Sazci, 2001). In addition, individuals with mutations in the genes BRCA1 and
BRCA2 have a high possibility for development of p53 mutations (Roy et al., 2012).
Furthermore, change in the genes involved in the p53 pathway are also linked to
the development of breast cancer, for instance: G1 cell cycle checkpoint kinase is
one of the p53 gene pathway and its mutation results in breast cancer due to
destabilisation of p53, which ultimately results in proliferation of cells with damaged

DNA (Bieging et al., 2014; Suter and Marcum, 2007).

1.7 Ataxiatelangiectasia gene (ATM)

This gene phosphorylates various key proteins which activate the DNA damage
checkpoint, initiates cell cycle arrest, DNA repair or apoptosis. The mutation of this
gene results in a deficiency in the DNA repair system as well as a cell-cycle

checkpoint with a net effect of evolving into breast cancer. The mutation of this
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gene has been observed to increase the chance for getting breast cancer by 100-
200 fold compared to people with the normal ATM gene. Waha (1998) investigated
the level of ATM transcripts in some breast cancer patients, benign breast cancer
and normal individuals. They found that the ATM transcript level was the lowest in
the breast cancer patients and the highest levels were found in the normal
individuals. However, benign breast cancer cases showed moderate levels
between breast cancer and normal individuals (Ergul and Sazci, 2001). Recently
some studies suggested the ATM gene as risk marker in breast cancer, where
ATMmvp2a hypermethylation can be detectable in blood previous to disease
onset, and this hypermethylation is associated with increased breast cancer risk
(OR=1.89). However, the mechanism of increased risk is not clearly understood,
nor possible causes of increased hypermethylation at this region (Brennan et al.,

2013).

1.8 Phosphatase and tensin homolog gene (PTEN)

Phosphatase and tensin homolog gene (PTEN) is classified as a phosphatase;
however, it differs from phosphatase as it targets fatty acids instead of proteins. Its
target is called phosphatidylinositol-3,4,5-triphosphate (PIP3) and PTEN has
crucial roles in mediating cell proliferation as well as cell death and such properties
make it dual functional in respect of cell growth (Leslie and Foti, 2011; White et al.,
2006). However, when this gene is mutated as in the case of breast cancer, it
causes a disruption in the balance between cell survival and death towards cell
proliferation with the overall result of production of uncontrolled cell growth.

However, the contribution of this gene to breast cancer pathology remains small
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and has been found to be responsible for about only 6% of breast cancer cases

(Ergul and Sazci, 2001; Suter and Marcum, 2007).

1.9 XRCC3
XRCC3 is considered as one of the five RAD51 paralogs (i.e. XRCC2, XRCC3,

RAD51L1/RAD51B, RAD51L2/RAD51C and RAD51L3/RAD51D) that have an
essential role in the repair of double strand DNA breakage by homologous
recombination (HR) (Thacker, 2005) in cells, by interacting with its binding
supplementing Rad51C (Girard et al., 2013; Masson et al.,, 2001). XRCC3
deficiency or mutation exhibit to a number of impaired DNA damage repair which,
induced by RAD51 foci formation, increased chromosome aberrations and
elevated sensitivity to camptothecin (CPT), various DNA cross-linking agents, and
impaired HR (Girard et al., 2013). Human XRCC3 (hXRCC3) has 8 cysteine
residues, and was identified from a cosmid library across its ability to complement
the mutagen-sensitivity of Chinese hamster irs1SF cells (Girard et al., 2013).
Various association studies of XRCC3 have demonstrated debated consequences,
however a meta-analysis by He et al. illustrated a correlation between common
XRCC3 polymorphisms and BC risk (He et al., 2012). A prospective lethal
missense mutation in the XRCC3 gene has been recognised in one breast and one

ovarian cancer (Golmard et al., 2013).

1.10 DNA Repair

DNA is complex chemical structure that serves as the source and repository of
genetic information in both prokaryotic and eukaryotic cells (Davis, 2012).
Modifications to this complex structure caused by exposure to different elements
from the environment and within a biological system could result in mutations that
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related to the pathogenesis of several diseases (Boiteux and Jinks-Robertson,
2013; Clancy, 2008) Hence, DNA stability and integrity are prerequisites to normal
physiological function and life (Davis, 2012). The pathogenesis of cancer has been
associated with many toxic environmental factors. For instance, skin cancer is
majorly associated with environmental induced DNA damage, which is mainly due
to by excessive exposure to UV radiation. Similarly, tobacco smoking leads to
damaged DNA in epithelial cells, a critical process of lung cancer pathogenesis
(Lord and Ashworth, 2012). In addition to exogenous substances that can cause
DNA damage, by-products of cell metabolism lipid peroxidation have the potential
to interact with and damage DNA (Kryston et al., 2011). Indeed, the free radicals
by-products of cellular metabolism has been shown to cause oxidative stress
through increase in reactive oxygen species such as, superoxide anions, hydrogen
peroxide, and hydroxyl radicals. Interestingly, several research studies have shown
that each cell can experience more than one million DNA lesions per day (Lodish
et al., 2000). Therefore, the importance of well-regulated DNA repair mechanisms
is crucial in resolving this magnitude of damage in order to maintain normal cell
function (Clancy, 2008). Processes of DNA repair exist in both prokaryotic and
eukaryotic cells, and many proteins involved have been discovered throughout the
study of DNA repair mechanisms. Depending on the type of damage which can
occur to DNA, cells are using various mechanisms to detect and repair DNA
damage, regardless the damage accrued by the environment or inaccurate
replication (Abbotts et al., 2014; Clancy, 2008). Because DNA is responsible for
protection and transference of genetic traits it also plays a crucial role in cell

division. Additionally, DNA repair is strongly correlated to the regulation of the cell
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cycle. Throughout the cell cycle, checkpoint processes ensure that a cell's DNA is
intact before allowing DNA replication and cell division to occur. However, suggest
failure of these checkpoints mechanisms can lead to an accumulation of DNA
damage, which in turn leads to mutations and fatal diseases (Clancy, 2008;

Goodarzi and Jeggo, 2012)

Depending on different types of DNA damage that might occur, cells have
developed several repair pathways for their different types of damages. These
repair mechanisms (Figure 3) are commonly divided into five major types: base
excision repair (BER), mismatch repair (MMR), nucleotide excision repair (NER),
and double-strand break repair, which includes both homologous recombination

(HR) and non-homologous end joining (NHEJ)(Houtgraaf et al., 2006; Klapacz et

al., 2015).
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1.10.1 Base Excision Repair

Oxidative stress is considered as the main cause of endogenous DNA damage.
The hydrolysis and deamination are eliminated by the base excision repair (BER)
mechanism. BER involves the sequential action of five DNA-modifying stages:
releasing nitrogenous bases from deoxyribose by DNA N-glycosylase enzyme, an
endonuclease enzyme that cleaves the DNA backbone at the resulting
apyrimidinic/apurinic (AP) site, a 39- or 59-phosphodiesterase enzyme that
sweeps the remaining deoxyribose phosphate residue, a DNA polymerase
enzyme that fills the cavity thus created, and a DNA ligase enzyme to seal the

remaining incision (Boiteux and Jinks-Robertson, 2013; Hoeijmakers, 2001).

1.10.2 Nucleotide Excision Repair (NER)

Nucleotide excision repair (NER) is described as the essential repair mechanism
from prokaryotes to higher eukaryotes (Morita et al., 2010). The most important
advantage of the NER system is its extensive substrate specificity: NER can mend
DNA lesions such as UV-induced pyrimidine dimers or further bulky adducts
(Truglio et al., 2006). NER is a highly versatile and multipurpose used repair
pathway that can identify and repair a variety of bulky, helix-distorting damage in
DNA. Such damage results in pyrimidine dimers, for instance cyclobutane
pyrimidine dimers (CPD) and 6—4 photoproducts, which are induced by the UV light
after exposure to sun. An alternative notable substrate of NER is cisplatin-DNA
intrastrand crosslinks. NER is mediated by the sequential functioning of repair
proteins at the location of the DNA lesion. Despite similarities to BER, the NER
pathway is more complicated, where it requires thirty different proteins to achieve a

multi-stride ‘cut-and-patch’-like mechanism. These steps include DNA lesion
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recognition, local unwinding of the DNA helix near the lesion site, removal of a
short single-strand section of DNA containing the lesion, and sequential repair
synthesis and strand ligation (Shuck et al., 2008). The biological significance of
NER is supported by the fact that defects in the NER pathway can cause several
human genetic diseases, such as xeroderma pigmentosum, Cockayne syndrome,
and trichothiodystrophy, which all show sun sensitivity. Furthermore, these
diseases show overlapping symptoms and clinical signs including cancer,
developmental delay, neurodegeneration, immunological disorders, and premature
aging (Cleaver et al., 2009). The NER pathway divided to two linked sub-pathways,
which are termed global genome NER (GG-NER) and transcription-coupled NER
(TC-NER). As the names indicate, GG-NER repairs DNA lesions throughout the
genome and cell cycle, whereas, TC-NER is especially responsible for eliminating
DNA lesions located on the coding strand site expressed active genes. Both sub-
pathways are acting mechanistically in the same way, apart from the initial DNA

damage recognition step (Sugasawa, 2010).

1.10.3 Mismatch Repair (MMR)
The MMR pathway plays a crucial role in post-replication repair of misincorporated

bases that have avoided the checkpoint processes of replication polymerases. In
addition, MMR proteins also involved in accurate insertion/deletion loops (IDLs)
that consequence from polymerase slippage through replication of repetitive DNA
sequences. The importance of this pathway is established by the fact that
deficiency in the MMR pathway leads to a mutator phenotype in cells, which is
distinguished by constant microsatellite instability and an increased mutation

frequency. Moreover, germline mutations in MMR genes are correlated to a variety

17



of cancers, such as hereditary non-polyposis colon cancer, also known as Lynch
syndrome (Fukui, 2010; Larrea et al., 2010). The MMR pathway can be divided into
three sub-type pathways: a recognition stage where mis-paired bases are
identified, an excision stage where the strand mis-paired region is removed
including oligonucleotides resulting in a gap, and a repair synthesis stage, where

the cavity is filled by the DNA resynthesis (Larrea et al., 2010).

1.10.4 Double-Strand Break Repair
Double-strand breaks (DSBs) is one of the most biologically dangerous types of

DNA damage (Dexheimer, 2013). For instance, a single unrepaired double strand
break is sufficient to lead to cell death. Furthermore, defective repair can cause
deletions or chromosomal aberrations, which are linked with the progress of cancer
or other abnormal genomic syndromes. Therefore, the repair of DSBs is essential
for both cell survival and maintenance of genome integrity (Dexheimer, 2013;
Khanna and Jackson, 2001; van Gent et al., 2001). Mammalian cells are use two
different mechanisms for DSBs repair which are homologous recombination (HR)
and non-homologous end-joining (NHEJ). These two repair pathways have
different requirements for a homologous template DNA and in the precision of DSB
repair. HR-directed repair is largely an error-free mechanism as it uses the genetic
information available in the undamaged sister chromatid as a copy template
(Dexheimer, 2013; Li and Heyer, 2008). However, NHEJ is typically error-prone
and repairing the DSBs by direct ligation of the broken ends (Lieber, 2010). NHEJ
considered as the predominant and fast repairing pathway in mammalian cells,
which is using in all phases of the cell cycle, whereas, homologous recombination

(HR) is limited to the late-S and G2 phases (Dexheimer, 2013).
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The biological importance of DNA repair pathways is emphasized by the fact that
the deregulation of these mechanisms can contribute to the inception and
progression of tumours. By contrast, DNA repair can cause resistance to front line
cancer treatments such as chemotherapy and radiation, which act to cause DNA
damage to kill tumour cells. Thus, the sensitivity of tumour cells to DNA damaging
agents is almost likely correlated to intrinsic disorders in DNA repair pathways. The
capacity of tumour cells to distinguish DNA damage and introduce DNA repair is a

key mechanism for therapeutic resistance (Abbotts et al., 2014; Dexheimer, 2013).

1.11 Nanotechnology

The term nanotechnology refers to technology in which one-billionth of a meter is
used as the scale. It involves design, manufacturing, identification and use of
substances by making their sizes at the nanometer scale. Once the size of the
material is reduced to nano-size it shows new characteristics such as enhancing
the physicochemical and ultimately biological properties compared to bulky
materials (Ochekpe et al., 2009). For decades, nature has been a good source,
which inspired mankind to make tremendous progress in innovations, design,
discovery, and inventions. Scientists have long been promoting the idea of utlising
the level of atomic or molecular structures and systems that have new properties,
characteristics, and functions that led to a revolution named "nanotechnology"
(Sharma et al., 2009). The oldest scientific illustration of nanomaterials and optical
properties was given by Michael Faraday in 1857, and the title of that paper was
“Experimental relations of gold (and other metals) to light” (Wilcoxon, 2009). The

first idea of nanotechnology was described by American physicist Richard
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Feynman in December 1959 at the American Physical Society. Feynman explained
a procedure by which smaller groups of molecules and atoms can be formed
through the manipulation of larger ones (Pierotti et al., 2008). Furthermore, in 1974
Professor Norio Taniguchi demonstrated the term nanotechnology as the
procedure of separation, integration, and deformation of materials by one molecule
or atom (Khawaja, 2011). The real start of the nanotechnology and nanoscience
was in the early 1980s, and as a consequence of this technology the scanning
tunneling microscope (STM) was invented. The fullerenes and carbon nanotubes
were discovered in 1985 as a result of this development. The United States
National Nanotechnology Society was established in the year 2000 to organize
nanotechnology research and its progress (Guzman et al., 2006; Tinkle, 2010).
Nanoparticles (NP) are considered to be the stage between the bulk and atomic
structure of materials. Substances have stable and known chemical and physical
properties in their normal size; however, these properties can be changed to
completely different ones at the nano stage (Ehrman, 1999; Hutter and Maysinger,
2011; Perrier et al., 2010). Agglomeration or aggregation is another physio-
chemical advantage of NPs; because NPs are held together by soft and strong
forces, as well as Vander Waals is electrostatic forces and sintered bonds. In
addition, the solubility of nano-materials can be affected by the binding force
aggregation under several different conditions (Allouni et al., 2009; Poizot et al.,
2000; Wokovich et al., 2009). The 21st century can be called the "nano century"”.
As a result of the revolution in nanotechnology, most aspects of human life have
been touched by nanotechnology development. This intervention was obviously

seen in many sectors, including industries, consumer products, drug delivery,
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optical devices, cosmetics, and sport accessories (Balshaw et al., 2005; Kango et
al., 2013; Lee et al., 2008; Sharma et al., 2009). The essential reason behind the
popularity of nanotechnology in the technological world at present can be attributed
to the considerable increase in proportion between surface area and volume at the
nanoscale, which brings quantum mechanics into display providing evolution of
novel and improved mechanical, optical and electronic properties to hanomaterials
(Oberdorster et al., 2005). However, these novel properties featured in the
materials at the nano-range enable them to interact with biological systems, and
this can lead to unpredictable outcomes. This has been proved recently by a
several studies concerning the undesirable consequences of nanoparticle
exposure (Brumfiel, 2003; Goldston, 2007; Magdolenova et al., 2014; Nel et al.,
2006). Different methods have been used to synthesise a variety of NPs with
disparate chemical composition, differing in shape, surface coating, size, etc.
These NPs have been confirmed to be cytotoxic and genotoxic to mammalian cells
(Dhawan et al., 2006; Isakovic et al., 2006; Lewinski et al., 2008; Magdolenova et
al., 2014; Papageorgiou et al., 2007; Singh et al., 2007; Wang et al., 2007). In the
last 4 years the Health and Environmental Safety Department of Nanotechnology
has shown an increasing attentiveness, after the first report which was published in
2004 by the Royal Society and Royal Academy of Engineering highlighting the lack
of required information that illustrates the impact of engineered nanomaterials on
human health and the environment (Singh et al., 2009; Society and Engineering,
2006). The mechanism behind NPs, toxicity is yet to be demonstrated (Singh et al.,
2014). Many studies have illustrated that NPs have the potential to induce DNA

damage, apoptosis, cell membrane disruption through oxidative stress and lipid
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peroxidation (Hsin et al., 2008; Li et al., 2008; Magdolenova et al., 2014; Sharma et
al., 2009). Nanotechnology is also used as a means for drug delivery to its target
tissue or organ. In doing so nanotechnology is used to overcome some problems
associated with some drugs such as improving bioavailability, drug solubility and
minimising or reducing side effects. Moreover, the presence of drug in nano-size
gives better delivery properties including better membrane entrance or permeability
and hence better intracellular drug concentration (Ochekpe et al., 2009). Recently,
drug delivery based on nanotechnology has been developed as a dynamic strategy
by overcoming various biological, biophysical and biomedical obstacles that
emerge in the body against successful delivery of chemotherapy drugs to cancer
tissues. The constant, organized and aimed delivery of anticancer drugs in
combination with a nanotechnology approach enhances the influence of cancer
therapeutic and elimination of side effects associated with cancer drugs (Parhi et

al., 2012).

1.12 Ibuprofen

In Europe, non-steroidal anti-inflammatory drugs (NSAIDs) including ibuprofen are
consumed in amounts of over 100 tablets yearly (Heckmann et al., 2007). The
discovery of ibuprofen (Figure 4) goes back to more than four decades when Dr
Stewart Adams and his colleagues observed the anti-inflammatory effect of this
agent on guinea pigs after its synthesis by Dr John Nicholson, as an attempt to find
safer anti-inflammatory agents than “ulcerogenic” aspirin. It has been found that
ibuprofen is less irritating to the gut compared to aspirin with remarkable anti-
inflammatory effects. In 1970, the action of prostaglandin in mediating some

inflammation and pain was established and ibuprofen was found as a good
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inhibitor for the production of this compound (Rainsford, 2011). Consequently, it
has been classified as one of the non-steroidal anti-inflammatory drugs (NSAIDs).
Ibuprofen has many therapeutic applications such as being anti-inflammatory,
antipyretic and analgesic. In addition, ibuprofen has also been used as one of the
medications for treatment of various joint and bone inflammations; for instance,

osteoarthritis, rheumatoid arthritis and mild to moderate pain. (Potta et al., 2011).

CHzs
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CHs
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H3C

Figure 4 lbuprofen structural formula; taken from http://pubchem.ncbi.nlm.nih.gov

1.12.1 Mechanism of action of ibuprofen
Ibuprofen works by inhibiting both cyclooxygenases | and Il (COX-1 and COX-2)

non-selectively (Figure 5). These enzymes are responsible for the biosynthesis of
inflammatory mediators, namely prostaglandins. Ultimately, inhibition of such
enzymes causes lowering of the levels of prostaglandins which in turn leads to
inhibition of the various effects related to prostaglandins such as reducing pain,
inhibition of the inflammatory process and also reduction of body temperature

(Bushra and Aslam, 2010).
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Figure 5 Biosythesis of prostaglandin and leukotrienes. NSAIDs block cyclooxygenase (Pardutz
and Schoenen, 2010).

1.12.2 Genotoxicity of Ibuprofen

Despite the fact that ibuprofen is available as a non-prescription medication it can
cause some toxic effects particularly it can act as a genotoxin. The genotoxicity
induced by ibuprofen has been debated in recent years, for instance, the
genotoxicity of ibuprofen on Salmonella strains did not produce conclusive results
(Tripathi et al., 2012). Philipose et al. (1997) on the other hand, demonstrated the
genotoxic effect of ibuprofen in mice where it caused a weak genotoxic impact on
sister chromatid exchange. Moreover, also adverse results were found when it was
reported that ibuprofen has no genotoxic effect after a short term two weeks period
treatment (Ghosh et al., 2010). Conversely, Tripathi et al. (2012) conducted a
similar study to investigate the genotoxic effect of ibuprofen on bone marrow cells
of mice. Ibuprofen was administrated orally at different doses which were 10, 20,

40, and 60 mg/kg body weight. Chromosomal aberrations, were used as a
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parameter to assess the genotoxicity. It was observed that Ibuprofen led to an
increase in the number of chromosomal aberrations that was more pronounced at

40 and 60 mg/kg doses.

1.12.3 Ibuprofen and breast cancer

There are limited studies on the relationship between ibuprofen and breast cancer.
Harris et al. (1999) performed a study to compare the influence of some NSAIDs
including ibuprofen on breast cancer patients. It was found that regular ibuprofen
consumption caused a reduction of breast cancer rate by about 50%. As a result of
this it was suggested that NSAIDs including ibuprofen might be useful as a means
for prevention of the occurrence of breast cancer(Bushra and Aslam, 2010; Harris
et al.,, 1999). Sun et al. (2012) evaluated the anti-breast-cancer efficacy of
phosphor- ibuprofen (P-1) 400 mg/kg/day on (MCF-7) and (MDA-MB231) breast
cancer cell lines comparing with control, where, the phosphor-ibuprofen inhibited
growth of MCF-7 and MDA-MB231 cell lines 51% and 26.6% respectively. They
suggested that P-l1 induced oxidative stress, which disrupted the thioredoxin
system by inhibiting the expression of oxidized Trx-1 and suppressing thioredoxin

reductase activity.

1.13 Aspirin

The history of aspirin (Figure 6) started a long time ago; its discovery came after
the optimisation of salicin which was obtained from the bark of willow trees (Thorat
and Cuzick, 2015). In 1853, Charles Gerhardt made a modified form of salicin,
namely acetylsalicylic acid, for first time. However, its therapeutic application was
discovered later in 1876 when some physicians like Thomas Maclagan started

using it for both alleviating pain as well as in the treatment of rheumatism. In 1897,
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a German scientist Felix Hoffman managed to create acetylsalicylic acid in the lab
and after which acetylsalicylic acid was named as aspirin (Miner and Hoffhines,

2007; Thorat and Cuzick, 2013; Vane and Botting, 2003; Wood, 2015).

COOH COOH

OH OCOCH,

Salicylic Acid Acetylsalicylic Acid (aspirin)

Figure 6 Salicylic Acid and Aspirin structural formula taken from http://www.theodora.com

1.13.1 Mechanism of Action of Aspirin

Although aspirin is an old drug, its mechanism of action became known only in
1971 when John Vane found that aspirin blocks the COX enzyme (Figure 7,8) by
adding functional group to it. As mentioned earlier, COX enzyme is a very crucial
enzyme playing a role in the biosynthesis of various inflammatory mediators, most
importantly prostaglandins. As a consequence of this effect on cyclooxygenase
enzyme, prostaglandins and some other inflammatory mediators cannot any longer
be produced from their bioprecursor arachidonic acid, as long as aspirin is present.
Therefore, the inhibition of cyclooxygenase enzyme by aspirin results in numerous

effects such as inhibition of inflammation and its associated oedema (Wood, 2015).
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Figure 7 The role of aspirin inhibiting inflammatory mediators (Wood, 2015)

In addition, aspirin also causes inhibition of other inflammatory mediators other
than prostaglandins such as the leukotrine derivative 12-HETE. This compound is
important in mediating the recruitment of immune cells such as eosinophils and
neutrophils in the inflammation areas with the consequence of releasing some
inflammatory mediators from these cells and causing tissue destruction and hence
inflammation. Thromboxine is another important bio-mediator and is similar to
prostaglandin in that it is produced from the same bio-precursor under effect of
cyclo-oxygenase enzyme. However, thromboxane possesses a blood clotting
effect and thus the inhibition of its biosynthesis by aspirin results in an
anticoagulant effect (Fuster and Sweeny, 2011; Koester, 1993; Peixoto and Silva,

2014; Vane, 1971).
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Figure 8 Aspirin mechanism of action (Gasparyan et al., 2008).

1.13.2 Genotoxicity of aspirin
Although aspirin itself does not exhibit a gentoxic effect, its protective potential was

observed when it was combined in a treatment with the genotoxic anticancer agent
mitomycin C (MMC). This was concluded when aspirin was used in a mouse study
at doses of 0.5, 5 and 50 mg/kg combined with 2 mg/kg dose of MMC, it has been
observed that aspirin led to a reduction in the genotoxocity produced by MMC in
various organs such as liver and spleen and the reduction was in dose-dependent

fashion (Baron and Sandler, 2000; Niikawa et al., 2008)

1.13.3 Aspirin and breast cancer

The use of aspirin in prevention of breast cancer is still a new subject and there are
only a few studies in this regard. The effect of aspirin to protect against breast
cancer was observed in some patients who are on regular intake of aspirin such as
patients with cardiac disease who take aspirin (100mg) on a daily basis (Lotrionte
et al., 2016). The reduction of breast cancer incidence by aspirin was linked to its
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inhibition of the cyclo-oxygenases COX-1 and COX-2 (Fig 5 and 8) with the former
being inhibited more strongly than the latter. This results in inhibition of
prostaglandin H2 production from its bioprecursor arachidonic acid which in turn
leads to inhibition of further prostaglandin production from its biosource
prostaglandin H2 (Cazzaniga and Bonanni, 2012; Lazzeroni et al., 2013).
Ultimately, the inhibition of prostaglandin production leads to the inhibition of their
physiological roles such as inhibition of cell growth and angiogenesis which
contributes to its antitumour effect. In addition, aspirin also causes stimulation of
AMPK signalling pathway which also cause inhibition of cancer cell growth.
Prostaglandin E2 has been found to elevate the level of expression of the
aromatase gene which in turn is responsible for the biosynthesis of oestrogen. It
has been observed that there is a direct correlation between the level of expression
of COX-1, COX-2 and aromatase stimulation and hence oestrogen production and
this eventually means aspirin indirectly inhibits oestrogen production and its
associated breast cancer growth. Despite such effects of aspirin, it is too early for
using it as a single agent in chemoprevention of breast cancer due to limited
available results on its effect for protection against breast cancer and it
consequently should be used in combination with other breast cancer therapies

(Cazzaniga and Bonanni, 2012; Lazzeroni et al., 2013).

1.14 Bleomycin

Bleomycin (BLM) is a drug extracted from Steptomyces verticillus, and classified as
an anti-cancer therapy drug which belongs to a group of natural glycopeptides. The
drug was described for the first time in Japan by Umezawa in 1976. BLM has a

unique structure and pathway of action among chemotherapy drugs (Sikic et al.,
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1985). Bleomycin is used to cure several types of cancers such as head and neck
cancer, lymphomas and testicular cancer. BLM is used for therapeutic purpose
because of it has the potential to cause DNA damage like single and double strand
breaks (SSB, DSB) in the presence of cofactors O,, Fe (ll), and a one-electron
reduction (Chen et al., 2008). The actual mechanism behind DNA strand scission
is still unclear. However, a hypothesis suggested that BLM has the ability to
prevent the integration of thymidine into DNA. Furthermore, BLM may react with
metal ions producing metal-bleomycin which in turn react with O, to generate free
radicals hydroxide and superoxide that break DNA strands. An alternative study
proposed that BLM may link at particular locations in the DNA strand and induce
cleavage by inhibiting the hydrogen atom from the nitrogen base to generate
strand breakage as the base show a Criegee-type rearrangement (Chen et al.,
2008; Huls and ten Bokkel Huinink, 2003). Sikic et al. (1985) demonstrated that
BLMs binds to DNA and worked as mini enzyme after forming a complex with iron
and O, that formed free radical formation and finally leads to DNA strand breakage.
Some studies stated that BLM’s capacity to induced chromosomal breaks were
significantly increased in the cells of both familial and sporadic breast cancer

patients compared to the healthy controls (Hu et al., 2013).

1.15 Reactive oxygen species (ROS)

ROS receive considerable attention in genotoxicology science. They are defined as
short-lived molecules that are capable of releasing oxygen atoms. In general they
can be found in micromolar or picomolar different concentrations in natural
systems (Burns et al., 2012). In environmental systems, O,, OOH, 'OH, H,0,, and

CO3 have the ability to oxidise a varieties of molecules including biomolecules
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(Burns et al., 2012; Canonica et al., 2005). It is well-known that increasing levels of
oxidative stress leads to damage to sensitive biological components for instance
DNA, membrane lipids and proteins, and such negative influence may contribute in
the aetiology of various fatal diseases such as cancer (Naveenkumar et al., 2013).
ROS are commonly produced by photolysis, electron transfer or energy transfer
reactions (Bartosz, 2006). Free superoxide & hydroxyl radicals can be created by
reduction of oxygen (Gutteridge, 1994). The superoxide radical (O7,) is produced
during the activity of enzymes such as NADPH oxidase and xanthine oxidase.
Superoxide (O) is considered the essential form of the free oxygen radical (Dohi
et al., 2010; Floyd and Carney, 1992), and it acts as a reductant or an oxidant
(Imlay et al., 1988). The superoxide radical, which is formed by organic agents has
a high reactivity and is more reactive than any (‘O’,) generated in interior biological
processes and might cause significant damage to DNA (Gutteridge, 1994).
Hydrogen peroxide (H2O5) is an active form, which is enzymatically generated from
the superoxide radical. A more effective and aggressive form of oxygen radical, the
hydroxyl radical (OH) can be created by the combination of (O,) and H,O, (Ben-
Shaul et al., 2001; Sewerynek et al., 1996). The most reactive oxygen radical
known to chemistry is the hydroxyl radical; it has a massive potential to cause
biological damage once it comes in to contact with all biological molecules. All DNA
components including pyrimidine and purine bases can be damaged by the
hydroxyl radical (Gutteridge, 1994). Mitochondrial DNA is more sensitive than
nuclear DNA to reactive oxygen species induced damage, and delayed treatment
leads to constant mitochondrial DNA damage and impaired of mitochondrial

function (Naveenkumar et al., 2013).
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1.16 The Comet assay

Methodologies, that can recognize and evaluate DNA damage, have been
developed in the last two decades. The first expression of DNA damage in a single
cell was developed by Rydberg and Johanson in1978, by lysing and inserting cells
in agarose on slides in the presence of an alkaline pH = 13, allowing the patrtial
unwinding of DNA. After neutralisation, cells were dyed with acridine orange and
the amount of DNA damage was indicated by measuring the extent of green
(equivalent to double-stranded DNA) and red (equivalent to single-stranded DN