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Hishyar Azo Najeeb 

Abstract 

 

Redox modulation of oxidatively induced DNA damage by ascorbate enhances 

melanoma cancer cell DNA damage formation & cell killing 

 

Malignant melanoma (MM) is the 5
th

 most common cancer in the UK and the most 

lethal form of skin malignancies. Its incidence has more than quadrupled and mortality 

more than doubled over the last three decades. With a five-year survival rate for patients 

with advanced melanoma of ≤ 20%, there is an obvious need for a better treatment 

approach. 

Heightened genome-instability in cancer-cells suggests a model-scenario for their 

selective killing via the therapeutic delivery of defined levels of further genomic 

damage. To interrogate/exploit this model-scenario, it was proposed to investigate 

intracellular ascorbate's redox-modulation of oxidatively-induced DNA damage in MM 

cancer-cells, to selectively enhance both DNA damage and cell-killing. 

Alkaline comet assay (ACA) data reveals MM-cells to have higher endogenous DNA 

damage levels than “normal” skin cells. This in turn correlates with MM-cells having 

higher intracellular ROS and lower catalase activity. ACA data also shows MM-cells to 

be more sensitive towards the induced-damaging effects of H2O2 than “normal” skin 

cells, and that ascorbate further enhances this effect in MM-cells. This effect was also 

noted in primary melanoma cancer cells exposed to H2O2 and other oxidants (e.g. 

Elesclomol).  

A proposed model for the enhancement of H2O2-induced oxidatively-damaged DNA by 

ascorbate suggests that an increased local production of hydroxyl radicals (
●
OH) at the 

DNA may lead to relatively greater increases in complex lesions (i.e. DSBs) relative to 

single/‘isolated’ lesions (i.e. SSBs). However, correlated measures of DSBs vs. SSBs 

reveal only a proportional increase in DSBs relative to SSBs with ascorbate. 

Further data shows that ascorbate enhances oxidative-induced cell death in MM-cells 

and that in HaCaT cells the effect was slightly protective. Together, these results 

suggest that ascorbate enhances DNA damage/cell-killing through modulation of 

oxidative stress in MM-cells. This could increase the possibility of using ascorbate plus 

novel oxidant therapies to treat metastatic melanomas.    
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1.1 Skin cancers and their health burden 

The skin is the body organ within which neoplasms occur most frequently. Cancers that 

develop in skin are generally classified into non-melanoma skin cancers (NMSC), 

involving basal and squamous cell carcinoma (BCC and SCC), and malignant 

melanoma (MM). BCC and SCC are more frequent, but less serious forms of cutaneous 

malignancies, whereas MM, which accounts for just 5% of skin cancers, is the most 

aggressive and deadliest form of skin neoplasm (Cancer Research UK, 2014a). 

Although other rare cutaneous cancers, such as malignant histiocytomas, Paget’s 

disease, cutaneous lymphoma and Merkel cell carcinoma are considered to be NMSCs, 

the term NMSC is broadly used to encompass SCC and BCC.  

The most common of all cancers in the USA are NMSCs, with white populations being 

the most affected (Skin Cancer Foundation, 2015). The two forms of NMSCs, BCCs 

and SCCs, share many similarities, but have different incidence rates (Lucas et al., 

2006). The first description of BCC was given in 1909 (Janeway, 1909), and it is now 

considered the most frequent malignant form of all NMSCs (Diepgen and Mahler, 

2002). Indeed, statistical reports indicate that 80% of NMSCs are BCCs, the rest being 

mostly SCCs (Alam and Ratner, 2001). NMSC incidence proportionally increases with 

age (Cancer Research UK, 2014b) and although NMSC can cause disfigurement, it is 

seldom lethal, with a cure rate of 99% if treated in its early stages (Young and Rushton, 

2012). In comparison to NMSC, much more attention has been paid to MM (Stang et 

al., 2008) as this form of skin cancer is responsible for the majority of related deaths 

and develops more frequently in young individuals (Cancer Research UK, 2014c).  

The health burden associated with MM is sizeable, with a high mortality rate in 

proportion to the costs of treatment being reported for MM (Ekwueme et al., 2011).  

Specifically, a serious public health issue has arisen as a consequence of the substantial 

economic burden of treating melanoma, as the high expense of managing late stage MM 

management is significant (Guy Jr et al., 2012). There are also obvious losses to 

individual productivity and resources for those seeking melanoma care and treatment. 

Furthermore, the disproportionate mortality rate of MM in young and middle aged 

groups makes this cancer a common killer of young adults (McMasters et al., 2001).  
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1.2 Malignant melanoma 

1.2.1 Statistics and incidence rates 

Over the past 40 years, an increasing incidence of MM has been recorded among fair-

skinned populations worldwide (WHO, 2015a). Although the incidence of melanoma 

varies geographically, the data for most countries reveals an increasing prevalence 

(MacKie et al., 2009). According to World Health Organisation (WHO) statistics, the 

incidence of melanoma has increased over past decades, with a global estimation of 

more than 100,000 melanoma skin cancers reported to occur annually (WHO, 2015b). 

Cancer Research UK records indicate that MM is the fifth most common cancer in both 

genders in the United Kingdom (Figure 1.1).  

 

Figure 1.1. Ranking of 20 most common cancers in the UK in 2011 (Cancer Research UK, 2014d). 
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The annual incidence rate of MM has increased by approximately 7% per year in white 

populations worldwide (Parkin et al., 2001), although increased public awareness and 

the early recognition of melanomas may have contributed somewhat to this increased 

level of recorded incidence. Geographical variation in melanoma incidence has been the 

focus of several studies (de Vries et al., 2003, Chang et al., 2009). A comparative 

overview of melanoma epidemiology worldwide indicates that Australia and New 

Zealand have the highest incidence of cutaneous melanoma affecting both genders, 

followed by North America, Northern Europe and Western Europe (MacKie et al., 

2009) (Figure 1.2). 

 

 

Figure 1.2. Incidence rate of MM around the world from 1998-2002 (Parkin et al., 2010). 

 

Similarly, in the UK the incidence and mortality rates of MM in both genders has 

significantly increased over the past three decades (MacKie et al., 2009). Between 1975 

and 2011, the incidence rate has increased 4.4 and 7.2-fold in females and males, 

respectively (Figure 1.3). For instance, in 2010, nearly 13,000 cases of MM were 

diagnosed in the UK, leading to more than 2,000 deaths (Table 1.1) (Cancer Research 

UK, 2012a).  
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Figure 1.3. Incidence rate of MM in both genders in the UK from 1975-2011. 

(Cancer Research UK, 2014b). 

Table 1.1. (A) Number of MM cases diagnosed per 10
5
 of population in the UK in 2010 and (B) 

number of deaths from total cases  

(Cancer Research UK, 2014b). 
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Accordingly, MM has become a global important public health issue, as its incidence, in 

most developed countries, has increased faster than any other type of cancer since the 

mid-twentieth century (Hall et al., 1999, Gandini et al., 2005). As well its increased 

incidence, MM leads to disproportionate mortality in early and middle aged individuals, 

with each melanoma death representing 18.6 potential life years lost, which is higher 

than most other cancers (Kang et al., 2005a).  

Whilst men tend to have a lower incidence of MM in most countries, they exhibit higher 

mortality rates than women (MacKie et al., 2009). The differences in the anatomical 

distribution of melanoma lesions have been extensively studied in literature (MacKie et 

al., 2002). In males, the trunk is the most common region for melanoma lesions, and 

their occurrence in this site is associated with a very poor prognosis (Bulliard, 2000). In 

the UK between 2008 and 2010, the percentage of melanoma lesions arising on the 

trunk in males was two-fold higher than that in females; by contrast, in women the legs 

were the predominant site of lesion occurrence (Figure 1.4). Moreover, changes in 

lifestyle such as clothing, occupation and sun-seeking behaviours all increase the 

chances of melanoma lesions developing in distal extremities in women, and in the 

head, neck and trunk in men (Bulliard et al., 1997).  

 

Figure 1.4. Differences in the percentage of anatomical distribution of MM lesions diagnosed 

between 2008 and 2010 in both genders in the UK (Cancer Research UK, 2014b).  

  



 

7 

 

The incidence rates of MM in relation to disease stage are varied. According to Cancer 

Research UK records, in England the majority of recorded cases (61.4% in male and 

71.3% in female) between 2006 and 2010 were stage I; the rest were the stage II and 

stage III, with the smallest proportion (1.9% in male and 0.7% in female) being 

metastatic diseases (Figure 1.5).  

 

Figure 1.5. Incidence rate of melanoma in the East of England according to the diagnosed stages of 

the disease, between 2006 and 2010 (Cancer Research UK, 2014b).  
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1.2.2 Melanoma staging 

Like other types of cancer, cutaneous melanoma has several stages and its classification 

is important for clinical and research disciplines (Balch et al., 2004). Clinically, 

melanoma staging provides a consistent nomenclature that informs the prognosis; this 

also helps categorise melanoma patients into several groups, according to disease risk, 

and provide them with valuable treatment strategies (Balch et al., 2004). In 1998, the 

Melanoma Staging Committee of the American Joint Committee on Cancer (AJCC) was 

formed to revise melanoma staging based on the large clinical databases for  melanoma 

from North America, Europe and Australia (Balch et al., 2000). The current version of 

the staging system was the result of substantial revision in 2001 by the AJCC 

Melanoma Staging Database (Balch et al., 2001a), with further improvements being 

made in 2009 (Balch et al., 2009). The AJCC melanoma staging system focuses on the 

relevancy of the defined stage, the biology of melanoma and the prognostic outcome of 

the disease (Balch et al., 2004).  

In general, melanoma is classified into four clinical stages (I, II, III and IV). If there is 

no clinical, radiological and laboratory evidence of regional and/or distant tumour 

metastasis, patients will be diagnosed as having stage I or II melanoma (Gershenwald et 

al., 2010). Those with clinical or radiologic evidence of tumour metastasis to the 

regional lymphatic system are classified as stage III, and stage IV occurs when the 

tumour has metastasised to distant sites in the body (Gershenwald et al., 2010).  

The Tumour-Node-Metastasis classification is the up-to-date system used by the AJCC 

to describe the extent of the disease. The T category refers to the extent of primary 

tumour thickness and is assigned a number from 0 to 4, with a small letter, a or b, based 

on ulceration and mitotic rates. N describes the involvement of the regional lymph 

nodes, and is assigned a number from 0 to 3, based on whether the lesions have spread 

to involve the regional lymph nodes or lymphatic channels; it may also be assigned a 

small letter, a, b, or c (referring to micrometastasis, macrometastasis or in transit 

metastases). Lastly, category M is used to define the extent of metastasis, and indicate 

whether melanoma cells have reached far distant organs, which is usually accompanied 

with an elevation in blood lactate dehydrogenase (LDH) levels (Table 1.2) (Petro et al., 

2004, Gershenwald et al., 2010).  
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Table 1.2. Melanoma Staging system: The 2009 American Joint Committee on Cancer (AJCC) 

staging system for MM  

(Balch et al., 2009, Gershenwald et al., 2010). 
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1.2.3 Prognosis of melanoma 

MM is one of the most common cancers affecting young adults and, once advanced to 

metastatic disease, it has a high mortality rate (Reed et al., 2012). Approximately 90% 

of melanoma cases are diagnosed in the early stages, without metastases (as primary 

tumours), and prognosis is typically favourable (Dickson and Gershenwald, 2011). By 

contrast, the later stages of this cancer are associated with substantially lower survival 

rates (Table 1.3).  

Several histological prognostic factors for primary melanoma have been discovered by a 

number of researchers (Spatz et al., 2003, Balch et al., 2009, Thompson et al., 2011). 

These parameters include vertical tumour thickness (Breslow
’
s depth), the presence of 

ulceration, number of mitosis per mm
2
 (mitotic rates) and the level of tumour invasion 

(Clark’s level). In 1970, Alexander Breslow defined melanoma vertical depth, as being 

from the top surface of the lesion to the deepest penetration in the skin, and identified a 

significant relationship between melanoma lesion size, the stage of invasion and 

prognostic outcomes (Breslow, 1970). These histological features are considered 

independent prognostic factors for both stage I and stage II melanoma (Marghoob et al., 

2000). However, for thin melanomas (T1), the Clark’s level is a suitable independent 

predictive marker (Clark et al., 1969, Balch et al., 2001b). In addition, the presence or 

absence of ulceration in melanoma also provides a good indicator of future prognosis; 

the survival rate for those who have ulceration is proportionally lower than those 

without (Balch et al., 2001a).  

Besides stage, there are other factors that also affect survival rates. The age of the 

patient is one such factor, as elderly individuals have a lower survival rate than young 

adults (National Cancer Intelligence Network, 2013). Ethnicity also plays a role in 

prognosis prediction; the incidence of melanoma in black groups is very low (Cancer 

Research UK, 2014b), but when it occurs, it is more aggressive than it is among white 

groups (Byrd et al., 2004). It has also been shown that the anatomical site of the 

melanoma lesion is another important prediction of survival rate. For instance, 

individuals with melanoma on their extremities have better survival rates than those 

having melanomas on their head, neck and truck (reviewed by Homsi et al,. 2005) 

(Homsi et al., 2005). Moreover, it has also been shown that immune compromised 

individuals have a worse prognosis than their otherwise healthier counterparts (Kubica 

and Brewer, 2012). 
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Table 1.3. Survival rates according to the stages of MM.  

The data below show the 5 and 10 years survival rates in different stages of MM. The early stages have 

highest rates of survival whereas the advanced stages have bad prognosis. Data obtained from American 

Cancer Society (American Cancer Society, 2015).  

 

Melanoma stage 5-year survival rate 10-year survival rate 

IA 97% 95% 

IB 92% 86% 

IIA 81% 67% 

IIB 70% 57% 

IIC 53% 40% 

IIIA 78% 68% 

IIIB 59% 43% 

IIIC 40% 24% 

IV 15-20% 10-15% 

 

1.2.4 Aetiology and risk factors 

Skin is the largest organ of the human body, and has many essential physiological 

functions. For instance, it helps to maintain body temperature, and is the first physical 

barrier protecting the body from the external environment. The environment contains 

many sources of potential damage to the body, such as solar radiation, chemicals and 

pollutants (Thiele et al., 1997). Many of these factors are considered to be causative 

risks for melanoma development; for instance, studies indicate that solar ultraviolet 

(UV) radiation has a major etiological role in skin cancer development, with 

approximately 65% of melanoma directly resulting from sunlight exposure (Whiteman 

and Green, 1999, Williams and Ouhtit, 2005).  

Although the ozone layer of the atmosphere protects humans by absorbing energetic UV 

light from sunlight, the UV light of longer wavelengths, such as UVA and UVB, passes 

through the ozone layer and reaches human skin (Narayanan et al., 2010). UV radiation 

can be absorbed by the double bond of pyrimidine bases in genomic DNA, causing the 

bond to rupture and so able to react with other adjacent pyrimidine bases in the DNA 
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(Goodsell, 2001). The resulting products (photoproducts) induced by UVB irradiation 

(of wavelength 290-320nm) are the main causes of NMSCs (Leiter and Garbe, 2008) 

whereas photoproducts induced by solar UVA irradiation (320-400nm) are responsible 

for cutaneous melanoma development, particularly in those with a phenotypic 

susceptibility (Leiter and Garbe, 2008).  

High level of oxidative stress in melanocytes is considered as another risk factor for 

MM development (Denat et al., 2014). This can be the outcome of several extrinsic and 

intrinsic sources in melanocytes. In normal cellular metabolism, cellular organelles such 

as mitochondria, and enzymes including peroxisome’s enzymes and nicotinamide 

adenine dinucleotide phosphate-oxidase (NADPH-oxidase) generates ROS (Denat et 

al., 2014)  In addition to induced photoproducts, for instance,  UV light exposure 

generate huge amounts of cellular inflammatory cytokines and growth factors (the 

intracellular signalling molecules), which in turn generate free radicals (FRs) and 

oxidative stress within melanocytes. Furthermore, interactions between UV light and 

intracellular constituents of melanocytes induce additional oxidative stress, including 

hydrogen peroxide (H2O2) and superoxide (O2
-

) formation. Moreover, the biosynthesis 

of melanin in melanocytes can also generate reactive oxygen species (ROS) (Thompson 

et al., 2005). This process is oxygen dependent and is considered a potential source of 

oxidative stress in pigmented-cells (Smit et al., 2008). During the enzymatic action of 

tyrosinase enzyme, O2
- 

is produced, which eventually converts to H2O2 through the 

action of dismutase (SOD) (Figure 1.6) (Hasegawa, 2010). 

  



 

13 

 

 

Figure 1.6. Role of melanin pigment in ROS generation in melanocyte. 

During biosynthesis of melanin pigment tyrosinase enzyme converts L-DOPA and dopamine to DOPA 

semiquinone and dopamine, respectively. Oxidation of L-DOPA and Dopamine by tyrosinase generates 

O2
-

 which in turn produces H2O2 by the action of SOD (Meyskens Jr et al., 2001, Denat et al., 2014).  

 

The above endogenous and exogenous sources of ROS in melanocyte, listed in Figure 

1.7 could be possible risk factors for melanoma pathogenesis (Denat et al., 2014, 

Meyskens Jr et al., 2001). 

 

Figure 1.7. Intrinsic and extrinsic sources of ROS generation in melanocytes. 

ROS in melanocytes can be generated endogenously (e.g. melanogensis, mitochondrial activities, 

NADPH oxidase and peroxisome) and exogenously (e.g. exposure to UV radiation, inflammation). 
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Although MM occurs within all ethnic and racial groups (Diepgen and Mahler, 2002), 

the incidence rate of the disease varies from one population to another (MacKie et al., 

2007, Gray-Schopfer et al., 2007). The occurrence of melanoma cancer has been 

increasing among white populations all over the world for several decades (Diepgen and 

Mahler, 2002). Lack of skin pigmentation in Caucasians makes their skin more 

susceptible to the deleterious effects of solar radiations (Polefka et al., 2012). In this 

particular ethnic group, the incidence rate of melanoma is up to 50 per 100,000 

annually, while among the dark skinned ethnic population it is ≤ 1 per 100,000 per year 

(Diepgen and Mahler, 2002). 

In those with phenotypic susceptibility (e.g.Caucasian individuals), the cause of 

melanoma is strongly attributed to UV radiation (Tucker and Goldstein, 2003). In the 

20
th

 century, epidemiological studies have shown that factors such as heredity and skin 

colour affect melanoma development (Gellin et al., 1969). The pigment melanin is able 

to absorb and block the UV radiation from sunlight and so prevent DNA damage. 

Approximately 80% of white populations with red hair carry genetic variations in the 

melanocortin receptor-1 (MC1R) gene, which leads to the production of pheomelanin 

instead of melanin; consequently, the fair-skinned population have lower UV protection 

and thus are more susceptible to melanoma development (Thompson et al., 2005). 

In addition to skin colour related predispositions, attention has also been drawn to many 

other melanoma risk factors; these factors include having red or blonde hair, numerous 

freckles and a tendency to burn, presence of congenital or acquired nevi, 

immunosuppression, scars and occupations associated with electronic and chemical 

industries (occupational exposure) (Ward et al., 1997, Naldi et al., 2000).  

As suggested above, in addition to environmental factors, genetic predisposition plays a 

vital role in the development of melanoma (Jhappan et al., 2003). Individuals with a 

family history of melanoma are at greater risk of developing of this type of cancer than 

those with no history of the disease. Some familial mutations have been found to 

increase susceptibility to melanoma development. The gene serine/threonine protein 

kinase B-Raf (BRAF) is a family member of the mitogen activated protein kinase 

pathway RAS RAF MEK ERK MAPK, which mediates cellular response to growth 

signals. Normally, the BRAF gene-protein stimulates cell growth and proliferation by 

transmitting a message from stimuli outside the cell to its nucleus (Figure 1.8A). It has 

been discovered that the BRAF gene is mutated in some cancers (Davies et al., 2002) 
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and approximately 50-60% of cutaneous melanoma feature mutations of the BRAF gene 

(Davies et al., 2002, Jang and Atkins, 2013), with most of these cases (~80%) being 

V600E mutations (Dhomen and Marais, 2009), ~20% V600K mutations (Long et al., 

2011) and V600R mutations being the least frequent (5-7%) (Lovly et al., 2012). The 

activation of BRAF inside the malignant cells occurs without external stimuli and this 

causes phosphorylation of the MAPK/ERK kinase pathway; this in turn regulates 

substrates activities, such as transcriptional factors, which control cell proliferation, 

differentiation and survival and invasion (Wellbrock and Hurlstone, 2010, Kwong et al., 

2012). In BRAF mutated melanoma, the mutant gene (BRAF
V600E

) leads to over 

activation of BRAF kinases (without external stimuli such as growth factors), which 

promotes the oncogenic activation of cell proliferation and survival pathways of 

melanoma cancer cells (Thomas, 2006, Ahmed and Davies, 2011, Puxeddu et al., 2008) 

(Figure 1.8B). 
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Figure 1.8. The role of the BRAF gene in induction, differentiation and survival in (A) normal 

melanocytes and in (B) BRAF mutated MM cancer cells. 

A) Under normal conditions, initiation of growth signal cascades occurs via binding of growth factors to 

receptor tyrosine kinase at the surface of the cell leading to activation of GTPase and RAS. This in turn 

induces dimer formation of RAF family of kinase which activates kinase and signal transduction for cell 

survival and differentiation. B) In BRAF mutated melanoma cells, the mutant (V600E amino acid 

substitution) constitutively activate the BRAF protein kinases which in turn activate growth, 

differentiation and invasion (Gibney et al., 2013, Ahmed and Davies, 2011, Puxeddu et al., 2008). 
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1.2.5 Pathogenesis  

Melanoma is a melanocyte malignant tumour. Through malignant transformation, 

melanocytic cells (melanotic or amelanotic melanocytes), which are present in the basal 

epidermal layer of skin, convert to melanoma. The incidence of pigmented melanoma 

cancer (melanotic) is higher than the non-pigmented melanoma (Ma et al., 2015). One 

of the characteristic features of melanoma cancer during progression is the 

transformation of melanocytes to pigmented nevi, which then progress to radial and 

consequently to vertical growth phase melanoma (Clark et al., 1984) and later spread to 

involve other organs in the body (Regad, 2013). At early stages the primary melanoma 

less than 1 millimetre wide, then undergoes a ‘radical growth’ (Hershkovitz et al., 

2010). Later, the behaviour of the tumour cells changes when they begin to move 

vertically into the epidermis and papillary dermis (Hershkovitz et al., 2010); then they 

spread to the regional lymphatic system and distant organs (Figure 1.9).  

 

 

Figure 1.9. Development of cutaneous melanoma lesion. 

Melanoma cells start to grow radically in the epidermis layer then they start to grow vertically to 

penetrate the dermis and subcutaneous layer (Arizona Advanced  Medicine, 2015). 

  

MM is categorised into four different types. In 1969, Clark and colleagues presented the 

following classifications of MM: Lentigo Maligna Melanomas (LMM), Superficial 

Spreading Melanoma (SSM), Nodular Melanoma (NM) and Acral Lentiginous 

Melanoma (ALM) (Clark et al., 1969). Of all diagnosed melanoma cases, LMM, SSM 

and NM make up to 90%, whereas ALM and some rare melanoma types make up the 

rest (Cancer Research UK, 2014e). In the UK, the incidence of SSM is 70%, and is 

considered the commonest form occurring in middle age groups. As it develops, it 
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begins to grow outwards and then into deeper layers of skin. Likewise, NM more often 

occurs in middle aged individuals, but only in parts of the body that are occasionally 

exposed to sunlight, such as the back and chest. NM lesions rarely grow from moles; 

they are often dark brownish or black in colour and grow very quickly, downwards into 

deeper skin (Cancer Research UK, 2014e).  

LMM accounts for around 10% of all melanoma cases and develops more in old age. 

This form originates in skin areas that are exposed to sunlight and with pigments called 

letigo maligna or Hutchinson’s melanotic freckles. Physically, LMM are flat and 

outward growing lesions, which then grow towards the inner layers. ALM is a rare type 

of melanoma and commonly develops on the palms of the hands and soles of the feet in 

dark skinned individuals (Cancer Research UK, 2014e). Although most common 

melanomas are pigmented, approximately 5% are amelaotic, which contain no or very 

little melanin pigments. This sometimes makes it difficult for clinicians to diagnose and 

differentiate these from other common forms of skin cancer or conditions (Cancer 

Research UK, 2014e). 

The direct mutagenic effect of UV radiation on melanocyte DNA promotes malignant 

changes in the skin (Leiter and Garbe, 2008). UV light also stimulates cell membrane 

receptors, which in turn produce growth factors that activate oncogenes (such as 

mutated BRAF) and inactivate tumour suppressor genes (for instance, cyclin-

dependent-kinase inhibitor 2A (CDKN2A) that prevent cells from uncontrolled growth 

and rapidly dividing). UV radiation also inhibit the host’s immune system and 

stimulating the production of the pigment melanin in melanocytes, so producing more 

intracellular ROS which subsequently causes DNA damage, mutation and suppresses 

apoptosis (Meyskens et al., 2004). In addition, it has been found that exposure of the 

epidermis to UV leads to a considerable loss of antioxidants in dermal cells (Pence and 

Naylor, 1990). All these events can initiate melanoma development (Meyskens et al., 

2004, Thompson et al., 2005).  

Overall, accumulating evidence indicates that genetic and molecular pathway alteration 

in melanocytes leads to melanomas with a diverse biology (Palmieri et al., 2012). The 

ability of cancer cells to invade is controlled by a cluster of intracellular signal 

transduction molecules (Kato et al., 2002, Kato and Wickner, 2003). Oncogenic 

changes, such as genetic (gene mutation, deletion, amplification or translocation) and 

epigenetic alterations (changes in transcriptional activity, DNA methylation alteration 
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and/or changes in chromatin structure or configuration) are strongly linked with the 

progression of melanoma (Meier et al., 2005). 

 

1.2.6 Current treatment 

Among skin cancers, cutaneous melanoma remains the most daunting malignancy as the 

disease is resistant to therapies; its prognosis has not improved over the last three 

decades (Young et al., 2006). The degree of this resistance to all current 

chemotherapeutic modalities is a clinical problem with a huge social impact (Soengas 

and Lowe, 2003). 

The current treatment approach for MM depends on the actual stage of the disease 

(Balch et al., 2001a). An early diagnosis of melanoma lesions is one of the most 

important aspects of its management, improving the rate of positive prognosis (Ho and 

Sober, 1990, Diepgen and Mahler, 2002). Early stage primary lesions are curable 

simply through surgical excision, and this strategy of treatment remains the gold-

standard option for most early diagnosed cases (Garbe et al., 2008). More than 95% of 

successful melanoma treatment is achieved through a complete surgical excision of 

primary lesions at stage I and II; this method of treatment may even prolong the survival 

period of patients with stage III melanoma (Balch et al., 2001a). However, the 

prognosis of patients with advanced stages is still poor, and surgical management in 

these cases is mostly ineffective (Soengas and Lowe, 2003). 

The extent of surgical excision should be carried out based on the depth of the disease, 

(Breslow’s depth). In early stages, when the melanoma lesion thickness is less than 

1.0mm, the surgical excision margin must be 1.0 cm; if the lesion is thicker, a wider 

excision margin should be applied (Marsden et al., 2010). This is because patients with 

bigger lesions, based on the AJCC melanoma classification, are at high risk of disease 

recurrence (Balch et al., 2009, Thomas et al., 2004). 

If lymph nodes are not involved in stage II, clinical trial enrolment or adjuvant therapies 

such as Interferon-α (IFN) have beneficial effects. When melanoma develops to stage 

III, complete lymphadenectomy is required, followed by adjuvant treatment (Garbe et 

al., 2010, Coit et al., 2009). MM is rarely curable when it has metastasised to deeper 

organs; even synergistic combinations of different analogues have not improved overall 

survival rates in clinical trials (Kirkwood et al., 2001, Atkins et al., 1999, Kirkwood et 
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al., 1996, Garbe et al., 2011). The median survival time among patients with stage IV 

metastatic melanoma does not exceed 10 months, and the 5 year survival rate is 

approximately 10% (Balch et al., 2009). 

In spite of the minimal advantages of therapeutic agents in terms of improving patient 

survival rates, many drugs approved by the United States Food and Drug 

Administration (FDA) are still in use to treat patients with unresectable melanomas 

(Tarhini and Agarwala, 2006). In 1975, Dacarbazine (DTIC), the alkylating agent, was 

the first anti-tumour agent approved by the FDA to treat metastatic melanoma, although 

the response rate was very low (Bedikian et al., 2006, Middleton et al., 2000). Later, 

single chemotherapies such as Cisplatin, Cramustine, Lomustine and Temazolamide 

were given to patients in an attempt to improve outcome. However, response rates for 

these agents does not exceed 20% (Garbe et al., 2011). 

The combination of chemotherapies for melanoma treatment has been attempted in 

many clinical trials (Rusthoven et al., 1996, Saxman et al., 1999, McClay et al., 1987, 

Falkson et al., 1998), with the overall conclusion being that most regimens provide no 

better effects than single therapies in terms of tumour response and patient survival 

rates. 

There have also been extensive attempts to use biotherapies in the treatment of 

unresectable melanoma. Studies have used Interlukin-2 (IL-2), either alone or in 

combination with other chemotherapies or biological compounds (such as interferon, 

tumour infiltrating lymphocyte and lymphokine activity killer cells), but the response 

rate for these regimens has unfortunately been low (Rosenberg et al., 1985, Sznol and 

Parkinson, 1994). Biochemotherapy has also been used for metastatic melanoma, in 

order to improve patient quality of life and to enhance the treatment response rate. One 

study has used a complex combination of Cisplatin, Vinblastine and DTIC, with the 

biologics Interferon Alfa or IL-2, and found a good treatment response rate in some 

metastatic cases (Legha et al., 1998). However, more recent studies have found no 

difference between the outcomes of chemotherapy and biochemotherapy regimens 

(Atkins et al., 2003, Keilholz et al., 2003, Del Vecchio et al., 2003). 

Recently, an anti BRAF mutation (BRAF 
V600E

) drug has been investigated in clinical 

trials for treating BRAF-associated MM cases (Flaherty et al., 2012), whereby the 

downstream MEK/ERK effector is deregulated by BRAF
V600E

. Vemurafenib is the first 

selective BRAF
V600E

 inhibitor to be used to treat MM in phase I and II clinical trials 
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(Ascierto et al., 2012). This agent blocks the MAPK pathway in melanoma patients who 

have a BRAF
V600E 

mutation, and provides improved survival and progression-free 

survival rates (Bollag et al., 2010, Chapman et al., 2011, Hauschild et al., 2012). The 

response rate (81%) in the first clinical trial indicated initially clear success (Flaherty et 

al., 2010); however, relapses occur quickly, 8-12 months following treatment (Solit and 

Sawyers, 2010), and 50% of advanced melanoma cases treated with anti-BRAF agents 

experience disease progression a few months later as a consequence of tumour 

microenvironment resistance against BRAF inhibitors in some patients (Sosman et al., 

2012). This resistance to BRAF inhibitors often occurs via reactivation of receptor 

tyrosine kinase (Girotti et al., 2015). In addition, BRAF inhibitors have toxic effects 

that lead to the development of other skin cancers including SCCs and keratocanthoma 

(Hauschild et al., 2012, Sosman et al., 2012). 

1.2.7 Drug resistance 

Despite a huge number of clinical trials and advances in strategies for melanoma 

treatment, disease prognosis has remained dismal (Soengas and Lowe, 2003). This is 

due to the high degree of resistance this cancer possesses against all current drug 

modalities. The failure of chemical and immunological agents to treat melanoma is 

mediated by several complex intrinsic and acquired mechanisms (Fukunaga-Kalabis and 

Herlyn, 2012). These include: alterations in cellular drug-transport mechanisms, 

detoxification of some drugs by intracellular enzymes, enhanced DNA repair processes 

and up-regulation of anti-apoptotic pathways (Helmbach et al., 2001).  

Resistance to drugs that are chemically unrelated and may have different mechanisms of 

action is known as multidrug resistance (MDR) (Arias and Jasiulionis, 2013). In tumour 

cells there are different MDR mechanisms including decreased drug uptake, increased 

drug efflux, activation of drug detoxification, DNA repair activation and overexpression 

of anti-apoptotic proteins (Dean et al., 2005, Gillet and Gottesman, 2010). 

Classical MDR, which refers to a natural resistance to hydrophobic agents, is mediated 

by expression of ATP-dependent efflux pumps with a broad drug specificity that lowers 

the drug concentration inside the cell by increasing the output rate (Dean et al., 2001). 

These efflux pumps arise from a family of carrier proteins known as ABC transporters 

(ATP-binding cassette) (Dean et al., 2001). For instance, non-P glycoprotein or 

multidrug resistance related protein is a member of the ABC transporter superfamily of 
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ATP-binding cassettes. This protein plays a crucial role in the drug resistance process, 

through an energy-dependent efflux pump mechanism (Helmbach et al., 2001) and has 

been found to play a role in MM chemoresistance (Ichihashi and Kitajima, 2001). In 

addition, it has been found that entering of hydrophilic drugs into the cells depends on 

the carrier proteins that carry nutrients or agents via endocytosis into the cell in 

exchange with increased cellular outputs. Failure in the cellular output mechanisms 

could have an inhibitory effect on water soluble drug uptake (Arias and Jasiulionis, 

2013).  

DNA damage repair following following treatment of MM with alkylating drugs is 

another form of drug resistance. DNA damage induction as the result of cytostatic 

agents can be compensated for by the modulation of DNA repair mechanisms (Chaney 

and Sancar, 1996). Melanoma resistance to alkylating agents such as Fotemustine and 

Cisplatin is related to its ability to repair the damaged genome (Rünger et al., 2000). 

The enzyme O
6
-methylguanine-DNA-methyltransferase (MGMT) (the protein encoded 

by MGMT-gene) is important for genomic stability. MGMT removes the cytotoxic 

DNA lesions by transferring the methyl group (Alkyl group) from the O
6
-atom of 

guanine bases to a cysteine residue (the alkyl group acceptor protein) (Ma et al., 2003). 

Thus, the enzyme recognises and removes the cytotoxic lesions in the DNA molecule 

caused by alkylating agents such as DTIC (Ma et al., 2003, Lage et al., 1999).  

Apoptosis is an essential step in the killing of susceptible cancer cells via 

chemotherapeutic agents. A defect in the apoptotic pathway has been found in resistant 

cancers (Lowe et al., 1993). P53 is a tumour suppressor protein encoded by P53 tumour 

suppressor gene and functions either by causing growth arrest, apoptosis, senesence or 

autophagy (Vousden and Prives, 2009, Donehower and Lozano, 2009); it is a non-

functional mutant in many cancer cells (Lowe et al., 1993). It is suggested that UV light 

inactivates P53 in melanocyte and that’s why melanoma cancer cells prevent UV-

induced apoptosis, with non-functional P53 found to be expressed melanoma cancer 

cells (Perlis and Herlyn, 2004).  

Additional to all above mechanisms of drug resistance, anti-apoptotic proteins are also 

found to be over-expressed in tumour cells, and so enhance resistance to apoptosis 

(Igney and Krammer, 2002); high levels of these proteins have also been found in 

melanoma cancer cells following treatment (Krueger et al., 2001, Leiter et al., 2000). 

Bcl-2 (B-cell lymphoma 2) is one example of anti-apoptotic protein. BcL-2 is a family 
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of cell death regulator proteins encoded in humans from the gene BCL-2; the Bcl-2 

protein is considered to be an oncogene due to its role as an anti-apoptotic (Cleary et al., 

1986). Bcl-2 is highly expressed in melanoma cancer cells and may also contribute to 

resistance against therapies (Leiter et al., 2000, Tron et al., 1995). 

Although studies have found a considerable level of shrinkage in melanoma tumour 

volume when BRAF inhibitors Vemurafenib and Dabrafenib are used (Chapman et al., 

2011, Hauschild et al., 2012), most of the responsive cases in these studies eventually 

became resistant to BRAF inhibitors. This is due to the reactivation of MAPK signalling 

after prolonged treatment with BRAF inhibitors (Menzies et al., 2014, Shi et al., 2014). 

Because of the heterogeneity of melanoma tumours, its response to chemotherapies and 

targeted therapies is poor, and this issue requires further study. 

1.3 Oxidative stress 

1.3.1 Reactive oxygen species 

Reactive oxygen species (ROS) is a general term used to describe a group of chemically 

reactive molecules containing either molecular oxygen (O2) or atomic oxygen (O). 

Chemically, ROS are classified into two groups: (I) non-radicals, which do not have 

unpaired electrons in their outer orbital; and (II) radicals that are active species with one 

or more unpaired electrons in their outer orbital. Because of presence of unpaired 

electrons, the radical species are FRs. An extra single electron in their orbital means 

they are able to either donate or to accept an electron from other molecules in order to 

obtain chemical stability (Trachootham et al., 2009). Donation or acceptance of an 

electron allows these species to react with other biological molecules, possibly leading 

to a series structural altering reactions and possibly chain reactions (Polefka et al., 2012, 

Pelicano et al., 2004).  

Common ROS seen in living systems include oxygen (O2), superoxide anion (O2

-
), 

peroxide (O2

2-

), hydrogen peroxide (H2O2), hydroxyl radical (
●
OH) and hydroxyl anion 

(OH
-
) (Hemnani and Parihar, 1998). In terms of ROS categories, H2O2 is a non-free 

radical species, but chemically is an active oxidative compound and can yield 
●
OH, the 

most potent FR among the family of ROS (Trachootham et al., 2009, Pelicano et al., 

2004) (Table 1.4). 
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Table 1.4. ROS species and their chemical symbols (Hemnani and Parihar, 1998) 

ROS member Chemical symbol 

Oxygen O2 

Superoxide anion O2

-
 

Peroxide O2

2-

 

Hydrogen peroxide H2O2 

Hydroxal radical 
●
OH 

Hydroxal anion    OH
-
 

 

In biological systems, H2O2 is more stable and can diffuse between extra and intra 

cellular spaces. By contrast, 
●
OH is more reactive, with a very short half-life (10

-9
 s) 

and reacts with nearby molecules effectively at the site of its formation. In biological 

systems,
●
OH has deleterious effects on cellular constituents, or macromolecules, 

causing cellular injuries such as protein peroxidation and DNA damage (Sonntag, 

1987). The intracellular antioxidant system is important in defending cells from the 

adverse effects of FR. In mammalian cells the reduction-oxidation, or ‘Redox’, 

homeostasis is maintained by detoxifying FRs through an enzymatic system, for 

instance by superoxide dismutases (SOD) and catalase (CAT) (Zelko et al., 2002, 

Chelikani et al., 2004), glutathione peroxidase (GPx), glutathione reductase (GR) and 

glutathione S-transferase (GSH)) (Meister and Anderson, 1983). There are also many 

known as non-enzymatic exogenous and endogenous metabolites and substances that 

defend against detrimental oxidants in the human body in addition to the more 

commonly known cellular antioxidant systems (Figure 1.10). 
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Figure 1.10. Antioxidant candidates including enzymatic and non-enzymatic antioxidants in the 

human body  

Enzymatic and non-enzymatic antioxidants protect living systems from FRs (Hingorani, 2003, Hayden 

and Tyagi, 2002). 

 

In cells, the primary antioxidants are SOD, catalase and glutathione. O2
- 
is an oxygen 

by-product released from mitochondria during aerobic respiration and SOD converts it 

to H2O2. The latter is decomposed to H2O and O2, either by the enzyme catalase, which 

is localised in cellular cytosol and peroxisomes, or by GPx (Burlakova et al., 2010, 

Gutteridge and Halliwell, 1999, Wassmann et al., 2004) (Figure 1.11). 
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Figure 1.11. Production of ROS in mitochondria and their further metabolism by the main 

antioxidants. 

Mitochondria generate O2
- 

from the electron transport chain and this is converted to H2O2 by the action 

of SOD. Normally, H2O2 is dissociated to water and O2 by the action of catalase and/or GSH.  

1.3.1.1 Sources of endogenous and exogenous ROS  

Initially, it was thought that ROS were only generated by biological systems when they 

are attacking pathogens; it was later found that ROS have a wide range of cellular 

functions (Hancock et al., 2001, Devasagayam et al., 2004). In normal cells, ROS are 

generated and eliminated by the functioning of several regulatory cellular biological 

systems (Dickinson and Chang, 2011). These include cell signal transduction via 

transcriptional factors for modulation of genes function, cell differentiation and 

proliferation, induction of cytokines released during inflammation and the attacking of 

pathogens or foreign bodies by immune cells (Trachootham et al., 2009). 

There are many endogenous sources of ROS in mammalian cells. Most FRs are 

considered to be formed as by-products of mitochondrial activity. Mitochondrial FRs 

are formed via transportation of electrons chains across the inner layers of mitochondria 

during adenosine triphosphate (ATP) production (Richter et al., 1995). Hydrogen ion 

(H
+
) transport across the mitochondrial inner layers occurs during the process of ATP 

production, which takes place in electron transport chains (ETC). This process releases 

an electron that escapes and reacts with O2, which generates O2

-
, the later then interacts 
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with SOD to produce H2O2, which can be either utilised by the cell or converted to 

water by the action of catalase and/or GPx and GR (Trachootham et al., 2009, Collins, 

1999). Other endogenous sources of ROS are the endoplasmic reticulum (ER) (Han et 

al., 2001) or the redox process assisted by metals and oxido-reductase enzymes (Held, 

2010), such as the NADPH oxidise complex (NOX) (Trachootham et al., 2009) and 

xanthine oxidase (XO) (Figure 1.12). 

 

 

Figure 1.12. Schematic represents the major endogenous sources of ROS in mammalian cells. 

Mitochondria, Endoplasmic reticulum, NADPH, NOX and XO all generate O2
-

which then produce H2O2 

by the action of SOD (Trachootham et al., 2009). 

 

ROS are also introduced into mammalian cells exogenously. For instance, ROS-

generating drugs such as anthracycline, cisplatin and bleomycin (Deavall et al., 2012, 

Cullen, 2010), Elesclomol (STA-4783) (Kirshner et al., 2008) are all able to produce 

ROS in cells. Buthionine sulfoxamine (BSO) (the glutathione synthesis inhibitor) 

(Reliene and Schiestl, 2006) has also been used to enhance endogenous ROS 

accumulation in tumour cells. A high concentration of intravenous ascorbic acid in 

patients has also been shown to generate H2O2 extracellulary (Chen et al., 2005). 

Additionally, pollutants, smoking (Loft et al., 1992), radiation (ionisation and non-

ionisation), and heat exposure (O'Donovan et al., 2005, Devasagayam et al., 2004) are 

all able to produce intracellular ROS. 
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1.3.2 Oxidative stress in melanoma and normal skin cells 

A disturbance in the equilibrium between ROS generation and the systems that detoxify 

ROS is widely defined as oxidative stress (Sies, 1994, Mittler, 2002). Normal cells have 

a low level of ROS in comparison to cancer cells; in normal cells, ROS whilst 

frequently produced are efficiently removed/dealt with. However, a growing body of 

evidence suggests that cancer cells generate greater amounts of endogenous ROS. This 

feature is thought to be the result of abnormal cancer cell metabolism such as higher 

metabolic rates through an up-regulation of glycolysis (Verrax et al., 2009), accelerated 

cell division and proliferation and mitochondrial malfunctioning (Pelicano et al., 2004, 

Cairns et al., 2011). It has been proposed that NADPH oxidase in normal cells is 

responsible for H2O2 generation, and that the glutathione system mainly serves to 

regulate this (Nicco et al., 2005). In cancer cells, however, higher levels of H2O2 are 

released from mitochondria and is regulated mainly by catalase activity in these cells 

(Nicco et al., 2005). As mitochondria are the major site for ROS generation in cells, 

they normally contain high levels of antioxidants, including GSH, GPx and SOD in 

their inner and outer membranes (Cadenas and Davies, 2000). In cancer cells, 

mitochondrial DNA is very susceptible and can easily be mutated and damaged 

(Copeland et al., 2002). This change in the controlling mitochondrial genome may alter 

its normal function. For instance, it has been observed that the level of O2

- 

(the 

precursor for H2O2 generation)
 
in mitochondria of liver cancer cells is substantially 

higher than that found in normal liver cells (Konstantinov et al., 1987). 

Several studies have found that H2O2 in cancer cells aids their proliferation and survival. 

However, excessive amounts attack the cell’s DNA, inducing damage, mutation and 

genetic instability (Park et al., 2005, Henle and Linn, 1997). The chemical mechanism 

of H2O2 toxicity in mammalian cells is mediated by the involvement of transition metal 

(iron ions) via catalytic Fenton reactions, which produce a strong oxidant (
●
OH) (Henle 

and Linn, 1997, Das et al., 2015). In the Fenton reaction, Fe
2+

 reacts with H2O2 and 

generates 
●
OH and OH

-
 (Equation 1.1). 
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Equation 1.1. Fenton type reaction 

 

Unlike other body organs, the skin is chronically exposed to endogenous and exogenous 

oxidative insults, owing to the direct interface of skin cells with endogenous and 

environmental oxidants (Briganti and Picardo, 2003). The balance between pro-oxidants 

and antioxidants in skin cells has been shown to be disturbed by UVB and UVA 

irradiations (Leccia et al., 2001), particularly in melanocytes, which have low but 

continuous levels of ROS manifest (Meyskens Jr et al., 2001). A reduction in the level 

of antioxidants has been shown to result from exposure of the epidermis to UVB (Pence 

and Naylor, 1990). Animal studies found a great reduction in dermal and epidermal 

catalase following UV irradiation (Shindo et al., 1993). In addition, an increase in 

intracellular H2O2 is seen when skin cells are exposed to UVB radiation and/or to 

incubation with H2O2 (Chang et al., 2002). In vitro studies suggest that some human 

carcinoma cell lines, including MM, have a high amount of endogenous H2O2 

(Toyokuni et al., 1995, Szatrowski and Nathan, 1991, Meyskens Jr et al., 2001). More 

specifically, it has been reported that pigmented melanoma cancer cells generate high 

levels of endogenous H2O2 (up to 0.5nmol/10
4
 cells) even without any stimulant 

(Szatrowski and Nathan, 1991). Histopathological examination of melanoma tissue has 

also revealed a significant increase in oxidative biomarkers, including lipid peroxidation 

and malondialdehyde (Sander et al., 2003). As mentioned previously, melanin pigment 

biosynthesis is a source of ROS generation, including H2O2. Studies have found that 

dysregulation in melanin synthesis contributes to ROS accumulation in melanoma 

cancer cells (Meyskens Jr et al., 2001, Fruehauf et al., 1998, Meyskens et al., 2004). 

Further evidence suggests that the pigment melanin enhances the production of 

oxidative species and that the interplay between the ROS generation and the scavenging 

properties of melanin determines the level of ROS in melanocytes (Kipp and Young, 

1999, Kvam and Tyrrell, 1999a). Moreover, it is also evident that melanoma cancer 

cells and melanocytes both respond to oxidative stress, but in different ways. Melanoma 

cells insufficiently eliminate the stress induced by peroxide (Meyskens et al., 1997). By 
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contrast, other cell types, including melanocytes and keratinocytes, have been shown to 

effectively neutralise exogenous oxidative stress (Farmer et al., 2003). 

1.3.2.1 Antioxidant levels in normal and cancer cells 

The intracellular antioxidant system is important for the balancing and regulation of 

ROS generation and elimination in cells. Under normal conditions, many antioxidants 

are required to remove unnecessary oxidative species in living cells. However, this 

system has been shown to be disturbed in malignant conditions (Laurent et al., 2005). 

Thus, malignant cells may have lower levels of antioxidants compared with their non-

malignant counterparts. Indeed, gross reduction in antioxidant levels, including SOD 

and catalase, has been observed in tumour cells (Sykes et al., 1978, Laurent et al., 

2005). It has also been demonstrated that in cancer cells, though not in normal cells, 

there is a low involvement of the glutathione pathway in the control of H2O2 production 

(Nicco et al., 2005). Additionally, by contrast to normal counterpart cells, transformed 

and malignant cells have low antioxidant activities, including GPx and catalase (Valko 

et al., 2007). Hepatoma cancer cells have no more than 10% total antioxidants 

(compared with their normal counterparts); they are deprived of the main cellular 

antioxidant candidates, including catalase, GPx, SOD and GSH. The western blot 

analysis reveals a low antioxidant profile with no expression of catalase protein (Verrax 

et al., 2009). Studies have also reported that melanoma cancer cells exhibit a 

considerably lower amount of antioxidants involving catalase and glutathione enzymes 

in comparison to melanocytes (Meyskens et al., 1997, Offner et al., 1992, Picardo et al., 

1996). In general, normal cells contain catalase at a concentration of up to 100 times 

higher than that found in cancer cells (Benade et al., 1969). For instance, catalase gene 

expression in hepatoma cancer cells is down regulated (Sato et al., 1992). Furthermore, 

a clinical study has also found that SOD activity in erythrocyte of patients with 

melanoma cancer is significantly lower than that in healthy subjects (Gadjeva et al., 

2008). Further, Pelle et al. (2005) have found that keratinocytes (HaCaTs) cells have 

higher concentrations of catalase and glutathione peroxidase. In addition, in melanoma 

cancer cells abnormal lower level of MnSOD has been demonstrated (Valko et al., 

2006). The low level of catalase in tumour tissue is also thought to be the result of 

inadequate blood flow to tumour tissue (Ohno et al., 2009). Consequently, normal tissue 

receive adequate blood supply which is rich in catalase, so efficiently quenches H2O2 
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and protects the cellular compartments from oxidative stress (Ohno et al., 2009) (Figure 

1.13). 

 

Figure 1.13. Inadequate level of catalase in tumour tissue. 

Normal tissue is supplied with adequate level of catalase by normal blood flow enriched with catalase, 

efficiently scavenging H2O2; however, the tumour tissue has reduced blood supply, thus is low in 

catalase; H2O2 transforms to 
●
OH leading to cell damage. Adapted and modified from (Ohno et al., 2009). 

1.3.3 Oxidatively assaults and cell injuries 

1.3.3.1 Oxidatively mediated DNA damage  

Oxidatively damaged DNA is the consequence of ROS interaction with genomic 

elements, causing a variety of lesions including DNA single and double strand breaks 

(SSBs and DSBs), sugar lesions, purine and pyrimidine modifications and 

apurine/apyrimidine (AP) sites (Simic and Jovanovic, 1986, Loft and Poulsen, 1996). 

The sensitivity of cells to DNA damage is complicated by diversity in the ROS 

members and their effects (Imlay and Linn, 1988). O2

-
 is highly diffusible across 

membranes, but its reactivity is less than 
●
OH reactivity. The latter has the ability to 

react at near diffusion rates (Hemnani and Parihar, 1998) and consequently no enzyme 

is involved in its neutralisation from the biological systems (Southorn and Powis, 1988).  

Formation of 
●
OH from H2O2 through the Fenton reaction (Equation 1.1) is responsible 

for damage to DNA (Dizdaroglu, 1991, Halliwell and Aruoma, 1991, Park et al., 2005, 

Henle and Linn, 1997). In normal conditions, the level of free intracellular iron is 

reported to be low, but under stress conditions excess superoxide induces release of free 

iron ions (Fe
+2

) and these can react with H2O2 to from 
●
OH (equation 1.1) (de Melo et 

al., 2013). 
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Intracellular generation of 
●
OH occurs through different mechanisms. Iron released 

from iron-containing molecules participates in the production of the majority of in vivo 

●
OH from H2O2 via the Fenton reaction (Valko et al., 2006). The 

●
OH produced in the 

nucleus reacts with DNA bases and the deoxyribosyl backbone, thus inducing 

simple/single damages such as single strand breaks (SSBs) and isolated oxidatively 

DNA base damage lesions (ODBLs).  

Ionising radiation damages DNA, either directly through energy deposition in DNA 

molecules or indirectly through hydrolysis of water to generate 
●
OH at the site of 

energy deposition. This can induce single damages or local multi-damaged sites (MDS), 

which are more lethal to the cell (Ward, 1988, Valko et al., 2006).  

DNA sugar damage occurs as a result of 
●
OH attack, with the latter causing hydrogen 

atom abstraction from the deoxyribose moieties yielding to SSBs and base loss (Henner 

et al., 1983). This type of damage occurs due to the susceptibility of deoxyribose to 

abstraction of its hydrogen atoms by 
●
OH (Breen and Murphy, 1995). For ODBLs, it 

has been shown that oxidative damage to the four nucleobases takes place via complex 

mechanisms (von Sonntag, 1987). These lesions are generated when 
●
OH adds at 

diffusion-controlled rates to the double bond of purines and pyrimidines, the exact site 

of this attack depending on the electron density (Evans et al., 2004). Purines are 

oxidised primarily to yield products such as 7,8-dihydro-8-oxoguanine (8-oxo-dG) and 

7,8-dihydro-8-oxoadenine (8-oxo-dA), and two derivatives of ring opened 

formamidopyrimidines (Aruoma et al., 1989); this mechanism is based on the addition 

of 
●
OH to C8 of DNA purine ring to yield a base radical adduct. Subsequently, 

oxidation of this adduct generates the 8-oxo-species, while reduction of the adduct 

results in the formation of the formamidopyrimidine (Fapy) species (Henle and Linn, 

1997). Of all the DNA base adducts generated by 
●
OH, 8-oxo-dG is considered to be the 

most common, and an excellent marker for estimating oxidative DNA damage 

(Weitzman et al., 1994, Wagner et al., 1992, Cooke et al., 2003).  

ROS-induced DNA damage is not an unusual event, and occurs even in normal cells 

when they suffer from oxidative stress. It is claimed that thousands of oxidative-induced 

DNA damages occur in every human cell each day (Hoeijmakers, 2001), but the 

damage is not persistent. This is because of the damage repair mechanisms that occurs 

through the action of DNA repair enzymes notably the base excision repairs (BER) 

pathways (Wallace, 1988, Hoeijmakers, 2001). Oxidative mediated DNA based 
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damages are efficiently repaired through the multi-step mechanism of BER; briefly this 

involves the recognition and excision of the damaged DNA bases by DNA glycosylase 

as the first step of this repair pathway. This process is then followed by cleaving the 

phosphodiester backbone with endonuclease. Next, a DNA polymerase enzyme replaces 

the missing nucleotide and the remaining nick is sealed by DNA ligase (Janssen et al., 

1993, Friedberg et al., 2005). It is hypothesised that in tumour cells the process of the 

elimination of ROS-mediated DNA damage lesions may be underwhelmed when the 

level of damage exceeds the cell‘s DNA repair capacity (Jackson and Loeb, 2001).  

In response to oxidative DNA damage, other enzymes also contribute to the repair 

mechanism. It is found that oxidatively induced strand breaks activate a nuclear enzyme 

called poly-ADP-ribose polymerase (PARP) (Schraufstatter et al., 1986). This enzyme 

helps to repair the DNA strand breaks; however, the enzyme activation reduces the 

cellular levels of nicotinamide (NAD) and ATP, thus inhibiting cell survival and 

promoting cell death (Carson et al., 1986). An experimental study has demonstrated that 

the pigment melanin has an inhibitory effect on the DNA damage repair mechanism. 

The study found that the pigment melanin reduces the ability of DNA repair enzymes, 

such as the base excision repair enzymes (Wang et al., 2010).  

Metal ion involvement in the H2O2-meditaed DNA damage mechanism has been 

confirmed by many studies (Barbouti et al., 2001, Duarte and Jones, 2007). Depending 

on the type of cells, the level of intracellular metal ions also varies. A study by Bedrick 

and co-workers indicates that melanoma cancer cells have the ability to take-up more 

metal ions than normal melanocytes (Bedrick et al., 1986). In addition, experimental 

studies indicate that melanin particles have a tendency to attract more metal ions 

(Sarzanini et al., 1992). This is because the pigment is colloidal and has metal binding 

sites (Gidanian and Farmer, 2002, Szpoganicz et al., 2002); Indeed, metal-binding to 

melanin has been shown to mediate ROS formation (Farmer et al., 2003). 

1.3.3.2 Oxidative mediated cell death 

Programmed cell death or apoptosis is an intrinsic cellular activity that causes an overly 

damaged cell to self-destruct. Typically, organ or tissue homeostasis relies on the 

apoptotic pathways and any imbalance in their cellular functioning may lead to the 

uncontrolled growth of cells. In cancer treatment, the promotion of apoptosis pathways 

is a promising avenue of tackling the disease and preventing metastasis (Wasierska-
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Gadek and Maurer, 2011). Many chemotherapeutics currently used to treat cancers 

induce apoptosis; however, disturbances in the programmed cell death pathways may 

make cancer cells resistant to chemotherapy-induced apoptosis (Igney and Krammer, 

2002). 

It has been demonstrated that stress-induced ROS play a key role in apoptosis. It has 

been suggested that low levels of H2O2 (3-15µM) stimulates cell division and has a 

proliferative effect on cells, whereas higher levels may lead to growth arrest, apoptosis 

and/or necrosis of cells (González et al., 2005). Under stress conditions, a high amount 

of ROS, including 
●
OH, induces cellular damage and death (Kannan and Jain, 2000, 

Pelicano et al., 2004). The direct link between apoptosis and ROS is based on the fact 

that apoptosis can be induced by H2O2 and inhibited by catalase (Pierce et al., 1991). 

The susceptibility of cells to ROS attack varies between cancer cells and normal cells. 

Additionally, a significant reduction in viability has been demonstrated in melanoma 

cultured cells when both cell types, melanocyte and melanoma, are exposed to 

exogenous oxidative stress (Farmer et al., 2003). 

Some cytotoxic anticancer modalities target cancer cell DNA, either directly or 

indirectly, to tackle the disease (Roos and Kaina, 2006). Today, ROS generating drugs 

are used to kill cancer cells oxidatively; however, the mechanism of oxidative mediated 

cell death is complex and unclear. Induction of oxidative DNA damage has been found 

to trigger cell apoptosis and this is likely to occur via the formation of particular DNA 

lesions, including DNA strand breaks (SSBs and DSBs) and DNA-crosslinks (Roos and 

Kaina, 2006). In addition, certain gentoxic agents induce cell death by interfering in the 

DNA repair mechanism (Roos and Kaina, 2006). Another study indicates that induction 

of H2O2-mediated apoptosis occurs via cellular lysosomes, the cellular organ nicknamed 

“suicide bags” (Duve, 1969). A correlation between the H2O2-mediated apoptosis and 

partial lysosomal rupture, which eventually leads to an activation of apoptotic cascades 

(caspase-3), has been reported (Antunes et al., 2001). In addition to DNA damage, a 

high amount of ROS oxidises cellular lipids and proteins, and enhances mitochondria to 

release pro-apoptotic proteins triggering cell death (Ott et al., 2007). 
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1.4 ROS mediated approaches for cancer treatment 

The preferential killing of cancer cells is the major goal in the development of any novel 

anticancer drug/therapy. To date, studies have targeted tumour tissue, based on the 

genetic variations between normal and cancer cells. These attempts have resulted in 

advanced therapies, such as oncogene inhibitors, immunotherapies, and hormonal 

therapies, delivering some clinical successes in recent years (Comoglio et al., 2008, 

Sequist et al., 2011, Thakur et al., 2013, Arora and Scholar, 2005). However, these 

therapies face challenges in the form of drug resistance, tumour heterogeneity and the 

genetic instability of cancer cells (Trachootham et al., 2009). 

ROS performs an essential defence function in the human body. Immune cells, 

including neutrophils, macrophages, lymphocytes and dendritic cells, release H2O2 

naturally to attack and eliminate pathogens including bacteria, viruses and cancer cells 

(Samuni et al., 2001). Research has revealed that monocytes and macrophages produce 

large amounts of H2O2 when they come into contact with malignant cells (Fidler and 

Schroit, 1988, Mytar et al., 1999).  

In cancer cells, ROS can be a double-edged sword. Mounting evidence suggests that in 

contrast to normal cells, cancer cells from different types of tissue and organs contain 

higher amounts of H2O2 (Szatrowski and Nathan, 1991, Lim et al., 2005, Burdon, 1995, 

Zieba et al., 2000, Kawanishi et al., 2006). In these cells a certain level of ROS 

promotes cell differentiation, proliferation of the cancer cells and helps them to grow 

and  survive (Boonstra and Post, 2004, Gibellini et al., 2010). However, if ROS levels 

are slightly increased in cancer cells, then transient cellular damage can occur; however, 

overproduction and accumulation of ROS is lethal and may induce toxic chain reactions 

in cells (Ahmad et al., 2004). This can led to irreversible oxidative damage that disables 

cellular components including DNA (López-Lázaro, 2007). 

Physiologically, normal cells retain a balance between ROS production and their 

disposal, by maintaining redox homeostasis. It has been reported that normal cells can 

tolerate a certain amount of exogenous ROS, depending on the capacity of their 

antioxidant systems. However, in tumour tissues this system may be grossly disturbed 

because of the reduced blood flow and low level of antioxidant enzymes in the tissues, 

which makes cancer cells more susceptible to the detrimental effects of ROS (Ohno et 

al., 2009). In spite of the rationality behind treating ROS-generating tumours with 
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antioxidant therapies, ironically, the mechanisms of many drugs and ionising radiations 

for killing cancer cells increase ROS (Fruehauf and Meyskens, 2007). Hence, 

theoretically, antioxidant therapies may inhibit the effects of some chemotherapies and 

radiation treatments, by eliminating oxidative damage.  

Despite a large body of evidence indicating that cancer cells are under profound 

oxidative stress, such stress is usually believed to be inadequate to result in cell death 

(Toyokuni et al., 1995). However, increased intrinsic ROS in cancer cells provides a 

unique opportunity to selectively kill cancer cells, based on their vulnerability to 

additional ROS (Pelicano et al., 2004). Thus, theoretically, elevating endogenous ROS 

in cancer cells could result in a selective ROS-mediated approach as a means to kill 

these cells. Based on this scenario, it has recently been proposed that providing cancer 

cells with additional ROS from exogenous sources could increase oxidative stress 

beyond a toxic threshold, thereby overwhelming their antioxidant defences and inducing 

higher cell death rates (Trachootham et al., 2009, López-Lázaro, 2007) (Figure 1.14). 

 

 

Figure 1.14. The proposed model for cancer treatment by ROS-mediated approach.  

Normal cells have low endogenous ROS levels, while cancer cells have significant amounts of 

endogenous ROS. Providing these two groups of cells with therapeutic ROS could raise the level of 

oxidative stress above the threshold and kill the cancer cells selectively (Lopez-Lazaro, 2007; 

Trachootham et al., 2009). 

 

The sensitivity of malignant and normal cells to H2O2-induced cell death is obviously 

different. For instance, cancer cells (Leukemia cells) with high levels of endogenous 

ROS are more sensitive than normal lymphocytes to 2-methoxyestradiol (2-ME), a 

novel anticancer agent which generates ROS by inhibiting SOD (Huang et al., 2000, 
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Mooberry, 2003). In vitro studies have also demonstrated that the rate of cell death 

induced by 50 µM H2O2 is higher in Burkitt´s lymphoma cancer cells than in normal 

white blood cells (lymphocytes and monocytes), even when the latter are treated with 

250µM H2O2 (Chen et al., 2005). Moreover, an animal study reported that using diluted 

H2O2 as a substitute for pure water in rats implanted with Walker 256 adenocarcinoma 

xenograph resulted in 50-60% of them being cured of the disease (Holman, 1957). A 

linear correlation between renal carcinoma cell death and oxidative markers, such as 8-

oxo-dG has been observed after cell exposure to the ROS-inducing agent ferric 

nitrilotriacetate (Toyokuni et al., 1995). 

The direct administration of H2O2 to patients with cancer has not been undertaken 

because of anticipated toxicity levels (López-Lázaro, 2007). However, as mentioned 

above, using an H2O2-generating system is a rational way to supply tumour tissues with 

H2O2. This can be performed by introducing therapeutic H2O2 in cancer cells 

chemically, by certain anticancer drugs such as arsenite (Szymczyk et al., 2006), 

motexafin gadolinium (Magda and Miller, 2006), doxorubicin, cisplatin, and bleomycin 

(Deavall et al., 2012), Elesclomol (STA-4783) (Kirshner et al., 2008). Depletion of 

intracellular glutathione by bothiunine sulfoxamine (BSO) (Sun et al., 2012, Bailey et 

al., 1994) is another way for elevating endogenous ROS within in cells. These agents 

induce formation of more intracellular ROS, either directly or indirectly, according to 

different mechanisms (Schumacker, 2006). BSO acts by irreversibly inhibiting ɣ-

glutamylcysteine synthetase in cells, thereby inhibiting glutathione levels (Griffith, 

1982), leading to an accumulation of oxidative species in cells (Gokce et al., 2009) 

(Figure 1.15). Elesclomol (STA-4783) is considered a novel oxidative stress inducer. 

The drug binds with copper ions (Cu
+2

) in the plasma (extracellular) causing structural 

changes in the drug, which enable it to enter the cell and eventually the mitochondria. 

Once inside the mitochondria, the complex (Elesclomol-Cu
+2

) interacts with the 

electron transport chain (ETC) (the energy producing mechanism within mitochondria). 

This interaction reduces Cu
2+

 to Cu
1+

, triggering sequential redox reactions which 

ultimately generate oxidative stress (Blackman et al., 2012) (Figure 1.16).  
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Figure 1.15. Intracellular GSH depletion by BSO enhances endogenous ROS accomulation.  

When BSO enters into cells it inhibits the synthesis of GSH, which functions as an antioxidant against 

H2O2. Depletion of GSH can cause accumulation of intracellular ROS, generated from metabolic process 

inside the cell. The figure has been adapted and modified from (Higuchi, 2004).  

 

 

Figure 1.16. ROS production mechanisms by Elesclomol.  

Extracellularly, Elesclomol binds with Cu
2+

 and then enters the cells and then the mitochondria. Inside the 

mitochondria Cu
2+

 is reduced leading to generation of oxidative stress (Blackman et al., 2012). 

 

The ability of drugs to induce ROS formation varies. 1µM of doxorubicin induces the 

generation of more than 40 pM of intracellular H2O2 in cancer cells; this is the level that 

can be achieved by treating cells with media containing 500µM H2O2 (Wagner et al., 

2005). Moreover, a further study, which incubated lymphoma cancer cells (Burkitt´s 

lymphoma cells) with Elesclomol, reported a substantial rise in ROS levels. In the first 

half an hour there was just a 20% increase in ROS, but 6 hours after incubation the 

amount had increased by 19-fold (Kirshner et al., 2008). Not only can the drugs 

generate ROS, but ascorbic acid (AA) autoxidation can also induce the formation of 
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H2O2. More than 40µM of H2O2 was detected in media containing mesotheliomia cancer 

cells when incubated with 1mM AA for 1 hour (Ranzato et al., 2011). The formation of 

H2O2 by AA is a consequence of its interaction with metal ions. Ascorbate participation 

in metal dependent H2O2 generation occurs when it reduces Fe
3+

 to Fe
2+

; the later 

reduce O2 to generate O2

- 

which is an essential component required to form H2O2 

(Figure 1.17) (Buettner and Jurkiewicz, 1996, Miller et al., 1990, Duarte and Jones, 

2007). 

 

Figure 1.17. Generation of metal dependent H2O2 by ascorbate. 
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1.5 Vitamin C  

1.5.1 Chemistry of ascorbate  

Hexuroic acid was the first term used to describe L-ascorbic acid (AA) (ascorbate) (also 

known as vitamin C) (Dische, 1947). This vitamin was first discovered and isolated in 

1928 (Szent-Györgyi, 1928); since then, its complex biological role in living systems 

has been the subject of continuous study. AA is a versatile water-soluble vitamin that 

has a wide range of essential biological functions in the human body. This multifaceted 

vitamin regulates iron absorption and iron uptake, collagen biosynthesis and 

hydroxylation of carnitine for connective tissue development, biosynthesis of 

noradrenaline (the neurotransmitter) from dopamine, tyrosine metabolism and 

amidation of peptides (Prockop, 1995, Levine et al., 1992, Eipper et al., 1993, Englard 

and Seifter, 1986) and potentiates the immune system by activating the macrophages 

(Watson et al., 2010).  

Chemically, a ketolactone, 2-oxo-L-threo-hexono-1,4-Lactone-2,3-enediol, refers to 

vitamin C, which has a molecular weight of 176.13 and two major forms: ascorbate and 

dehydroasorbate (DHA) (Naidu, 2003, González et al., 2005). A five-membered 

heterocyclic lactone forms the enediol ring of ascorbate that is responsible for its 

physical and biochemical properties (Tolbert et al., 1975) (Figure 1.18).  

 

 

Figure 1.18. Chemical structure of ascorbic acid. 
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1.5.1.1 Antioxidant and prooxidant role of vitamin C 

Ascorbate is known as a powerful antioxidant in living organisms (Halliwell, 1996). It 

is capable of scavenging most biological FRs, and effectively quenches FRs including 

singlet oxygen, superoxide and hydroxyl radicals. The reaction between those FRs and 

ascorbate yields the ascorbate radical (a one-electron oxidised product), which can then 

further be oxidised to from dehydroascorbate (DHA) (Shapiro and Saliou, 2001). This 

reaction is the result of low, one-electron reduction potentials of both, ascorbate and the 

ascorbate radical, 282 and -170mV respectively. Furthermore, ascorbate has the ability 

to be regenerated from the ascorbate radical; the latter is unreactive, which is due to the 

resonance stabilisation of unpaired electron, and can readily dismutate to AA and DHA 

(Figure 1.19A) (Carr and Frei, 1999a). In mammalian cells, ascorbate can be rapidly 

regenerated and trapped intracellularly from its oxidised form (DHA); this happens via 

the action of GSH/NADPH system (May, 1998) (Figure 1.19B). 

 

Figure 1.19. Ascorbate reduction and oxidation reactions. 

A) Ascorbate oxidation to yield ascorbyl radical and dehydroascorbate by two successive one electron 

steps (Spencer and Bow, 1964, Carr and Frei, 1999a). B) Ascorbate regeneration from DHA (May, 1998). 
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In addition to its numerous biological functions, ascorbate also acts as a potent reducing 

agent; this chemical property enables it to be involved in redox reactions (Duarte and 

Lunec, 2005, May, 1999). The redox properties of AA are based on the fact that 

ascorbate and ascorbate radical are capable of reducing most biological FRs (Halliwell 

and Gutteridge, 1985). Although this chemical feature is the reason AA is considered an 

effective antioxidant within the body, notably, it also acts as a pro-oxidant and a source 

of ROS generation in living systems (Duarte et al., 2007, Halliwell, 1996). It has been 

reported that under certain conditions, such as low ascorbate concentration and in the 

presence of free metal ions, vitamin C behaves as a pro-oxidant (Buettner and 

Jurkiewicz, 1996). The conditions of and the evidence for ascorbate acting as a pro-

oxidant will be discussed further below. 

1.5.2 Bioavailability, transport, and absorption of AA 

With the exception of humans and other primates, most animals are able to synthesise 

large quantities of ascorbate endogenously through monosaccharaide metabolism. 

However, humans, higher primates and guinea pigs rely on dietary ascorbate, as they 

lack the enzyme gulono-γ-lactone oxidase (GULO), which converts L-gulono-γ-lactone 

to 2-keto-L-gulonolactone which then spontaneous converts to L-ascorbatic acid 

(Padayatty et al., 2003). This lack of GULO is the result of multi-inactivating mutations 

of the gene that encodes GULO (Nishikimi et al., 1988, Nishikimi et al., 1994) (Figure 

1.20).  
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Figure 1.20. The biosynthesis pathway of vitamin C in animals. 

The formation of ascorbate acid from monosaccharide (glucose) in some animals occurs by a multistep 

pathway. Lack of the enzyme gulono-γ-lactone in humans and some animals make them deficient in the 

de novo synthesis of ascorbate (Nishikimi et al., 1988, Nishikimi et al., 1994). 

 

Almost all vegetable foods contain vitamin C, and due to a defect in the de novo 

synthesis of the ascorbate pathway in humans, AA remains one of the essential 

micronutrients for the body (Griffiths and Lunec, 2001). This vitamin is thus a crucial 

dietary requirement for ensuring human health. AA also has extensive clinical roles; the 

first being discovered in the early years of the last century during an investigation of the 

aetiology, prevention and treatment of scurvy, a classical ascorbate deficiency disease. 

The disease manifests as a defect in the connective tissue system, and may ultimately 

lead to death (Li and Schellhorn, 2007). AA has also been used to prevent and treat 

common colds and infections (Pauling, 1971), wound healing (Hellman and Burns, 

1958) and to prevent atherosclerosis (Frei, 1997). Furthermore, AA has long been 

studied in relation to cancer prevention and treatment (Cameron et al., 1979, 
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McCormick, 1952, Padayatty et al., 2006, Chen et al., 2005, Chen et al., 2008, 

Padayatty et al., 2010). 

The recommended daily allowance (RDA) for vitamin C is based on several factors: the 

relationship between the intake doses and plasma concentration steady state, renal 

excretion threshold, bioavailability and possible side effects. It has been found that 

approximately 70-90% of AA can be successfully absorbed from a moderate intake of 

30-180mg per day (Jacob and Sotoudeh, 2002). Peak absorption, however, falls to less 

than 50% when the dose exceeds 1gm per day (Jacob and Sotoudeh, 2002). 

Pharmacokinetics data suggests that a mean peak level of plasma ascorbate reaches 

100µM or more through oral supplementation (Padayatty et al., 2004, Woollard et al., 

2002, Choi et al., 2004, Levine et al., 2011). A study carried out on 12 volunteers and 

lasting for 8 weeks found that 500mg/day of vitamin C orally significantly raised the 

plasma and skin content of ascorbate (McArdle et al., 2002).   

Ascorbate and DHA obtained as part of a typical human diet are absorbed via 

enterocytes of the small intestine. However, this cannot occur by simple diffusion 

because of the polarity of ascorbate and its relatively high molecular weight. Thus, 

ascorbate is transported across the cell membrane and trapped intracellularly via two 

different mechanisms: active transport (sodium-dependent active transport) and 

facilitated diffusion. The active transport mechanism is mediated by specific classes of 

membrane proteins known as sodium vitamin C co-trasporters (SVCT), whereas 

facilitative diffusion is carried out via facilitated glucose (hexose) transporter (GLUT) 

(Li and Schellhorn, 2007). The reduced form of vitamin C (ascorbate) is transported in 

and out of the cell via an active SVTC that has two isomers: SVTC1 and SVTC2. 

The oxidised form of vitamin C (DHA) can be imported by GLUT1 and GLUT3. When 

ascorbate is present extracellularly, it is oxidised to DHA, which then diffuses into the 

cell via the GLUT transporter, where it is then reduced back to ascorbate (Figure 1.21) 

(Li and Schellhorn, 2007). 
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Figure 1.21. Mechanisms of ascorbate transportation across cell membrane.  

A) Ascorbate is oxidised to DHA extracellularly and is then transported via GLUT into the cell where it 

reduced back to ascorbate. B) Sodium (Na
+
) is coupled to Asc (AA) and through SVCT directly moves 

into the cell. The excess intracellular accumulated Na
+ 

ions are exported in exchange of extracellular 

potassium (K
+
) ions using Na

+
 - K

+
 ATPase. These figures are adapted and modified from (Li and 

Schellhorn, 2007). 

 

Many human cells use the GLUT mechanism to uptake AA. However, melanocytes and 

melanoma cancer cells utilise both mechanisms of vitamin C transportation. 

Furthermore, it has been shown that melanoma cells are able to uptake ascorbic acid at a 

rate 100-fold higher than normal melanocytes do (Spielholz et al., 1997). Additionally, 

one of the GLUT isomers, GLUT-1, which is responsible for DHA transportation, is 

highly expressed in tumour tissue (Mochizuki et al., 2001), including melanoma cancer 

cells (Koch et al., 2013). The high quantities of GLUT in tumour cells is thought to be 

the result of the greater glucose requirement by these cells; this enhances the uptake of 

both ascorbate and DHA by these cells (Spielholz et al., 1997). 

In the small intestine, vitamin C bioavailability and absorption is regulated by ascorbate 

concentration and the active SVTC transporters (Jacob and Sotoudeh, 2002). Studies 

examining ascorbate transporting mechanisms in various cell types have found that high 

and low affinity transporters exist, with respective Km values of 5-150µM and 1-5mM 

(Rose, 1988, Tsukaguchi et al., 1999). However, uptake ability also depends on the cell 

type, and concentration and duration of exposure to ascorbate. One study has found that 

treatment of cultured pancreatic cancer cells (MIA PaCa-2) with 50µM, 1mM and 
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18mM of AA for 4 hours results in an intracellular accumulation with 6mM, 8mM and 

18mM respectively (Ullah et al., 2012). However, when treating skin fibroblasts with 

1mM ascorbate for approximately 18 hours, their uptake was just 0.4mM (Vissers et al., 

2007).   

Ascorbate is the most common form of AA in the human body and in plasma (Welch et 

al., 1995). The physiological level of AA in human tissue is 50-fold higher than in 

plasma (Welch et al., 1995). The normal plasma level of ascorbate ranges from 30-

100µM, but it is manifest at milimolar concentrations in various tissue types (Shapiro 

and Saliou, 2001). This is because vitamin C transport takes place against the 

concentration gradient. Differences in ascorbate levels among tissues and organs, and 

between tissue layers of the same organ, have been reported. For instance, every 100g 

of brain (wet-tissue) contains 13-15mg of ascorbate; however, the same amount of skin 

tissue contains only 0.4 to 1mg of ascorbate (Levine and Hartzell, 1987). Furthermore, 

in skin layers, ascorbate deposition is higher in the dermis (3.8µM/g) than epidermis 

(0.7µM/g) (Levine and Hartzell, 1987). Another study has found that in white blood 

cells the ascorbate concentration is 6-8mM, while plasma ascorbate remains at 

micromolar levels (Alexandra et al., 1995). Among the various types of tissues and 

organs in humans, adrenal and pituitary glands have the highest level of ascorbate 

deposition (Table 1.5) (Hornig, 1975). Ascorbate levels of tissue may vary between 

healthy and diseased cells; for instance, cancer patients often have abnormally low 

levels of plasma ascorbate (Head, 1998, Cameron et al., 1979, Mayland et al., 2005, 

Schleich et al., 2013). Low levels of ascorbate in such cases could indicate over 

utilisation and a high requirement for vitamin C by tumour tissue (Cameron et al., 

1979). 
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Table 1.5. Ascorbate level in different tissues and organs . 

Below organs and tissue contain high amounts of ascorbate (Hornig, 1975, Terpstra et al., 2010, Emir et 

al., 2011). 

 

 

1.5.3 Vitamin C in cancer treatment and prevention 

A number of epidemiological and clinical studies have reported beneficial effects for 

AA, including in the targeting of chronic diseases such as cancer (Weber et al., 1995, 

Packer, 1997, Gey, 1998, Khaw et al., 2001). Different studies have independently 

concluded that foods rich in AA, such as fruit and vegetables, afford protection against 

cancer development (Block et al., 1992, Steinmetz and Potter, 1996, Gey, 1998). 

Furthermore, some studies have reported an inverse relationship between the plasma 

level of vitamin C, and cancer risk (Gonzalez and Riboli, 2010, Mayland et al., 2005). 

From a total of 46 studies, focused on vitamin C status in non-hormone-dependent 

cancers, 33 have found a significant correlation between ascorbate level and a protective 

effect (Ullah et al., 2012). Some conditions cause a gross disturbance to occur in the 

bioavailability of ascorbate in human tissue, and studies show a very low level of 

vitamin C reserves in cancer patients (Núñez, 1994, Anthony and Schorah, 1982). 

Furthermore, a correlation has been demonstrated between ascorbate deficiency and 

decreased survival rates in cancer patients (Mayland et al., 2005). Recent animal studies 

have reported an inhibitory effect on melanoma cancer cell growth/metastasis in 

ascorbate supplemented mice (Cha et al., 2011, Cha et al., 2013). A clinical study has 

also reported a gradual reduction in the level of plasma ascorbate in patients with MM 

stage, with significant reduction (27.3%) noted in plasma ascorbate levels in patients 

with stage IV (Schleich et al., 2013). 
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The application of AA in cancer treatment is not new; indeed, it has been a controversial 

subject for decades. The first idea to propose using vitamin C in malignant diseases was 

in 1949 (Klenner, 1949). This was then further supported by the work of Pauling and 

Cameron in the 1970s, who reported improvements in the outcomes for a variety of 

advanced cancer cases when administrating high intravenous doses of AA (Cameron 

and Pauling, 1976, Cameron and Pauling, 1978). This study was later criticised, 

however, by Moertel et al. (1985), who investigated the effectiveness of ascorbate in 

progressed cases of cancer using megadoses of ascorbate administered orally, the 

inconsistency between the two above studies is thought to result from the variation in 

the plasma levels of ascorbic acid achieved orally vs. intravenously (Li and Schellhorn, 

2007). Injecting vitamin C intravenously can result in a plasma level of ascorbate 

approximately 70-fold greater in healthy individuals than that achieved by oral 

administration (Padayatty et al., 2004). For this reason, recent pharmacokinetics studies, 

which have explored the effectiveness of the ascorbate-cancer correlation, has lead to a 

growing interest in reinvestigating vitamin C feasibility as a cancer treatment (Li and 

Schellhorn, 2007, Chen et al., 2008, Padayatty et al., 2006). Chen et al. (2005) 

examined the ascorbate effect in several human and mouse cancer cell lines, including 

melanoma cancer cells, and found a growth inhibitory effect on cells after incubation for 

one hour with 0.3-20mM ascorbate (Chen et al., 2005). In addition, a recent meta-

analysis study indicated that dietary vitamin C is significantly associated with a risk of 

breast cancer mortality (Harris et al., 2014). 

Data on the mechanism of vitamin C activity against cancer cells is inconsistent. 

Several mechanisms are proposed to be involved in cancer prevention:  

1) Initiation and promotion of collagen (connective tissue) synthesis, to act as a 

strong physical barrier preventing tumour metastasis (McCormick, 1954, Cha et 

al., 2011); 

2) Inhibition of carcinogens formation such as nitrosamines (Hecht, 1997); 

3) Fortification of the immune system against invasion by cancerous cells (Carr 

and Frei, 1999b, Jacob and Sotoudeh, 2002, Cha et al., 2013); 

4) Tumour suppressor gene activation (Chiang et al., 1994);  

5) Neutralisation of free radicals that cause oxidative DNA damage and cell 

mutations (Li and Schellhorn, 2007, Lutsenko et al., 2002, Sweetman et al., 

1997). 
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The possibility has even been raised that vitamin C kills cancer cells through its effect 

on the cellular microenvironment. In cancer cells, the transcription hypoxia-inducible 

factor-1 (HIF-1) drives tumour cells to live and grow in response to metabolic stress. 

Proposals suggest that in tumour cells, ascorbate deactivates and down regulates the 

expression of HIF-1, leading to the regression of tumour growth (Kuiper et al., 2010). A 

particular study, which concerned the influence of ascorbate on MM suggested a 

positive relationship between ascorbate and transferrin expression (the protein that 

uptakes iron ions). This was proposed as the mechanism behind ascorbate mediated 

apoptosis in melanoma (Kang et al., 2005b). Another study suggested that ascorbate 

stimulates release of inflammatory cytokines to combat cancer cells (Cha et al., 2011). 

To elucidate the exact toxic mechanism of ascorbate on cancer cells many hypotheses 

have been tested in in vitro studies in recent years. Although antioxidation is one of 

vitamin C’s main biological roles, it has been found that the pharmacological 

concentrations of ascorbate, and the formation of H2O2 in extracellular spaces are 

strongly linked (Chen et al., 2005, Chen et al., 2007). Such concentrations can kill 

cancer cells in vitro selectively; since, this level of ascorbate mediates high amounts of 

H2O2 formation (mentioned above) in the presence of metal ions, which is large enough 

to damage cancer cell DNA and other organelles, including mitochondria (Ohno et al., 

2009). Based on this mechanism many experimental and clinical studies have been 

undertaken in previous and recent years. Similar effects have been demonstrated in 

many in vivo (Podmore et al., 1998, Chen et al., 2007, Verrax and Calderon, 2009) and 

in vitro studies (Udenfriend et al., 1954, Du et al., 2010, Chen et al., 2005, Chen et al., 

2008). The role envisaged for ascorbate in all these studies is thought to be based on the 

availability of redox-active metal ions (Berger et al., 1997). It is suggested that high 

intravenous doses of vitamin C induce the generation of H2O2 in extracellular spaces, 

through the reduction of metal ions (Levine et al., 2011, Chen et al., 2007) (Figure 

1.22). More recently it has been shown that H2O2, induced by high concentrations of 

ascorbate, caused depletion in cancer cell adenosine-triphosphate (ATP) and mediated 

DNA damage (Ma et al., 2014). 

1.5.4 Pro-oxidant role of ascorbate 

Despite evidence that under physiological conditions ascorbate plays a potent 

antioxidant role, by scavenging free radicals and inhibiting their cytotoxicity (Carr and 

Frei, 1999a, Pflaum et al., 1998), paradoxically, evidence indicates that under certain 



 

50 

 

conditions ascorbate functions as a pro-oxidant. Low micromolar concentrations of 

ascorbate perform this function when active transitional metal ions are available. Metal 

ions are reduced by ascorbate and these in turn react with H2O2, which generates 

damaging 
●
OH via the Fenton reaction (Stick et al., 1976, Duarte and Jones, 2007, 

Satoh and Sakagami, 1996, Gutteridge and Halliwell, 1999, Watson et al., 2010) 

(Figure 1.22). It is worthwhile mentioning that under normal conditions this is not 

relevant, because most transition metal ions are inactive and bound to proteins (e.g 

Transferrin) in vivo (Halliwell and Gutteridge, 1986). 

 

Figure 1.22. Proposed pro-oxidant mechanism of ascorbate in biological systems.  

At the extracellular level, ascorbate generates H2O2 and at the intracellular level it interacts with metal ion 

to generate 
●
OH from H2O2 . 
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Multiple studies have used vitamin C in combination with other therapeutic approaches 

(ranging from chemo-to-radiotherapy), to examine the efficacy of ascorbate as a 

synergistic agent in cancer treatment (Kurbacher et al., 1996, Verrax et al., 2004, Taper 

et al., 1995, Waddell and Gerner, 1980). Hypotheses about ascorbate’s co-effect on 

drug effectiveness in cancer treatments differ. In recent years, unimproved in the 

sensitisation of tumour cells to therapies in the presence of ascorbate have been reported 

(Heaney et al., 2008). It was thought that ascorbate enhances drug delivery to cancer 

cells through activation of membrane transport, thus overcoming a known mechanisms 

of therapeutic resistance (Chiang et al., 1994). Others have claimed that ascorbate 

potentiates the drug effectiveness, through the down regulation of apoptotic inhibitors 

and the up regulation of pro-apoptotic factors (Reddy et al., 2001). Using animal 

models, a reduction in tumour growth and size was reported with pharmacological doses 

of vitamin C combined with cupric sulphate. The effect was due to redox-modulation, 

which generates H2O2 (Reddy et al., 2001). More interestingly, it has been observed that 

ascorbate modulates the oxidative stress induced by indomethacin (a non-steroid agent 

that causes oxidative stress by mitochondrial dysfunction), and that this resulted in 

tumour shrinkage (Waddell and Gerner, 1980). As alluded to above, the majority of 

ascorbate-cancer related papers cite the pro-oxidant effect of vitamin C against cancer 

cells. However, most rely on high intravenous concentrations of ascorbate to achieve 

this result, resulting in considerable debate among clinical researchers. One of the points 

underlined, is that pharmacological concentrations of ascorbate could have negative 

effects on some patients. This can lead to haemodialysis in glucose-6-phosphate-

dehydrogenase deficient patients (Rees et al., 1993). Because oxalate is an ascorbate by-

product, hyperoxaluria was also observed after intravenous administration of vitamin C. 

This could acidify urine and promote oxalate stone formation (de la Vega et al., 2004, 

Massey et al., 2005). 
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1.6 Aims and objectives of this project 

Of known skin cancers, MM is the most lethal and malignant disease. Its incidence is 

continually increasing, and it represents a significant health burden to many 

communities worldwide. Although surgical approaches remain the mainstay of 

treatment for earlier stage melanomas, later stages are highly resistant to current 

modalities, with a dismal prognosis; consequently, there is urgent need for superior 

novel treatments. 

A large body of evidence suggests that, unlike normal cells, cancer cells from different 

tissue sources generate higher amounts of H2O2 (Szatrowski and Nathan, 1991, Lim et 

al., 2005, Burdon, 1995, Zieba et al., 2000, Kawanishi et al., 2006). MM is one of those 

tumours known to produce abnormally high levels of endogenous ROS (de Melo et al., 

2013). A certain level of endogenous ROS promotes cancer differentiation and 

proliferation, and helps cancer cells to survive (Boonstra and Post, 2004, Gibellini et al., 

2010). However, this biological feature is not entirely favourable to cancer cells and 

when the amount of intracellular ROS exceeds a threshold level, it exhausts the cellular 

defence system potentially killing the cell (Trachootham et al., 2009).  

Therefore, in cancer cells, high levels of endogenous ROS can be exploited to tackle the 

disease using a radical approach (Trachootham et al., 2009, Dewaele et al., 2010). This 

strategy has recently become the subject of interest among researchers. For instance, 

providing cancer cells with additional therapeutic-derived ROS, could raise the cellular 

oxidative stress from pro-survival levels to a lethal level, resulting from irreversible 

oxidative damage to the cellular macromolecules, such as the DNA (López-Lázaro, 

2007). 

Vitamin C is a well-known antioxidant; but interestingly it also functions as a pro-

oxidant in biological systems by modulating oxidative stress through Fenton reactions. 

Consequently, many clinical/biological studies have been undertaken to elucidate the 

possible effect of ascorbate on tumour tissues (Levine et al., 2009, Ullah et al., 2012, 

Du et al., 2010, Chen et al., 2005, Padayatty et al., 2006). Their observations 

concerning the mechanism of ascorbate activity against cancer have enhanced the 

interest of clinicians to re-focus on the clinical plausibility of ascorbate in cancer 

treatments (Ullah et al., 2012, Freilich et al., 2014). However, the majority of these 

preclinical and in vitro studies have relied on high doses of ascorbate to generate H2O2 
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in the extracellular spaces, via the Fenton reaction (Ullah et al., 2012, Chen et al., 

2008); and this can have toxic drawbacks including haemodialysis in glucose-6-

phosphate-dehydrogenase deficient patients and hyperoxaluria. However, when 

ascorbate is present inside the cancer cell it could cause exogenously produced H2O2 to 

generate 
●
OH by promoting the Fenton reaction, with the produced 

●
OH attacking the 

DNA, causing damage and breakage (Duarte and Jones, 2007). 

Therefore it is hypothesised that one of the biological functions of ascorbate is to enable 

H2O2-induced DNA damage and cell killing, but if the tumour cells are deficient in 

ascorbate this may compromise the programmed cell death that occurs when cells are 

subject to oxidants, thereby enabling tumour cells to survive. Therefore, it is proposed 

that ascorbate accelerates H2O2-induced melanoma cell death via the modulation of 

oxidative stress, with vitamin C serving as a “DNA damage switch” to promote cell 

death, notably apoptosis. 

In addition, previous studies have reported that ascorbate induces apoptosis and has a 

negative effect on melanoma cancer cell proliferation (Bram et al., 1980), and it has 

been reported that melanoma cancers are more susceptible to vitamin C toxicity than 

other cancer cells (Kang et al., 2005b). Furthermore, a recent study demonstrated an 

inhibitory effect of ascorbate supplementation on melanoma metastasis and reduced 

tumour growth in vitamin C deficient mice (Cha et al., 2013).  

Research objectives: 

1. To investigate the hypothesis that ascorbate accelerates H2O2-induced DNA 

damage in melanoma cancer cells. 

2. To study the effects of ascorbate on H2O2-induced melanoma cancer cell 

apoptosis and cell killing. 

3. To further investigate the above effects when using drugs to increase cellular 

oxidative stress instead of H2O2.  

4. Investigate the effect of ascorbate on oxidative mediated DNA damage in 

primary melanoma tumour tissue induced by the H2O2 and ROS-inducing drugs. 

The outcomes of this study will establish intracellular oxidative stress mechanisms, 

resulting from oxidative modulation by ascorbate, in melanoma cancer and normal cell 

lines, and will contribute to a basic understanding of intracellular oxidative stress in this 

cancer model. 
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2 CHAPTER II: Materials & Methods 
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2.1 Materials 

2.1.1 Chemicals and cell culture materials   

2.1.1.1 Cell culture media and additives 

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial Institute-1640 

(RPMI-1640), Roswell Park Memorial Institute-8764 (RPMI-8764), Gibco cascade 

medium 106, foetal bovine serum (FBS), L-glutamine (GlutaMAX-I), non-essential 

amino acids (NEAA) and sodium pyruvate, Hank's Balanced Salt Solution (HBSS) and 

media 199 were all purchased from Life Technologies (Paisley, UK).  

2.1.1.2 Chemicals  

Gold antifade/DAPI-SlowFade
® 

and ultra-pure dH2O were purchased from Life 

Technologies (Paisley, UK). Elesclomol (STA-4783) was purchased from Selleckchem 

(Houston, Texas, USA). Desferrioxamine (DFO) was purchased from Santa Cruz 

Biotechnology Inc (Heidelberg, Germany). Goat milk powder, Trypan blue stain, 

crystal violet stain, propidium iodide (PI), 2′, 7′-Dichlorofluorescin diacetate (DCFH-

DA), normal melting point (NMP) agarose and low melting point (LMP) agarose, 

phosphate buffer saline tabs (PBS), sodium chloride (NaCl), sodium 

ethylenediaminetetraacetic acid (Na2EDTA), sodium hydroxide (NaOH), hydrochloric 

acid (HCl), acrylamide (30% acrylamide: bis acrylamide), N-Acetyl-L-cysteine (NAC) 

dimethyl sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), tris 

hydrochloride (Tris HCl), potassium chloride (KCl), tris-base, triton X-100, normal goat 

serum, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-hydroxyethyl) 

piperazine-N′-(2-ethanesulfonic acid) (HEPES), L-ascorbate, H2O2 (30% v/v), 

Buthionine sulfoximine (BSO), sodium dodecyl sulphate (SDS), tween-20, glycerol, 

ethanol, methanol, ponceau S, acetic acid, glycine, N,N,N,N-

tetramethylethylenediamine (TEMED), ammonium persulphate, 1-butanol, 2-

mercaptoethanol, bromophenol blue were all obtained from Sigma Aldrich (Gillingham, 

UK). 
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2.1.1.3 Enzymes and antibodies  

Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA 10x) and catalase from bovine 

liver were purchased from Sigma Aldrich (Gillingham, UK). Liberase Blendzyme 

Thermolysin enzyme was purchased from Roche Diagnostics (Sussex, UK). 

Formamidopyrimidine DNA glycosylase (Fpg) was purchased from New England 

Biolabs (Hertfordshire, UK), Anti-phospho-histone H2A.X (ser139) antibody, clone 

JBW301 Mouse Monoclonal Antibody and A21121 Alexa Fluor 488 Goat Anti-mouse 

IgG were purchased from Life Technologies (Paisley, UK). Goat Anti rabbit IgG (HRP) 

was obtained from Abacam  (Cambridge, UK) and anti-catalase antibody (rabbit 

polyclonal (IgG) to human CAT / catalase) was purchased from LSBio (Nottingham, 

UK). Protein ladder (molecular marker) was purchased from Thermo Fisher Scientific 

(Horsham, UK).    

2.1.1.4 Buffers and working reagents  

All buffers and working reagents were freshly prepared; those that are temperature-

sensitive were kept and stored properly prior to utilisation. The following is the list of 

buffers and working reagents required for the methods and techniques used in this 

study. 

 PBS 

PBS buffer (pH 7.4) was prepared by dissolving one tablet of PBS (Sigma 

Aldrich) in 200ml of deionised water (ddH2O). This yielded 0.01M phosphate 

buffer, 0.0027M KCl and 0.137M NaCl, pH 7.4, stored at 25°C. 

 1M KOH 

The stock of 1M KOH was made by dissolving 5.611g KOH to 100ml ddH2O, 

kept at room temperature. 

 Enzyme reaction buffer (ERB) 

10x ERB (stock) was prepared by mixing 400mM HEPES (190.65g), 4.0g BSA, 

1M KCl (149.12g) and 5mM Na2EDTA (3.7224g) in 1.6 litres of ddH2O;  the 

pH was adjusted to 8.0 with 1M KOH and the final solution made up to 2 litres 

with ddH2O. Aliquots of 50ml of 10 x ERB solutions were stored at -20
o
C. On 

the day of experiment, the 10x ERB aliquot was defrosted and 1x ERB was 

made by adding 50ml of 10x ERB to 450ml of ddH2O. 
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 Lysis buffer 

The stock solution of lysis buffer was made by mixing 100mM Na2EDTA 

(37.2g), 2.5M NaCl (146.1g) and 10mM Tris-HCl (1.2g). The mixture was made 

up to 1 litre with ddH2O and its pH was adjusted to 10.0 with 10M NaOH. The 

working solution of the lysis buffer was made by adding 1% Triton-X-100 (v/v) 

to the lysis buffer stock solution and could be stored for 24 hours at 4°C prior to 

use.  

 Alkaline electrophoresis buffer (AEB):  

To prepare the AEB, two stock solutions were required. Firstly 10M NaOH was 

made by dissolving 200g of NaOH in 500ml ddH2O, and secondly 200mM 

Na2EDTA was made by dissolving 7.4g of Na2EDTA in 100ml ddH2O. The 

AEB working solution was made by mixing 60ml of 10M NaOH with 10ml of 

200mM Na2EDTA; the final volume of the mixture was made up to 2 litres with 

ice-cold ddH2O; note: the pH of AEB is ≥ 13.00. 

 Neutralisation buffer  

The neutralisation buffer was made disolving 0.4M Tris (4.85g) a final volume 

of 100ml ddH2O. The pH was then adjusted to 7.5 with concentrated HCL and 

the solution was kept and stored at room temperature. 

 1x KCM washing buffer 

Prior to preparing the KCM washing buffer, a 10x KCM buffer was made 

disolving 1.2M KCl (8.946g), 200mM NaCl (1.1688g), 100mM Tris-HCl and 

10mM EDTA (0.372g) in  60ml of ddH2O and then the final volume was made 

up to 100ml with fresh ddH2O and stored at 4
o
C. On the day of assay, for each 

100ml of 1x KCM washing buffer required, 10ml of 10x KCM buffer, 100µl 

Triton X-100 and 89.9ml ddH2O were mixed thoroughly. 

 KCM blocking buffer 

The KCM blocking buffer was made freshly immediately before use by adding 

2% of BSA (w/v), 10% (w/v) normal goat serum and 10% (w/v) goat milk 

powder to the KCM washing buffer (for example, for each 10ml of KCM 

blocking buffer, 1ml of 10x KCM buffer, 10µl Triton x-100, 0.2g BSA, 1g goat 

milk powder mixed with 1ml of goat serum; the final volume was made up to 

10ml with ddH2O). 
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 1x Trypsin-EDTA 

1x trypsin-EDTA was made by adding 2ml of 10x trypsin-EDTA to 18ml of 

sterile PBS and stored at 4
o
C. 

 TBS with tween 20 (1x TBST) 

TBST 1x was made by mixing 50mM Tris-base (6.057g), 150mM NaCl (8.76g) 

and 0.1% tween 20 (v/v) with 800ml of ultra-pure dH2O. The pH was adjusted 

to 7.65 with HCL and the final volume was made up to 1litre with high purity 

water. 

 TBST-milk  

TBST-milk was freshly prepared by adding 5% (w/v) of dried skimmed milk 

powder to TBST working reagent (for example, 1g of milk powder added to 

20ml of 1x TBST). 

 Laemmli buffer 

Laemmli buffer was freshly made by mixing 2.5ml of 1M Tris-HCL (pH 6.8), 

5ml of 20% SDS and 5ml of 100% Glycerol then 100ml ddH2O was added to 

the mixture. 

 TBST-BSA 

TBST-BSA was freshly prepared by adding 5% BSA (w/v) to 1x TBST working 

reagent. 

 Resolving gel buffer 

The gel buffer was made prior to use by dissolving 181.5g of Tris-base in 850ml 

of ddH2O and the pH adjusted to 8.8 by HCl. The solution was kept at room 

temperature to cool and then more ddH2O was added to give the final volume of 

1000ml re-adjusting the pH to 8.8. 

 Stacking gel buffer 

The gel buffer was freshly prepared by dissolving 60.5g of Tris-base in 850ml 

ddH2O and the pH adjusted to 6.8 with 6M HCl. High purity water was then 

added to the mixture to give the final volume of 1000ml with pH 6.8. 

 Ponceau S Staining Solution 

Ponceau S staining solution was prepared by mixing 1g Ponceau S with 50ml 

Acetic Acid and the mixture was made up to 1000ml with ddH2O. 
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 Running buffer (10x) 

The 10x running buffer was freshly made by mixing 0.25M Tris-HCl (30.3g) 

with 1.92M (144g) glycine and 35mM (10.08g) SDS and the mixture was made 

up to 1000ml with ddH2O. 

 Transfer buffer (10x) 

The 10x transfer buffer was prepared by mixing 60.4g Tris-base and 288g 

glycine with 1800ml ddH2O the volume then made up to 2000ml by adding 

more ddH2O. To make 1x Transfer buffer, 100ml of 10x Transfer buffer was 

mixed with 100ml of methanol and 800ml of ddH2O. 

 10% SDS polyacrylamide-gel 

A 10% SDS gel was made immediately prior to use by mixing 4ml of ddH2O, 

3.3ml acrylamide, 2.5ml Tris-HCl (1.5M, pH 8.8), 0.1ml SDS, 0.1ml 

ammonium persulfate and 0.004 TEMED. 

 5% Stacking gel: 

A 5% stacking gel was made by mixing 3.4ml of ddH2O, 0.83ml acrylamide, 

0.63ml Tris-HCl (1.0M, pH6.8), 0.05ml SDS, 0.05ml ammonium persulfate and 

0.005 TEMED. 

 0.6% LMP agarose  

The 0.6% LMP agarose gel was prepared by dissolving 0.12g of LMP agarose 

powder in 20ml PBS using a microwave. 

 1% NMP agarose 

The 1% NMP agarose gel was prepared by dissolving 0.5g of NMP agarose 

powder in 50ml of ddH2O using a microwave. 

N.B: Calculations of material concentrations in this study and molarities/concentrations 

of substances and compounds were made using an automatic mathematical formula 

provided by the GraphPad prism website below: 

http://www.graphpad.com/quickcalcs/Molarityform.cfm 

2.1.1.5 Test compounds 

All desired concentrations of the test compounds were freshly made immediately prior 

to use. The following compounds were dissolved in their specific solvents and diluents. 

  

http://www.graphpad.com/quickcalcs/Molarityform.cfm
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 L-Ascorbate (Stock) 

The stock of 10mM ascorbate was made by adding 17.6 mg of L-ascorbate to 

10ml of sterile PBS (pH 7.4). From stock, the desired concentrations of 

ascorbate were made using complete culture media. 

 Hydrogen peroxide (30%) v/v 

The concentration of the supplied stock is 9.79M. To make a 100mM stock, 

10.2µL of the main stock was mixed with 989.8µL of PBS (pH 7.4). From the 

100mM stock, 10µL was taken and mixed with 990µL of PBS to prepare 1mM 

H2O2 stock. From the final stock, desired concentrations were made using free 

serum medium (e.g. for 10µM H2O2 concentration, 20µL of 1mM H2O2 was 

mixed with 2ml of free serum medium).  

 L-Bothionine sulfoxamine (BSO) 

A fresh stock (10mM) was prepared by dissolving 22.23mg in 10ml of sterile 

PBS (pH 7.4). The desired concentrations were then prepared using culture 

media.  

 Desferrioxamine myselet salt (DFO) 

A stock (10mM) was made by adding 65.679mg to 10ml of sterile PBS (pH 7.4). 

The desired concentrations were then prepared using culture media.  

 Elesclomol (STA-4783) 

A stock of 10mM was made by dissolving 2.0025mg in 0.5ml DMSO. From 

stock, the desired concentration was made by using complete cell culture media. 

To reduce the level of DMSO, highly concentrated Elesclomol stocks were 

occasionally made.  

2.1.1.6 Assay kits 

Several ready-to-use working reagents and kits were purchased, as shown in the Table 

2.1. 
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Table 2.1. List of ready-to-use assay kits and reagents 

Assay kit Reagents included Company name (Town, 

country) 

Annexin V / PI 10x Binding buffer, Annexin 

V APC, Propodiume iodide 

stain 

  Affymetrix (Wooburn 

Green, London, UK) 

ATPlite ATPlite buffer, mammalian 

cell lysis solution, lyophilized 

substrate solution 

PerkinElmer 

(Coventry, UK) 

Caspase-Glo® 3/7 Caspase-Glo® 3/7 buffer, 

Caspase-Glo® 3/7 substrate 

Promega 

(Southampton, UK) 

BCA protein assay Albumin standard, 

Working reagents A and B 

Fisher Scientific 

(Loughborough, UK) 

ECL Western blotting 

substrates 

Luminol enhacer solution, 

Peroxide solution 

Fisher Scientific 

(Loughborough, UK) 

Iron assay kit Iron assay buffer, iron probe, 

iron reducer, iron standard 

Abacam 

(Cambridge, UK) 

Intracellular ROS Assay 

Kit (Green Fluorescence) 

DCFH-DA reagent Cambridge Bioscience 

(Cambridge, UK) 

 

 

2.2 Cell lines: 

A panel of human melanoma cancer cell lines, including two non-pigmented (A375M 

and A375P), a moderately pigmented (SK-MEL-28 (SK28)) and a heavily pigmented 

(SK-MEL-23(SK23)) cell line and two “normal” human skin cell lines, keratinocytes 

(HaCaTs) and human dermal fibroblasts (HDF), were all kindly provided by members 

of the Department of Cancer Studies at the University of Leicester. All cell lines were 

determined to be free from mycoplasma contamination. 

2.2.1 Cell line maintenance and conditions 

All MM and normal human cell lines were maintained as monolayer cultures via 

incubation at 37 
ᵒ
C under 5% CO2. For the A375M, A375P and SK23 melanoma cancer 

cells, RPMI-1640 culture medium, supplemented with 10% FCS and 1% glutamax was 

used; for the SK28 cell line, DMEM culture medium supplemented with 1% NEAA, 

10% of FCS and 1% glutamax, plus 1% sodium pyruvate was used. The HaCaT cells 

were grown in DMEM and supplemented with 10 % FCS, 1% sodium pyruvate and 1% 

glutamax. HDF cells were grown in Gibco cascade biologics medium 106. Cell splitting 

was routinely performed after they had achieved ca. 80% growth confluence. Before 

beginning the culturing and sub-culturing, all media, PBS and trypsin were kept at 37
ᵒ
C 
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in a water bath for 20 minutes to protect cells from temperature shock. For culturing and 

sub-culturing, the used culture media was first discarded and cells were washed twice 

with a sterile and pre-warmed PBS to remove dead cells and serum. Cells were then 

trypsinised by adding 1 x trypsin-EDTA (0.05% trypsin, 0.7mM EDTA) for 3 to 5 

minutes, depending on cell types, at 37
ᵒ
C. The trypsin action was then stopped by 

adding cell specific medium containing 10% FBS, after confirming that cells had 

detached using an inverted microscope. In order to remove the trypsin, the cell 

suspension was collected in a sterile 50ml centrifuge tube and centrifuged at 2000xg for 

4 minutes; then, the supernatant was removed and the pellet was mixed again with 4-

8ml of fresh culture media. The suspension was pipetted up and down to reduce cell 

clumping. Trypan blue assay was performed to check the cell number and viability of 

the harvested cells. Once the cells had been counted, they were sub-cultured in small 

(T25) and medium (T75) flasks at different densities (for instance 1:10 and 1:100) with 

complete cell specific media. Flasks of cultured cells were then kept incubated at 37
ᵒ
C 

with 5% CO2 to maintain cell growth. All cell lines ceased being sub-cultured once they 

reached a passage number of 50. 

2.2.2 Cell cryopreserving and thawing  

In order to maintain cell lines for longer periods, with earlier passage numbers, they 

were kept cryopreserved in liquid nitrogen. Cells were cryopreserved when they were 

nearly confluent (~80%). Briefly, the culture media was removed and cells were washed 

twice with sterile pre-warmed PBS. Cells were then detached by adding 1x trypsin-

EDTA and incubated for 3 to 5 minutes at 37
ᵒ
C with 5% CO2. An equal volume of cell 

specific media containing 10% FBS was added to the trypsinised cells and the 

suspension was pipetted up and down to reduce cell clumping. Cell suspensions were 

then transferred to sterile conical tubes and centrifuged for 4 minutes at 2000xg. Any 

supernatant media was removed and cell pellets were mixed with a freezing media, 

consisting of the cell specific media plus 10% DMSO. Once the suspension was 

thoroughly mixed, 1ml aliquots were transferred to sterile vials and kept at -80
ᵒ
C in a 

Styrofoam rack overnight; they were then transferred to liquid nitrogen. 

To thaw and revive the frozen cells, vials were taken out of liquid nitrogen storage and 

placed on ice immediately to avoid any shock from the sudden change in the 

temperature. When the cell suspension had completely thawed, cells were thoroughly 

mixed by pipetting and then transferred to conical tubes. The suspension was washed 
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free of DMSO by centrifuging the tubes at 2000xg for 4 minutes. Then, after removing 

the supernatant, cells were mixed with 1ml of cell specific complete media and 

transferred to a sterile T75 flask. The suspension in the flask was mixed with 10-15ml 

of complete cell specific media and kept incubated at 37
ᵒ
C with 5% CO2 overnight. 

Once cells had grown and when they nearly confluent, they were split and sub-cultured 

in different flasks for the new experiments as described above. 

 

2.2.3 Primary melanoma tissue (clinical samples) 

Primary tissue samples represent an ex vivo system which better reflect a human cell’s 

in vivo response to test agents. In the current study, primary melanoma tumour samples 

were obtained from patients who underwent surgical excision for MM at Leicester 

Royal Infirmary. Upon obtaining the samples, they were managed by a histopathologist 

who trimmed any stromal, fat or necrotic tissue from the tumour to prepare a sample 

enriched with melanoma tumour cells. Immediately afterwards, samples were kept in 

media 199 on ice, to keep the tumour cells viable. Once samples had arrived in the lab, 

the process of cell disaggregation of tumour tissue was carried out. First, samples were 

minced with a razor blade on a petri dish, into small pieces (≤1mm
2
). The minced 

tumour sample was collected into a 15 ml tube, to which 5 ml of media 199 containing 

Liberase Blendzyme TM (60µg/ml) was added. The tube was then placed on the 

agitating platform where the sample was mixed constantly and incubated at 37
ᵒ
C. Every 

15 minutes the sample was taken out and the mixture was pipetted gently to reduce 

clump formation. This process continued for approximately 60 minutes, until the sample 

became cloudy. Cell suspension was then centrifuged and the supernatant removed. 

Then, 5ml of HBSS with 2% FBS was added to the pellet and mixed thoroughly for 3 

minutes to neutralise the effect of Liberase Blendzyme TM. A trypan blue assay (see 

Section 2.4.1) was performed to test cell viability, and to count and split the required 

number of tumour cells into Eppendorf tubes for further analysis by Comet assay. 
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2.3 Treatment of cells with test compounds 

2.3.1 Treatment cells with vitamin C 

Fresh L-ascorbic acid stock solution was prepared with PBS (pH 7.4) immediately prior 

to use. This was further diluted with PBS to obtain a 10mM stock L-ascorbate, from 

which different concentrations were made using cell culture media. For adherent cells 

the old media from each well of the 6-well plate was removed and the adhered cells 

were washed once with sterile pre-warmed PBS (pH 7.4). To treat cells with vitamin C, 

fresh complete cell culture media containing desirable concentrations of AA was added 

to cells and incubated at 37
ᵒ
C /5% CO2 for two hours. Control samples were incubated 

in media containing no AA. After each treatment, cells were washed once with PBS (pH 

7.4). Alternatively, for primary melanoma cancer cells (the clinical samples), the 

isolated cells were transferred into Eppendorf tubes where they were treated with media 

containing 100µM ascorbate. After treatment, cells were washed once with PBS and 

centrifuged to obtain a pellet ready for H2O2 treatment. 

2.3.2 Cell exposure to H2O2  

H2O2 was used as a model oxidant to induce oxidative stress in melanoma cancer cells 

and normal cells. From the supplied H2O2 stock solution (30% w/w; 9.79M), a further 

diluted stock (1mM) was obtained through serial dilution using fresh PBS (pH 7.4). For 

each experiment, the desired micromolar concentrations of H2O2 were made by using 

pre-warmed cell culture media. All preparations were performed immediately prior to 

treatment, and all diluted samples containing H2O2 were covered and protected from 

direct light exposure. For the treatment of cells with H2O2, media was removed and 

adhered cells were washed twice with pre-warmed PBS (pH 7.4). Cells were then 

exposed to media containing various concentrations of H2O2. After treatment, the media 

was removed and cells were washed once with PBS (pH 7.4) and then harvested using 

1x Trypsin-EDTA and collected into pre-labelled Eppendorf tubes, where they were 

kept on ice ready for comet assay analysis. For gamma H2AX immunoassay, the seeded 

cells on cover slips were treated as above (but without trypsin harvesting). For primary 

melanoma cancer cells, the pellets in the Eppendorf were exposed to media containing 

H2O2 and samples were kept on ice for 30 minutes protected from light. Cells were then 

centrifuged and the media containing H2O2 was removed from each sample. 
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2.3.3 Cell exposure to ionising radiation  

For the assessment of radiation-induced DNA damage, melanoma cancer cells and the 

HaCaTs were exposed to X-ray using either a Pantak industrial X-ray machine or an 

Xstrahl 302 X-ray Unit. For the measurement of radiation-induced SSBs via the comet 

assay, cells were harvested and mixed with a LMP agarose solution and then dispensed 

onto the NMP agarose pre-coated slides, and they kept on ice and protected from light 

for 15 minutes. These slides were then exposed to different doses of X-ray radiation, on 

ice.  However, to assess radiation-induced DSBs (Gamma H2AX immunoassay), cells 

were seeded and grown on sterile cover slips placed in small individual petri dishes, and 

were irradiated on ice. All samples during and after radiation were kept on ice and 

protected from light exposure to avoid any additional DNA damage or DNA repair. 

Gamma H2AX samples were then directly fixed with ice-cold methanol (100%) and 

kept at -20°C for overnight until analysis, whereas the comet assay samples were placed 

directly into ice-cold lysis buffer (kept on ice/protected from light exposure) an then left 

at 4
o
C for overnight before running the comet assay. 

2.3.4 Cell exposure to drug-mediated oxidative stress  

Two chemical agents/drugs were used to generate oxidative stress in melanoma cancer 

cells. One of these agents was BSO, which has been widely used in many in vitro and in 

vivo studies and has also been used in combination with other chemotherapeutics in a 

phase I clinical trial (Bailey et al., 1994) and in a phase II clinical study, (reviewd by 

Trachootham et al., 2009). The pro-oxidant role of BSO is mediated by the inhibition of 

glutathione synthesis (Trachootham et al., 2009). A fresh stock of L-BSO (10mM) was 

prepared by dissolving 22.23mg in 10ml of sterile PBS (pH 7.4). The desired 

concentrations were then prepared using culture media.  

The second drug used in this study was Elesclomol (STA-4773), a chemical agent that 

is considered to be a novel oxidative stress inducer (O'Day et al., 2009). The Elesclomol 

stock solutions (10mM) were made using DMSO, and then further diluted to obtain the 

desired concentrations.  

Before cells were exposed to drugs, media from each well of a 6-well plate was 

removed and adhered cells were washed gently with pre-warmed sterile PBS (pH 7.4), 

and the media containing drugs (BSO/Elesclomol) was added to cells and kept 

incubated at 37
ᵒ
C/5% CO2 for the time periods indicated. In order to treat primary 
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melanoma cells with Elesclomol, suspended cells were washed once with PBS after 

being treated with ascorbate and then incubated with complete cell culture media 

containing Elesclomol for the indicated time at 37
ᵒ
C/5% CO2. 

2.4 Methods 

2.4.1 Cell counting and viability assay 

In this study, cell viability and counting was performed using the trypan blue exclusion 

test as described by Phillips (Phillips, 1973). This assay is based on the observation that 

the intact cell membrane of live cells prevents Trypan blue entering into the cell, 

allowing cells to remain unstained (white/clear); however, the stain traverses the cell 

membrane of any dead cells, which become a distinctive blue colour. 

To perform this assay, an equal volume (20µl) of cell suspension and trypan blue stain 

were thoroughly mixed in an Eppendorf tube, by slowly pipetting. Then, approximately 

10µl of the mixture was pipetted slowly into a haemocytometer chamber (Neubauer 

chamber) under a cover slip. Cells were then counted as either viable cells (white) or 

non-viable cells (blue) in four 1mm
2
 areas of the chamber; this was performed within 

two minutes to avoid recording false negative results. The number of viable cells per 

1ml of cell suspension was obtained by multiplying the average number of white cells 

per 1mm
2
 area by the dilution factor and by 10

4
 (the conversion of 0.1mm

3
 to 1ml). The 

viable percentage was calculated by dividing the number of viable cells by the total 

number of cells (viable plus non-viable cells) and multiplied by 100. The average cells 

in one square (1mm
2
) of the chamber must be between 20-50 cells. If the number of 

cells exceeds this range, a further dilution is required to obtain an accurate cell count, 

but if the number of cells per square is less than 15, a less diluted sample is 

recommended. The calculation of cell numbers and cell viability was based on the 

following equations: 

Equation 2.1. Cell counting and cell viability formula 

 

 

 

Number of squares 

counted 

Cell density (cells/ml) = Number of cells counted x  
Dilution factor 

 Total number of cells counted 

Number of viable cells 
Viability (%) = x 100 

x 10
4
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2.5 Measurement of DNA damage 

2.5.1 Standard and modified alkaline comet assay (ACA) 

One of the most useful techniques for quantifying DNA damage is the comet assay, or 

single gel electrophoresis (Tice et al., 2000). This technique is a rapid, flexible, versatile 

and relatively simple method for measuring and analysing DNA damage in individual 

eukaryotic cells. Although the data obtained by this assay is sometimes not consistent 

and its standardisation is difficult, the simplicity and sensitivity of this technique are its 

main advantages (Collins, 2002). This assay is widely used in a variety of research areas 

for the assessment of genomic damage resulting from various genotoxins, including 

chemicals and radiations. This is because of its high sensitivity, allowing detection of 

even low levels of DNA lesions; the assay can also be performed relatively rapidly 

(Speit et al., 2004). 

Briefly, DNA damage assessment using the comet assay follows several steps, 

including: slide preparation, the embedding of an appropriate number of cells in thin 

agarose gels on microscope slides; release of DNA by lysis buffer; slide exposure to 

alkaline, of pH=13; electrophoresis under alkaline conditions; neutralisation, to negate 

the alkali; staining and DNA comet visualisation (Tice et al., 2000). In the modified 

version of ACA, lysed embedded cells are exposed to an endonuclease enzyme such as 

formamidopyrimidine glycosylase (Fpg) before the electrophoresis to detect ODBLs. 

The comet assay was first developed by Östling and Johansson in 1984, and the basic 

principles are based on the fact that DNA strand breaks reduce the large size and 

effective molecular weight of genomic DNA (Ahnström, 1988, Olive, 1992). 

Additionally, single and double strand breaks DNA have a huge impact on the DNA 

structure relaxing the tight supercoiling of the DNA. The sensitivity of the neutral 

comet assay, introduced by Östling and Johansson, is limited with the assay having a 

low sensitivity. The reason for the low sensitivity of the neutral assay is the likely 

ineffectiveness of the lysis buffers used to remove all proteins, which in turn hold the 

DNA supercoiling and so cause the broken fragments to migrate less during 

electrophoresis (Fairbairn et al., 1995). 

Singh et al. (1988) modified the comet assay protocol by introducing an alkaline 

version. This allowed for an increase in the sensitivity of the assay, enabling the 

measurement of low numbers of single strand breaks (Singh et al., 1988). In the alkaline 
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comet assay, the unwinding and denaturing of the DNA double strands is an important 

step, allowing for the sensitive detection of single strand breaks. An alkaline buffer with 

a pH greater than 12.5 is used to promote the DNA denaturation, unwinding and 

expression of single strand lesions and alkali labile sites (ALS) following damage 

(Fairbairn et al., 1995). 

In this study, to assess DNA damage, both standard and the modified ACA were used to 

measure various levels of SSBs and ODBLs, respectively, in treated melanoma and 

normal cells. The assays were run according to general protocol described by Singh et 

al. (1988) with modifications as detailed by Zainol and colleagues (Zainol et al., 2009) 

as described below: 

 Harvesting the treated cells 

First, treated cells were harvested by adding 0.5 ml of 1x trypsin-EDTA to each 

well of the 6-well plate, and incubated for 3 minutes (37
ᵒ
C/5% CO2) to de-

adhere cells from the well’s base. 1.5ml of cell specific medium was then added 

into each well and mixed thoroughly. After counting, ca. 30,000 cells were 

taken from each well and transferred into labelled Eppendorf tubes and the gels 

were made (as previously mentioned). For each sample two gels were made.  

 Slide preparation:  

After treatment, cells were kept on ice and protected from the light to negate 

DNA repair and to avoid any further DNA damage. Treated cells were then 

centrifuged in a refrigerated microfuge for 4 minutes (2000 rpm/4C
ᵒ
). This was 

followed by removing the supernatant, leaving a cell pellet. For each sample, 

the cell pellets were mixed with 170µl of 0.6% LMP agarose dissolved in PBS 

at 37
ᵒ
C.80µl of this mixture was gently dispensed on to a slide previously pre-

coated with 1% NMP agarose and then covered with 22 x 22 mm cover slips. 

Slides were kept on ice for 10 minutes and protected from light so the agarose 

could solidify forming a gel. The number of cells that can be embedded in LMP 

agarose should range between 10,000-30,000; higher densities of cells can 

cause overlapping comets, particularly when the damage is high (Liao et al., 

2009). 
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 Cell lysis 

Once the gels had solidified, slides were placed in a lysis buffer (100mM 

Na2EDTA, 2.5M NaCl and 10mM Tris-HCl plus 1% Triton-X-100) and left 

overnight at 4
o
C, protected from light exposure. This removes the cell’s 

membrane and DNA-bound histone proteins. The remaining entity is called the 

nucleoid/nucleoid body and contains supercoiled DNA attached to remaining 

scaffolding proteins (the nuclear matrix). 

 Enzyme treatment 

This step was performed in the modified ACA to detect oxidised base lesions in 

DNA post-treatment; the Fpg enzyme was exploited for this purpose. Each gel 

(on slides) was exposed to either 50µl of ERB or 50µl of Fpg diluted in ERB 

for 30 minutes at 37
ᵒ
C in a dark and moist condition before electrophoresis.  

 Alkali unwinding 

Slides were incubated in cold AEB pH ≥13 at 4
o
C for 20 minutes prior to 

electrophoresis. This step, which was introduced by Singh et al. (1988), enables 

DNA unwinding and expresses ALS as SSBs. 

 Electrophoresis 

After incubation of gels in AEB, the samples in the electrophoresis tank were 

subject to electrophoresis using 30 volts and 300 mA for 20 minutes. The 

negatively charged broken DNA migrates toward the anode electrode 

generating a ‘tail’ and the unbroken DNA remains in place forming head; the 

head and the migrated tail resembling the shape of a comet (Figure 2.1). 

 

 

Figure 2.1. DNA breaks migration in an electric field 

  

Cathode Anode 
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 Neutralisation 

Neutralisation (0.4M Tris-base in 100ml ddH2O with pH 7.5) facilitates the 

renaturing of the supercoiled DNA strands in the head, which are separated by 

the action of alkaline treatment, whereas the strands in the tail remain single 

stranded (Liao et al., 2009). After electrophoresis, slides were removed from 

the electrophoresis tank, washed for 20 minutes with neutralisation buffer, and 

then for 10 minutes with ddH2O. After this, the slides were placed in an oven 

(37
ᵒ
C) to dry overnight before staining. 

 Staining 

A DNA binding dye, such as PI can be used to label the DNA. When this 

fluorescent dye binds to DNA, it intercalates between the bases (Liao et al., 

2009). Prior to staining, slides were rehydrated with ddH2O for 30 minutes and 

then 1 ml of freshly made PI (2.5µg/ml) was dispensed on each slide and left 

for 20 minutes at room temperature. After this, the slides were washed with 

water and left with more fresh water for a further 30 minutes in the dark; the 

water was then removed and slides were placed in trays and kept overnight in 

an oven to dry before scoring. 

 Visualisation and scoring the comets 

To assess the level of DNA damage, 50 comets per gel were randomly selected 

for scoring, and with there being 2 gels per slide this equates to 100 comets 

scored. This number of scored comets provides representative results for the 

population of treated and untreated cells (Price et al., 2000). This was 

performed after adding one drop of water on to each gel and it being covered 

with a coverslip for visualisation by fluorescence microscope. To capture the 

comet images and to analyse the images, Komet software (Version 5.5, Andor 

Technology, Belfast, UK) was used. 

The microscope system consists of a computer connected to an epi-fluorescence 

microscope (Olympus BH2) fitted with an excitation filter of 515 – 535 nm, a 

barrier filter of 590 nm and a 100 W mercury lamp. This was operated at a 

magnification of X 200. Percentage Tail DNA (%TD) was selected as the 

parameter that best reflected DNA damage (Collins, 2002). The %TD marker 

correlates with the dose of genotoxic agents (Kumaravel and Jha, 2006). The 

percentage of tail DNA is calculated using the following equation (Equation 

2.2). 
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Equation 2.2. The mathematical formula for calculation of Tail DNA damage 

 All of the above steps of the comet assay are presented in a figure below 

(Figure 2.2).  

 

 

Figure 2.2. Schematic figures show the steps of the ACA and the modified ACA. 

Tail DNA (%) = 

Tail DNA intensity 

 Total intensity of whole DNA 

x 100% 
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2.5.1.1 Modified ACA  

In order to measure DNA base lesions in treated cells, a modified version of the comet 

assay was carried out. In this assay, Fpg enzyme was used to digest the nucleoid body 

DNA post-lysis, before running the alkaline electrophoresis. After the slides were 

removed from the lysis buffer, they were washed three times with ERB for 5 minutes 

each time. 50µl of the appropriately diluted Fpg (the Fpg enzyme being diluted using 

ERB) was then dispensed onto each gel and then covered with a cover slip to spread it 

evenly over the entire gel. These slides were then incubated in moistened dark boxes for 

30 minutes at 37
°
C. Slides were then taken out from the boxes and placed onto the 

electrophoresis tank containing ice-cold AEB for further 20 minutes before running the 

electrophoresis (see above). 

2.5.2 γ-H2AX-immunoassay 

H2A is a member of histone protein family and is a constituent of the DNA packaging 

nucleosome. It has been shown that H2A family member X (H2AX) constitutes a major 

species of H2A in mammalian nucleosomes (Fernandez-Capetillo et al., 2004). Serine-

139 residues of the histone variant H2AX undergo a rapid phosphorylation in response 

to DSB formation, forming γ-H2AX (Mah et al., 2010). H2AX in the chromatin 

surrounding DSBs is hugely phosphorylated, serving as a signal to recruit the repair 

apparatus. This phosphorlyation can be observed, by using γ-H2AX phosphor-specific 

antibody, as a nuclear foci (Löbrich et al., 2005). Foci detection has thus become a 

diagnostic tool to assess the exact amount of DSB resulting from the effects of 

genotoxic agents, such as chemicals and radiation. 

In this study, a γ-H2AX assay was performed to measure the level of DSBs in the 

treated cells. For the γ-H2AX assay, cells were seeded and grown on sterile cover slips 

attached to the bottom of wells of 6-well plates at approximately 2 x 10
4 

cells per well, 

and left overnight incubated at 37
ᵒ
C/5% CO2. The next day, the cells were pre-incubated 

for 2 hours with ascorbate. Then, the cell specific medium was removed from each well 

and cells were washed with ice cold PBS before being exposed to various micromolar 

concentrations of H2O2 (prepared in serum free medium) for 30 minutes on ice and 

protected from the light. Following treatment, cells were washed again with PBS and 

fixed in 100% methanol for 24 hours at -20°C. After this, the methanol in each well was 
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removed and cells were washed twice with ice cold PBS for 10 minutes each. This was 

followed by 15 minutes incubation with fresh KCM blocking buffer. 

After removing the blocking buffer, the primary anti-phosphohistone H2AX (ser
139

) 

antibody (Clone JBW301, Mouse Monoclonal Antibody; Upstate Millipore Corp) was 

diluted in blocking buffer at 1:200, added to the cells and incubated at room temperature 

for 2 hours on a shaker. Afterwards, cells were washed for four times with KCM 

washing buffer, and then the secondary antibody (A21121 Alexa Fluor 488 Goat Anti-

mouse IgG), which was diluted in blocking buffer at the same concentration as the 

primary antibody dilution, was added to the cells and incubated for a further one hour, 

on a shaker, at room temperature. Finally, the cells were washed four more times with 

KCM washing buffer before being mounted upside down on the labelled slides. A drop 

of SlowFade
® 

Gold antifade reagent with DAPI (10µl) was dispensed on each labelled 

slide, and the relevant (identified) cover slip removed and mounted on the slide (treated 

cells being between the cover slip and the slide surface). After the slides had been dried 

at room temperature, they were stored at 4°C for 24 hours ready for image analysis. 

To measure the foci number per cell, images of the treated cells were taken at 40x 

magnification using a fluorescent Zeiss Axioskop 2 plus microscope (Carl Zeiss Ltd, 

Welwyn Garden City), which was fitted with a 100W mercury bulb and an Axio-

CamHRc camera (Zeiss), and accessed using Axio-Vision software. The analysis of the 

captured images was carried out using ImageJ (WCIF Image J version 1.42, available 

from Research Services branch of NIH). From each sample, 10 fields of view (ca. 400 

cells) were randomly chosen for analysis. Images of clear γ-H2AX foci were captured 

using a 485µM filter, whereas the number of DAPI stained nuclei images were captured 

using a DAPI filter. As a part of the ImageJ software’s functioning, γ-H2AX foci and 

nuclei numbers were counted automatically. After exclusion of cells with more than one 

nucleus, the actual numbers of γ-H2AX foci per cell (DAPI nuclei) were obtained by 

dividing the total number of γ-H2AX foci by the total number of cells per field. The 

procedure for foci counting is represented in (Figure 2.3). 
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Figure 2.3. Analysis steps for foci counting per field of treated sample using imageJ software. 

Immunocytochemistry image shows H2AX phosphorylation (H2AX Foci) (ser 139, green) which 

represents DSBs and the nuclear dye DAPI for measuring cell number per examined field. 

  

Change to black and white 
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2.6 Measurement of intracellular ROS 

The fluorescent dye 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) probe was 

used to measure intracellular ROS in melanoma cancer cells and normal cells. The 

principle of this assay is based on the oxidation of non-fluorescent DCFH to highly 

fluorescent DCF by ROS once the dye enters into the cell (Figure 2.4). This was 

performed using two different methods using either a plate reader or flow cytometry. 

 

Figure 2.4. Principle of DCFH-DA assay for detection of intracellular ROS. 

2.6.1 ROS measurement by plate reader 

For the plate reader method, cells were seeded in 96-microwell black plates and 

incubated for 24 hours at 37ºC/5% CO2. On the day of assay, media was removed from 

all of the microwells and cells were washed once, gently, with 200µl PBS (pH 7.4); 

then, under dark conditions, 1µl of freshly made H2DCFDA solution with DMSO 

(25mM) was added to each well (blank, controls and samples) and the plate was 

covered and incubated for 30 minutes. This incubation allows intracellular ROS to 

oxidise the flourogenic dye and change it to highly fluorescent dihydrofluorescein. 

Following this incubation time, 200µl of PBS was added to each well and the relative 

fluorescent intensity of the plate was read immediately using a fluorometric plate reader 
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(BMG FLUOstar OPTIMA Microplate Reader) at an excitation of 480nm and emission 

of 530nm.  

2.6.2 ROS measurement by flow cytometry 

Using flow cytometry, 5 x 10
5
 cells were seeded in each well of the 6-well plate and 

kept incubated for 24 hours to allow attachment. The dye H2DCFDA was diluted with 

DMSO (10mg/ml), with a minimal exposure to air, and was then added directly to cells 

(0.5µl of diluted H2DCFDA per 1ml of media) and incubated for 30 minutes at 37
ᵒ
C. 

After incubation, media was removed from each well and cells were washed once with 

PBS (pH 7.4). Cells were then collected by trypsin (0.5ml/well), centrifuged and then 

re-suspended in 0.5ml PBS (pH 7.4). Then, cells were transferred to FACS tubes and 

protected from light and kept at 4°C until analysis by flow cytometry. The principle of 

intracellular ROS detection by flow cytometry is that when the compound H2DCFDA is 

cleaved by the intracellular esterases, it produces a non-fluoresent product, H2DCF. 

This nonfluoresent molecule accomulated within the cells, and consequently becomes 

fluoresence when oxidised by the intracellular oxygen species. This fluoresence at 

530nm can be detected and measured by flowcytometry (Eruslanov and Kusmartsev, 

2010). 

2.7 Measurement of intracellular iron ions 

Intracellular iron ions were measured in melanoma cancer cells using a colorimetric iron 

assay kit. The assay is based on the principle that the ferric carrier protein and the ferric 

ions are dissociated in the presence of acidic buffer. During the reduction of Fe
3+

 to 

Fe
2+

, iron ions react with Ferene S, a provided reagent, to produce a stable coloured 

complex. The assay kit is sensitive and measures iron levels ranging between 0.4-

20nmol/50µl of sample. 

Before running the assay, different standards were freshly prepared from the iron 

standard stock provided by the assay kit. Briefly, cells were seeded in a large flask 

(T175) and incubated at 37ºC / 5% CO2 until they become confluent (ca. 80%). Cells 

were then washed with PBS (pH 7.4), trypsinised and collected in a 15ml centrifuge 

tube. Cells were then washed twice with PBS (pH 7.4) and centrifuged again. To lyse 

the cells, a pellet of 2 x 10
6
 cells was mixed with 250µl of assay buffer. To remove 

insoluble materials, the mixture was centrifuged at 16,000xg for 10 minutes. The 

supernatant was then pipetted into a clean sterile Eppendorff tube.  
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To measure the total intracellular iron level, different volumes of the diluted iron 

standard (1mM) were added to empty wells (0, 2, 4, 6, 8, and 10µl). Similarly, different 

volumes of the cell lysate were added to microwells. Then, the volume of the standards 

and samples in each microwell was brought to 100µl with assay buffer. Afterward, to 

each microwell (standards and samples) 5µl of iron reducer was added and the plate was 

incubated at room temperature for 30 minutes. After incubation, 100µl of iron probe 

(Ferene S) was added to each microwell and again the plate was incubated at room 

temperature for 60 minutes, protected from light. The optical density (O.D) at 593nm, 

of the plate was then measured. 

2.8  Cell killing and viability assessments  

2.8.1 Clonogenic cell survival assay 

A clonogenic assay was used to assess the ability of cells to grow and form colonies 

consisting of at least 50 individual cells after being treated. This assay is the method of 

choice for assessing treatment effect and is commonly used to determine the survival 

ability of cancer cells after treatment with anti-cancer agents. Based on a standard 

protocol, 5 x 10
4
 cells were seeded in each 6-well plate and incubated for 24 hours at 

37°C / 5% CO2. After cells had been exposed to treatment they were washed with sterile 

PBS (pH 7.4), harvested, counted and then seeded in 9cm labelled sterile petri dishes. In 

this study, the number of seeded cells varied depending on the plate efficiency (PE) of 

each cell line, and ranged from 50 to 200 cells. Fresh cell specific complete media was 

added to each petri dish and incubated at 37°C / 5% CO2 until small colonies were 

observed; old media being replaced with fresh complete media every 7 days.  

When visible colonies appeared, the media was removed from each plate and colonies 

were fixed with 2ml of 100% ethanol for 1 minute. Following this, the ethanol was 

removed and the plates were gently rinsed with water and left overnight at room 

temperature to dry. The next day, colonies were stained by adding 2ml of 0.5% crystal 

violet into each plate, left for 1 minute. The stain was then removed and plates were re-

washed with water and left for 3 hours at room temperature to dry. Finally, colonies 

were counted and recorded for each plate. Based on the number of cells seeded, the 

respective PE was calculated according to the equation 2.3. Surviving fraction (as a %) 

was then calculated as the relative percentage of PE for the treated cells with respect to 

the PE of untreated cells (which was taken to represent 100% survival) (equation 2.4). 
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Equation 2.3. Plate efficiency measurement 

 

Equation 2.4. Survival fraction measurement 

2.8.2 Catalase activity assay 

Catalase activity in HaCaT cells and melanoma cancer cells was measured using a 

simple qualitative method, as described by Iwase and colleagues (Iwase et al., 2013). 

Cells were seeded in T175 flasks and incubated for 3-4 days in order to grow and yield 

an adequate number of cells: between 1 x 10
6
 and 1 x 10

7 
cells per sample were suitable 

for this assay. Media from each flask was removed and cells were washed twice with 

sterile pre-warmed PBS (pH 7.4). Cells were harvested with trypsin and 15ml of media 

containing FCS was added to stop the effect of trypsin. Afterwards, cells were counted 

using trypan blue, and the desired cell numbers were collected in 15ml tubes and then 

centrifuged for 4 minutes at 4000g. Media was removed and cells were washed twice 

with sterile pre-warmed PBS (pH 7.4). 

Cells from each tube were suspended with 100µl PBS, mixed thoroughly and placed 

into labelled Pyrex tubes. For each cell suspension, 100µl of 1% Triton-X 100 and 

100µl of concentrated H2O2 (30%) were added; the mixture was mixed thoroughly and 

left for three minutes at room temperature. Cellular catalase reacts with H2O2 forming 

an O2-foam in the Pyrex tubes, and the height of O2-foam, which represents catalase 

activity, was measured with a ruler. The steps of the above method for measuring the 

intracellular catalase are represented in figure 2.5. 

  

Plate efficiency (PE %) = 
Number of colonies counted 

Number of cells plated 
x 100  

Surviving fraction (SF %) = 
PE of treated cells 

PE of control 
x 100  
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Figure 2.5. Schematic figures show steps for the measurement of catalase in cells by a visual 

technique 
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2.8.3 Cell viability assay 

ATPlite
TM

 kit is a monitoring system for measuring the intracellular ATP in 

metabolically active cells based on the action of luciferase. This assay is luminescence-

based and is considered highly sensitive for the detection of the anti-proliferative effect 

of a wide range of drugs. The principle of this assay is the production of light, which is 

the result of a reaction between luciferase and D-luciferin, supplied in the kit solutions 

and the cellular ATP of viable cells (equation 2.5) (Crouch et al., 1993)  

 ATPlite
TM 

kit were used in this study to measure the number of metabolically active 

cells (viable cells), based on the total amount of ATP in adhered cells. This viability 

assay was performed following treatment of melanoma cancer cells and HaCaT cells 

with the studied compounds. Briefly, equal numbers of cells were seeded into each well 

of a 96-black microwell plate (to avoid well-to-well interference) and incubated for 24 

hours at 37 ºC / 5% CO2; the cells were then treated. After treatment, the media from 

each microwell was removed and cells were washed once with PBS (pH 7.4). 

Meanwhile, an apropriate volume of reagent buffer was added to the lypholised 

substrate supplied by the assay kit, and mixed gently until clear and transparent. 

Following this, 50µl of provided cell lysis buffer was added to each microwell. The 

plate was then shaken thoroughly for 5 minutes, using an orbital plate shaker. This was 

followed by the addition of 50µl of provided substrate to each microwell and the plate 

was shaken for further 5 minutes. After this, the plate was incubated at room 

temperature in dark conditions for 10 minutes before measuring the luminescence signal 

on the plate reader (BMG FLUOstar OPTIMA Microplate Reader) at a wavelength of 

562nm.  

Equation 2.5. The principle of cell viability measurement by ATPlite assay 

 

 

  

ATP + D-luciferin + O2 
Luciferase 

Mg
2+

 
Oxyluciferin + AMP + PPi + CO2 + light 
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2.8.4 Annexin V / PI for apoptosis  

Annexin V / PI was used to measure early and late apoptosis in treated cells. This assay 

is based on changes that occur in the layers of the phospholipids during apoptosis and/or 

necrosis. In normal cells, the distribution of phospholipids is maintained 

asymmetrically, whereas this symmetry is lost in apoptotic cells. In viable cells, the 

principal location of phosphatidylserine (PS) is on the inner surface of the cell 

membrane; however, in apoptotic cells this phospholipid rotates to outside the plasma 

membrane, causing the membrane to lose its asymmetrical feature. Annexin V is 

calcium (Ca
2+

)-dependent phospholipid binding protein with high affinity to PS, Thus, 

in apoptotic cells, the Annexin V, in the presence of Ca
2+

, binds with PS on the outer 

membrane surface. Based on the fact that fluorescein-5-isothiocyanate (FITC) 

conjugates to Annexin V that binds with PS, flow cytometry is capable of distinguishing 

between apoptotic and non-apoptotic cells. In order to distinguish between early 

apoptosis and late apoptosis or necrotic cells, a DNA permeable stain (PI) is added to 

cell suspensions following Annexin V. In late apoptotic or necrotic cells, Annexin V 

binds to PS in the cell surface and the disruption in the cell membrane integrity allows 

PI to enter cells and bind with DNA so both Annexin V positive and PI positive cells 

recorded by flow cytometry. Whereas in early apoptotic cells only Annexin V binds and 

so only Annexin V positive cells recorded by flow cytometry) (Figure 2.6).  

Apoptosis in treated and untreated cells was measured using Annexin V/ PI. Briefly, 

after cell treatment, media from each sample containing any floating cells was pipetted 

and collected in labelled 15ml tubes. The attached cells were rinsed with PBS (pH 7.4), 

and this was also collected and added to the same tube. Attached cells were then 

harvested with trypsin and collected in 15ml tubes. All the fractions of each sample 

(media with floating cells / harvested adhered cells) were combined in the same, 

labelled tube and centrifuged at 350 x g, 20°C for 5 minutes. Supernatant media was 

removed and then 5ml of cell culture media with 10% FCS was added to the pellet, 

mixed and incubated at 37
o
C for 30 minutes, to permit cell recovery from trypsin. Cells 

were then centrifuged again and washed once with 0.5ml PBS (pH 7.4). Meanwhile, the 

appropriate volume of 1x binding buffer was prepared. Cells were then washed once 

with 0.5 ml of 1x binding buffer and pelleted. Afterwards, 195µl of 1x binding buffer 

was added to each sample and the pellet was mixed thoroughly by gently pipetting and 

transferring to FACs tubes. 5µl of Annexin V was added to each sample, then mixed 



 

82 

 

and protected from the light and left at room temperature for 10 minutes. Finally, 10µl 

of PI (1.5µg/ml) was added to each sample, then covered and kept on ice whilst analysis 

by FACS was conducted. 

 

Figure 2.6. The difference in the cell membrane anatomy in live cells, apoptotic cells and late 

apoptotic cells detected by the annexin V/PI stains.  

In a live cell the phospholipids in the bilayer of the cell membrane is asymmetry. The PS is located in the 

inner layer of the intact normal cell membrane; so neither Annexin V nor PI can bind to cell’s membrane 

and nucleus/DNA. In early apoptotic cell, the membrane become symmetric and the PS are translocated 

from the inner to the outer leaflet of cell membrane allowing Annexin V to binds the cell membrane. In 

late apoptosis and necrosis, Annexin V binds the translocated PS in the outer membrane and the loss of 

cell membrane integrity allows the PI to enter the cell and bind the DNA. The figure was adapted and 

modified from www.flow-cytometry.us   

2.8.5 Caspase-3/7 assay 

Activation of cysteine aspartic acid-specific protease (Caspase) 3 and 7 family play an 

essential role in mammalian cell apoptosis (Garcia-Calvo et al., 1999). The Caspase-

Glo® 3/7 assay kit was used to measure Caspase 3/7 activity post-treatment. The 

principle of this assay is based on luminescence. When a mixture of the supplied 

Caspase-Glo® 3/7 substrate is added to cell lysate, the Caspase cleavage of the substrate 

leads to generation of a luminescence signal caused by luciferase provided in the 

reagent (Figure 2.7). The intensity of the luminescence generated is proportional to the 

level of caspase 3/7 activity in the cell. Following the standard protocol provided, equal 

numbers of cells (15 x 10
3
) (based on assay kit instructions) for each microwell were 

seeded in a 96-well plate and incubated overnight. Adhered cells were then treated with 

http://www.flow-cytometry.us/
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and without ascorbate for 2 hours at 37
o
C/CO2 5%. Cells were then washed with PBS 

and incubated with the test compound (concentrations of exposing agents will be 

mentioned in the result chapters) in a total volume of 100µL of media per microwell. 

After treatment, 100µL of Caspase-Glo® 3/7 substrate was added to each microwell, 

and the plates were gently mixed using a plate shaker for 30 seconds. Plates were then 

incubated at room temperature for 30 minutes before reading the luminescence intensity 

(which represent the level of caspase-3/7 activity) using a plate reader (BMG FLUOstar 

OPTIMA Microplate Reader). 

 

 

Figure 2.7. Principle of the Caspase-Glo® 3/7 assay for detection of caspase 3/7 expression. 

Cleavage of the proluminogenic substrates such as DEVD by caspase 3/7 to release of luciferase, which 

in turn results in the production of light. Measurement of luminescence intensity represents the amount of 

caspase-3/7 activity in treated cells. 
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2.9 Western blot 

Western blot was used to measure catalase protein levels in melanoma cancer cells and 

HaCaT cells.  

2.9.1 Protein isolation  

Cells were grown in T75 flasks; when they reached 60-70% confluence they were 

washed twice with PBS (pH 7.4). Cells were then dislodged using a scraper and lysed 

by adding 0.7ml of a pre-warmed laemmli buffer (see Section 2.1.1.4, Chapter 2) to 

each flask; each sample was then collected in 1.5ml Eppendorf tubes. To further lyse 

and degrade the cells, the Eppendorf were heated at boiling point for 3-4 minutes using 

a thermo-shaker (Grant-Bio) and then sonicated for one minute. The supernatant was 

then transferred to another clean Eppendorf tube. After the samples were centrifuged for 

5 minutes at 1500 rpm, total protein concentration was quantified for each sample using 

a Bicinchoninic acid (BCA) protein assay kit. After the protein concentration of the 

samples had been estimated, a concentration of 1000µg/ml was prepared for western 

blot. Bromophenol blue was added to a final concentration of 0.005% (w/v) and 2-

mercaptoethanol to a final concentration of 1% (v/v), and this sample made up to 200µl 

with laemmli buffer and stored at -20°C until analysis. 

2.9.2 Preparation of gel and sample loading 

As the catalase protein is 60kD, a fresh 10% SDS polyacrylamide-gel was prepared. 

Gels were then made by using gel casting apparatus (Bio-Rad, mini gel apparatus); a 

stacking gel (5%) was poured on top of the SDS polyacrylamide-gel then the combs 

were the placed in the top of the gel and left for few minutes to form the wells. Samples 

were boiled at 98
o
C for 3 to 5 minutes before being loaded into the gel. 4µl of molecular 

marker was carefully pipetted into the first well, and 20µl (20µg) of each sample was 

pipetted into the other wells, in duplicate. The electrophoresis was run by applying a 

current of 170 V for 1 hour. 

2.9.3 Transfer of proteins from gel to membrane  

With the electrophoresis run complete, a transfer cassette was assembled containing 

filter layers, nitrocellulose membrane and the gel, with care being taken to ensure that 

no air bubbles were trapped between layers. The cassette was then transferred into the 
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transfer tank. A piece ice was placed beside the cassette. The tank was then filled with 

transfer buffer and the current was applied (100 V for 1 hour).  

2.9.4 Primary and secondary antibodies 

Once blots were transferred, the nitrocellulose membrane was placed in TBST-milk 

blocking buffer and left for 1 hour at room temperature. After this, the nitrocellulose 

membrane was washed twice with TBST and then the primary antibody for the catalase 

protein, diluted in TBST-BSA, was added to the nitrocellulose membrane and left to 

incubate overnight in a cold room at 4
o
C.

 
The primary antibody was then poured off and 

the nitrocellulose membrane was washed four times with TBST. The secondary 

antibody was then added to the nitrocellulose membrane and left to incubate for a 

further 1 hour at room temperature, on a shaker (20 rpm). 

2.9.5 Blotting development  

After incubation with primary and secondary antibodies, the membrane was washed 

with TBST five times, drained and kept in a plastic bag without air bubbles. To view the 

blot of the catalase protein, the membrane was placed into the X-ray film cassette (DBio 

Aluminium cassette), and then the cassette was taken to the dark room (film developing 

room). In the dark room a X-ray film (Thermo Scientific CL-XPosure Film) was placed 

on the membrane (in the X-ray film cassette) and the cassette was closed for various 

times (30 seconds, 1 minute and 2 minutes). Immediately, the cassette was then opened 

and the X-ray film was taken out from the cassette and placed in the automatic film 

processor (AGFA CP1000 automatic film processer). To analyse and quantify the data 

(the blots), X-ray films were scanned to the imageJ software.  

2.10 Statistical analysis 

GraphPad Prism software version 6 (San Diego, CA, USA) was used in this study to 

determine statistical differences among sample groups. The One-Way Analysis of 

Variance (ANOVA) followed by Tukey post hoc test was used to determine statistical 

differences between means for multiple comparisons. A student T-test (unpaired) was 

used to compare the difference between two comparisons. The probability value (p) was 

considered as significant if < 0.05. * if P ≤ 0.05, ** if p ≤ 0.01, *** if p ≤ 0.001, **** if 

P ≤ 0.0001, NS, non-significant. 

  



 

86 

 

 

 

 

 

 

 

 

 

 

3 CHAPTER III: Investigation of factors that may render melanoma 

cancer cells susceptible to H2O2-induced DNA damage 
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3.1 Introduction 

Literature to date, has established that cancer cells exhibit more endogenous ROS than 

normal cells (Lim et al., 2005). Some types of tumour generate more endogenous ROS 

than others, and of these MM is considered to be an oxidatively mediated cancer 

(Szatrowski and Nathan, 1991). This biological feature can cause cancer cells to differ 

from normal cells, in terms of their oxidative balance. 

Human genomes are continuously exposed to attacks of an oxidative nature from both 

exogenous and endogenous oxidative sources (Kryston et al., 2011). DNA damage 

resulting from endogenous oxidative assaults is extensive. In a normally functioning 

cell, oxidant hits DNA probably causing more than 10,000 oxidative damages every day 

(Ames et al., 1993, Dipple, 1995). But this, in a short term, does not have an unduly 

detrimental effect to the cell (Evans et al., 2004). Normal cells, with full functioning 

repair pathways, can efficiently recover from such damage. By contrast, in cancer cells 

the damage often overwhelms the repair capacity, leading to the accumulation of 

multiple lesions, causing genomic instability (Jackson and Loeb, 2001). 

ROS are highly reactive species. They induce damage and can generate several types of 

lesions, including DNA strand breaks and oxidative base modifications of DNA 

molecule (e.g. 8-oxo-dG) (Randerath et al., 1996, Lloyd et al., 1997). Evidence of 

oxidative DNA damage in the form of lesions, such as 8-oxo-dG, has been used as an 

indicator of oxidative stress and genomic instability in cancerous tissue (Altieri et al., 

2008). 

Theoretically, higher levels of endogenous ROS in cancer cells is the basis for a ROS-

mediated strategy to kill these cells preferentially (Trachootham et al., 2009). It is, 

therefore, of value to assess endogenous oxidative DNA damage and its consequences 

on melanoma cancer cells. Such findings might underlie the relative susceptibility of 

melanoma cancer cells to oxidative-induced damage, and may advance redox-

mechanisms, and their modulation as an approach to kill melanoma cancer cells. 

This chapter aims to: 

 Study the endogenous level of DNA damage, in terms of SSBs and ODBLs 

(Fpg-sensitive sites (Fpg-SS), in a panel of melanoma cancer cells and HaCaT 

cells. 
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 Investigate the level of endogenous ROS in melanoma cancer cells, and HaCaT 

cells. 

 Examine the status of intracellular antioxidants status in melanoma cancer cells 

and HaCaT cells. 

 Identify any relationship between endogenous DNA damage and endogenous 

ROS plus antioxidant defence. 

3.2 Results 

3.2.1 Assessment of endogenous oxidative DNA damage levels in melanoma 

cancer cells and HaCaT cells 

A standard and modified-ACA (see Section 2.4.1.1 in Chapter 2) were conducted to 

investigate the background levels to oxidative DNA damage, in terms of SSBs and 

ODBLs (Fpg-SS), in melanoma cancer cells and HaCaT cells. 

The modified-ACA detected a significant level of endogenous oxidative DNA damage 

in all melanoma cancer cells and in HaCaTs relative to the damage enhanced by ERB. 

By both techniques, a greater amount of endogenous oxidative DNA damage lesions, 

including SSBs and Fpg-SS, were observed in melanoma cancer cells than in the 

HaCaTs. Among the melanoma cancer cells, the heavily pigmented melanoma cells 

(SK23) were the most endogenously damaged, followed by the moderately pigmented 

(SK28) and two non-pigmented (A375P & A375M) melanoma cancer cells; the HaCaT 

cells were the least damaged (Figure 3.1). 



 

89 

 

C
on

tr
ol

E
R

B

0.
13

5
0.

4
0.

8

C
on

tr
ol

E
R

B

0.
13

5
0.

4
0.

8

C
on

tr
ol

E
R

B

0.
13

5
0.

4
0.

8

C
on

tr
ol

E
R

B

0.
13

5
0.

4
0.

8

C
on

tr
ol

E
R

B

0.
13

5
0.

4
0.

8

0

5

10

15

20

25

Fpg (U/gel)

T
a
il

 D
N

A
 (

%
)

HaCaT

A375M
A375P

SK28
SK23

**** ****

****

****
****

****

****

****

ns

****

****

***

****
****

ns

 

Figure 3.1. Endogenous DNA damage including SSBs and ODBLs in heavily pigmented (SK23), 

moderately pigmented (SK28), and non-pigmented (A375M and A375P) melanoma cancer cells, 

and HaCaT cells.  

The cells were seeded in 6-well plates for 24 hours at 37C
o
/5% CO2 to allow attachment. Cells were then 

washed and collected into Eppendorf tubes and the standard and modified-ACA assays were then 

performed, using indicated levels of Fpg enzyme. Each bar represents the mean % of Tail DNA of 300 

comets ± SEM determined from three independent experiments. One-way ANOVA test was used to 

compare the mean of endogenous ODBLs determined by various levels of Fpg enzyme versus the damage 

enhanced by ERB. Ns, non-significant, ***p<0.001, ****p<0.0001. 

 

A further analysis of the above data was undertaken using the two melanoma cancer cell 

lines (A375P & SK23) plus HaCaT cells. For each cell line the level of endogenous 

ODBLs, as detected by 0.8U/gel Fpg was measured after subtracting the SSBs +ALS. 

The results were then plotted to illustrate the difference. The findings were that the 

endogenous SSBs in A375P and SK23 melanoma cancer cells were, respectively, 1.4-

fold and 3-fold higher than the endogenous SSBs in HaCaT cells. Likewise, the 

endogenous ODBLs (Fpg-SS) for A375P and SK23 were, respectively, 1.4-fold and 

1.9-fold higher in the melanoma cancer cells than in HaCaT cells (Figure 3.2). 

 



 

90 

 

0

5

1 0

1 5

T
a

il
 D

N
A

 (
%

)

S S B s F p g - S S

A

 H a C a T s

A 3 7 5 P

 S K 2 3
* * * *

* * * * n s

n s

 

Figure 3.2. Difference in the level of endogenous oxidative DNA damages lesions in heavily 

pigmented (SK23) and non-pigmented (A375P) melanoma cells and the HaCaTs. 

The endogenous ODBLs (Fpg-SS) detected by 0.8 U/gel Fpg in the three cell lines with subtracted SSBs 

+ ALS. SSBs + ALS of the three cell lines were also plotted to show the difference among three cell lines. 

One-way ANOVA test was used to compare the mean of endogenous ODBLs and SSBs between 

melanoma cancer cells and the HaCaT cells. Ns=non-significant, ****p=<0.0001. (The figure adapted 

from Figure 3.1). 
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3.2.2 Measurement of endogenous ROS level in melanoma cancer cells and in the 

HaCaTs 

The above experiments found clear evidence of endogenous oxidatively damaged DNA 

in melanoma cancer cells and HaCaT cells, with the higher ODBLs in melanoma cancer 

cells, particularly the pigmented cells. Therefore, it was proposed to examine the level 

of endogenous ROS in these cells, to uncover possible causative reasons for such an 

effect. Thus, a non-pigmented (A375P) and a heavily pigmented (SK23) melanoma 

cancer cell lines plus the HaCaTs cell line were selected to study their level of 

endogenous ROS, as these three cell lines had the highest, intermediate, and lowest 

levels of endogenous DNA damage, respectively, as measured using ACA. 

To assess endogenous ROS in these cells, H2DCFDA fluorescent probe was 

implemented using two different techniques, plate reader and flow cytometry. In using a 

plate reader, the number of cells needs to be optimised. For this purpose, HaCaT cells 

were used, because they stick firmly to the microwell plate bases, and are hardly 

removed during washing. The cells were stained with H2DCFDA fluorescent probe, and 

the relative fluorescent intensity measured. Among the series of cell numbers 

investigated, 5 x 10
4
 was the optimum cells density required for each microwell, to 

show the level of intracellular ROS, as detected by 1µl /microwell of 25µM fluorescent 

probe (Figure 3.3). 
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Figure 3.3. Endogenous ROS level measured in different cells numbers of HaCaT cells. 

Cells were seeded in a 96-microwell at different indicated densities for 24 hours at 37
o
C/5% CO2 to allow 

attachment. Cells were washed with PBS and then stained with H2DCFDA fluorescent probe for 30 

minutes at 37
o
C and protected from light. Fluorescent intensity was then measured using the plate reader. 

Each bar represents mean ± SD determined from three independent experiments run in duplicate. One-

way ANOVA test was used to compare the mean of fluoresence intensity (endogenous ROS) determined 

in different cell numbers versus the mean of fluoresence intensity of the background (the blank). Ns, non-

significant, *p= <0.05, **p= <0.005, ***p=< 0.001, ****p=<0.0001. 

 

After the cell number had been optimised, for the detection of intracellular ROS by 

H2DCFDA fluorescent probe using the plate reader, ROS was measured in heavily 

pigmented (SK23), non-pigmented (A375P) melanoma cancer cells and the HaCaT 

cells. 

Data obtained from this experiment revealed that melanoma cancer cells exhibit a 

substantially higher level of endogenous ROS than HaCaT cells (Fluorescence intensity 

(endogenous ROS): 76.17 ± 5.69, 56.33 ± 8.25 in SK23 and A375P melanoma cancer 

cells, respectively, versus 29.71 ± 3.24 in HaCaT cells) (Figure 3.4). This was denoted 

by the fact that the fluorescence intensity of A375P and SK23 melanoma cancer cells 

stained was higher than that in HaCaT cells, by 1.9-fold and 2.6-fold, respectively. 
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Figure 3.4. Endogenous ROS levels measured in heavily pigmented (SK23), non-pigmented (A375P) 

melanoma cancer cells and HaCaT cells detected by H2DCFDA fluorescence probe and measured 

by plate reader.  

A) Fluorescence images show the amount of endogenous ROS in melanoma cancer cells and HaCaTs. 

Images were captured from microplates using a fluorescence Zeiss Axioskop 2 plus microscope. B) Cells 

were seeded in a 96-microwell at different indicated densities for 24 hours at 37
o
C/5% CO2 to allow 

attachment. Cells were washed with PBS and then stained with H2DCFDA fluorescent probe for 30 

minutes at 37
o
C and protected from light. Fluorescence intensity was then measured using the plate 

reader. Each bar represents mean ± SD of relative fluorescence intensity determined from three 

independent experiments run in triplicate. One-way ANOVA test was used to compare the mean of 

fluoresence intensity (endogenous ROS) in melanoma cancer cells versus the mean of fluoresence 

intensity in HaCaT cells. 

 

To further substantiate the above observations, flow cytometry was also used for 

detection and measuring endogenous ROS in the above different cell lines using the 

H2CDFDA fluorogenic probe. This method is widely used for assessment of reactive 

species in cells (Negre-Salvayre et al., 2002). Data obtained by this method agrees with 

the results obtained using the plate-reader. The level of endogenous ROS observed in 

SK23 and A375P melanoma cancer cells was significantly higher than that in HaCaT 

cells (Fluorescence intensity (endogenous ROS): 14334 ± 969.6 versus 2632 ± 582.9, 

p<0.0001, in comparing SK23 melanoma cancer cells and HaCaT cells, respectively, 

and 6998 ± 643.2 versus 2632 ± 582.9, p=0.0008, in comparing A375P melanoma 



 

94 

 

cancer cells and HaCaT cells, respectively). Further analysis of data revealed that the 

intracellular level of ROS observed in SK23, and A375P melanoma cancer cells was 

greater by 5.4-fold and 2.8-fold, respectively, compared with that in HaCaT cells 

(Figure 3.5). 

 

Figure 3.5. Endogenous ROS level measured in heavily pigmented (SK23), non-pigmented (A375P) 

melanoma cancer cells and the HaCaTs detected by H2DCFDA fluorescence probe and measured 

by flow cytometry.  

A) The flow cytometer hsitograms show the difference in the fluoresence intensity (endogenous ROS) 

detected in melanoma cancer cells and HaCaT cells. B) Cells were seeded in 6-well plate for 24 hours at 

37C
o
/5% CO2 to allow attachment. Cells were then washed with PBS and then stained with H2DCFDA 

fluorescence probe for 30 minutes 37C
o
/5% CO2. Cells were then washed once with PBS and collected 

into FACS tubes for measuring endogenous ROS by flow cytometry. Each bar represents mean ± SD of 

fluorescence intensity determined from three independent experiments each run in triplicate. One-way 

ANOVA test was used to compare the mean of fluorescence intensity (endogenous ROS) between the two 

melanoma cell lines versus that in HaCaT cells. 
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3.2.3 Assessment of intracellular catalase enzyme activity in melanoma cancer 

cells and in HaCaT cells  

Previous studies have indicated that cancer cells exist under an altered redox status with 

a disturbed oxidant and antioxidant balance (Nicco et al., 2005, Valko et al., 2007). 

Melanoma cancer cells are suggested to have low levels of primary cellular 

antioxidants, including catalase enzyme (Meyskens et al., 1997, Offner et al., 1992). 

High levels of endogenous ROS in melanoma cancer cells, as detected in the above 

experiments, may therefore relate to a lower cellular antioxidant status of these cells. 

Therefore, measures of the intracellular level of catalase enzyme activity in heavily 

pigmented (SK23), and non-pigmented A375P melanoma cancer cells, and in the 

HaCaT cells. A visual approach to measuring recent intracellular catalase activity, 

developed by Iwase et al. (2013), was exploited in this study (Iwase et al., 2013). 

Briefly, this assay is based on the reaction between the intracellular catalase enzyme, 

released from the cells after cell lysis, with the added H2O2 leading to formation of O2-

foam in the test tube. The higher level of O2-foam formation, the more catalase activity 

in the cell lysate.  

Before assessing the intracellular catalase enzyme activity of these cells, the sensitivity 

of the method was established using bovine liver catalase enzyme as a standard. 

Different amounts (enzyme units) of bovine liver catalase enzyme were freshly 

prepared, and each was added to labelled Pyrex tubes. The added catalase enzyme 

reacted with the H2O2 caused O2-foam formation, which was then measured using a 

ruler. Analysis revealed a positive linear relationship (R2=0.9520) between the amount 

of catalase activity, and the level of the test indicator (O2-foam height) (Figure 3.6). 
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Figure 3.6. Standard curve of catalase activity.  

A) The photo shows the O2-foam formation in Pyrex tubes containing different levels of bovine liver 

catalase activity (units). B) A constant volume (100µl) of catalase/PBS mixture was maintained by adding 

each specific amount of catalase to PBS in a Pyrex tube with total volume of 100µl then to each tube 

100µl of 1% Triton X-100 and 100µl of concentrated H2O2 (30%) were added. The mixtures were then 

mixed thoroughly and left at room temperature for 3 minutes to develop an O2-foam. The level of O2-

foam formation from each tube was measured and recorded using a ruler. A linear relationship was found 

between the level of catalase activity and the height of the foam, over a range of 40-200 units of the 

catalase enzyme. Each points represents mean ± SEM of O2-foam height (mm) as determined in three 

independent experiments.  
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To measure the intracellular catalase enzyme activity in heavily pigmented (SK23), 

non-pigmented (A375P) melanoma cancer cells and HaCaT cells, a high quantity of 

cells (3 x 10
6
 cells) were seeded in T175 flasks and incubated for 48 hours at 37°C/5% 

CO2, to allow attachment. Cells were then washed and collected into 15ml tubes for 

assessment of intracellular catalase activity. According to the principle of the assay 

which is  developed by Iwase et al. (2013), equal numbers of cells were transferred into 

Pyrex tubes in which cells were exposed to lysis buffer (Triton X-100) to release their 

contents into the cell lysate and then H2O2 was added. The reaction between cellular 

catalase enzyme and H2O2 caused O2-foam formation.  

A clear reaction between the intracellular catalase and H2O2 was observed (O2-foam 

formation), which was linear with the cell numbers used for each cell line. A 

considerably higher level of catalase enzyme activity was observed in HaCaT cells 

followed by the A375P melanoma cancer cells, with the lowest level being observed in 

the SK23 cells, (Figure 3.7). The level of catalase activity measured (O2-foam height 

(mm)), in a lysate of 10 x 10
6
 cells in HaCaTs was significantly higher than that in 

A375P and SK23 melanoma cancer cells (27.32 ± 1.53 versus 16.67 ± 2.51, p=0.0037, 

in HaCaTs and A375P melanoma cancer cells, respectively, and 27.32 ± 1.53 versus 

10.33 ± 3.21, p=0.0003 in HaCaTs and SK23 melanoma cancer cells, respectively) 

(Figure 3.7). 
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Figure 3.7. Intracellular level of catalase activitiy in heavily pigmented (SK23), non-pigmented 

melanoma cancer cells and the HaCaT cells.  

A) Photo shows the O2-foam height formed from the reaction between intracellular catalase and H2O2 in 

melanoma cancer cells and HaCaT cells. B) The cells were seeded in T175 flasks for 48 hours at 

37°C/5% CO2 to allow attachment and grow. They were then washed with PBS and harvested.Three 

different cell numbers (1 x 10
6
, 5 x 10

6
 and 10 x 10

6
) were collected into each labelled 15ml tube. The 

cells were then washed with PBS. The pellets were then transferred into Pyrex tubes and mixed with 

100µl of 1% Triton X-100 and 100µl of concentrated H2O2 (30%). The contents of the tubes were then 

mixed thoroughly and incubated for 3 minutes at room temperature to develop an O2-foam. The height of 

O2-foam formation in each tube was measured and recorded with a ruler. Each bar represents mean ± SD 

of O2-foam height (mm) as determined from in three independent experiments. One-way ANOVA test 

was used to compare the mean of O2-foam level (catalase activity) generated by 10 x 10
6 

cells between 

SK23 and A375P melanoma cell cells versus that in HaCaT cells. 
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3.2.4 Estimation of catalase protein expression in heavily pigmented (SK23), non-

pigmented (A375P) melanoma cancer cells and in HaCaT cells 

For further confirmation of variations in the intracellular catalase activity in heavily 

pigmented (SK23) and non-pigmented (A375P) melanoma cancer cells and HaCaT 

cells, a western blot assay was performed to assess protein levels. Based on a standard 

protocol (see Section 2.9 in Chapter 2), the catalase protein was measured in the cell 

lysates of the above three cell lines. In this assay, a very low level of catalase protein 

(measured as % of catalase protein band density over the band density of β-actin protein 

of each cell line) was observed in the two melanoma cancer cell lines; whereas, the level 

of catalase protein in HaCaT cells was significantly higher (196.0 ± 55.57% versus 

44.72 ± 9.22%, p=0.0326, in  HaCaT cells and A375P melanoma cancer cells, 

respectively, and 196.0 ± 55.57% versus 50.37 ± 31.04, p=0.0388, in HaCaTs and SK23 

melanoma cancer cells, respectively (Figure 3.8). 
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Figure 3.8. Catalase levels in heavily pigmented (SK23), non-pigmented (A375P) melanoma cancer 

cells and HaCaT cells.  

Cells were seeded in T75 flasks for 48 hours at 37°C/5% CO2 to grow and become confluent. Cells were 

washed with PBS and collected by scraping and adding 200µl of laemmli buffer and the suspension was 

added to Eppendorf tubes. From each sample the total protein was estimated before performing western 

bloting. The samples were then analysed for catalase protein using western blot. Each bar represents mean 

± SD of relative catalase protein expression versus expression of endogenous β-actin, as determined from 

two independent experiments. One-way ANOVA test was used to compare the mean of intracellular 

catalase protein levels between SK23 and A375P melanoma cancer cells versus that in HaCaT cells.  
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3.2.5 Correlation of endogenous DNA damages with endogenous ROS level and 

intracellular catalase enzyme activity in heavily pigmented (Sk23), non-

pigmented (A375P) melanoma cancer cells and in HaCaT cells  

In melanoma cancer cells, an increase in the level of endogenous oxidative DNA 

damages was observed, when compared to the HaCaT cells (Figure 3.1). Likewise, the 

level of intracellular ROS was higher in these melanoma cancer cells when compared 

with the HaCaTs (Figure 3.4 & 3.5). In contrast, the catalase enzyme activity was 

significantly lower in melanoma cancer cells (Figure 3.7 & 3.8). 

To further analyse this data, and to uncover the relationship between these endogenous 

parameters, scatter graphs were plotted (Figure 3.9). Interestingly, a positive 

relationship was clearly apparent between the level of intracellular ROS and the level of 

endogenous oxidative DNA damage (SSBs & Fpg-ss) in melanoma cancer cells and 

HaCaT cells. Notably, the melanoma cancer cells with the highest intracellular ROS 

levels presented the highest level of endogenous DNA damage. In contrast, HaCaT 

cells, with a low level of endogenous ROS had a lowest level of endogenous DNA 

damage (Figure 3.9).  

Interstingly, the cells with the highest amounts of catalase enzyme have lower levels of 

endogenous DNA damage including SSBs and endogenous oxidative base lesions (Fpg-

SS) (Figure 3.10). Moreover, an inverse relationship between endogenous background 

ROS, and the intracellular level of catalase enzyme activity was observed in melanoma 

cancer cells and HaCaT cells. Cells with the lowest amount of endogenous ROS were 

found to have the highest level of intracellular catalase enzyme activity and vice versa 

(Figure 3.11). 
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Figure 3.9. Relationships between endogenous oxidative DNA damage and the intracellular 

background level of ROS in heavily pigmented (SK23) and non-pigmented (A375P) melanoma 

cancer cells and HaCaT cells.  

A) The graph shows the background DNA SSBs in the three cell lines plotted versus endogenous ROS 

level measured by flow cytometry in each cell line. B) The graph shows the endogenous oxidative base 

DNA damage (Fpg-SS) as detected by Fpg-ACA (0.8U/gel) (with background SSBs subtracted) plotted 

against the endogenous measures of ROS for each cell line. (Figure adapted from Figures 3.2 & 3.5). 

 

 

Figure 3.10. Relationship between intracellular catalase enzyme activity and the intracellular 

background level of ROS in heavily pigmented (SK23) and non-pigmented (A375P) melanoma 

cancer cells and  HaCaT cells.  

A) The graph shows background DNA SSBs plotted versus the intracellular catalase enzyme activity 

level detected from 10 x 10
6
 cells of each cell line. B) The graph shows the endogenous oxidative base 

DNA damage (Fpg-SS) as detected by Fpg-ACA (0.8U/gel) (with background SSBs subtracted) plotted 

against the intracellular catalase activity level detected from 10 x 10
6
 cells of each cell line. (Figure 

adapted from Figures 3.2 & 3.8). 
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Figure 3.11. Relationships between intracellular catalase enzyme activity and the endogenous ROS 

in heavily pigmented (SK23) and non-pigmented (A375P) melanoma cancer cells and HaCaTs cells. 

The intracellular catalase activity level detected from 10 x 10
6
 cells of each cell line was plotted against 

the intracellular measures of ROS for each cell line. (Figure adapted from Figures 3.5 & 3.7). 
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3.3 Discussion  

ROS, produced either endogenously or exogenously, attack cellular components 

including DNA, leading to the generation of oxidatively DNA damage including 

ODBLs. The antioxidant system in normal cells withstands the detrimental (the 

damaging effect) effects of intracellular ROS (Kryston et al., 2011). It protects the cell 

from oxidants and reduces DNA damage (Gutteridge and Halliwell, 1999). However, 

tumour tissues are deficient in antioxidants and the protective systems that target 

oxidants fail to protect cellular compartments from oxidative damage (Olinski et al., 

1995, Glorieux et al., 2011). 

Many studies have found elevated measures of oxidatively damaged base lesions (e.g 8-

oxo-dG) to be present in tumour cells. As reviewed extensively by Kryston et al., 

(2011) numerous studies have found a higher level of 8-oxo-dG in different tumour 

tissues (Kryston et al., 2011). In various cancer types, an elevation in urinary 8-oxo-dG, 

which indicate higher oxidative stress, has been noted (Wu et al., 2004). In addition, 

formation of DNA 8-oxo-dG has been shown to be increased in breast cancer tissue 

when compared to normal tissue (Matsui et al., 2000, Musarrat et al., 1996). 

Murtas et al. (2010) found an increase in the levels of nuclear 8-oxodG in primary 

cutaneous melanoma tissue (Murtas et al., 2010). This might indicate that cancer cells 

have more endogenous oxidatively damaged DNA lesions than normal tissue. Data 

from the current study (Figure 3.1) confirmed a difference between melanoma cancer 

cells and the HaCaTs, since the damage observed in melanoma cancer cells, including 

pigmented and non-pigmented cell lines, was dramatically higher than the DNA damage 

in HaCaT cells (Figure 3.1). An additional interesting point observed from the current 

data, was that, of all the melanoma cancer cells, the highly pigmented melanoma cancer 

cells (SK23) exhibited the highest level of endogenous DNA damage. 

Endogenous oxidatively damaged DNA is strongly linked to the level of oxidative stress 

in tumour cells. In cancer cells, endogenous ROS production is abnormally high, and 

this could be the reason for the insufficiency in the antioxidant’s capacities; thus the 

antioxidant system failure may be responsible for the higher endogenous DNA damage 

(Jackson and Loeb, 2001). In contrast, in normally functioning cells, the rate of 

intracellular H2O2 generation is maintained in a steady state and rangies between 

submicromolar levels (Gardner et al., 1997, Takeda et al., 1999). 
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Other studies suggest that melanoma cancer cells generate a high amount of endogenous 

H2O2 (Toyokuni et al., 1995, Meyskens Jr et al., 2001), with a greater amount of 

endogenous H2O2 observed in pigmented melanoma cancer cells (Szatrowski and 

Nathan, 1991, Meyskens et al., 2004). In melanoma cancer cells, because of the 

malformed melanosomes and the disruption of melanin synthesis during the 

melanogenesis process, melanin acts as another source of ROS generation (Sarangarajan 

and Apte, 2006). In support of this, the data obtained in the present study indicates that 

melanoma cancer cells have a significantly higher amount of ROS background than 

HaCaT cells, and that pigmented melanoma (SK23) cells have even greater endogenous 

ROS levels than non-pigmented melanoma cancer cells (figure 3.4 & 3.5). The 

difference in the level of endogenous ROS between pigmented (SK23) and non-

pigmented (A375P) may be the result of melanin pigment content. A recent 

experimental study has found a significant level of enhancement in the level of 

intracellular H2O2 in SK23 melanoma cancer cells after exposure them to UV radiation 

whereas the level of ROS generated in non-pigmented cells (A375) was considerably 

lower (Swalwell et al., 2012). 

Studies have provided evidence indicating that expression of intracellular antioxidants, 

including catalase, is tissue, organ and cell dependent (Jeon et al., 2007, Oberley et al., 

1996). It has been reported that melanoma cancer cells are deficient in primary 

antioxidant systems, including catalase and glutathione (Offner et al., 1992, Picardo et 

al., 1996, Meyskens et al., 1997). Catalase enzyme is the major antioxidant that tackles 

and disassociates H2O2 in the cellular environment, generating H2O and O2 

(Schraufstätter et al., 1988). Strong evidence indicates that UV light is one of the main 

etiological factors for melanoma development (Williams and Ouhtit, 2005, Chang et al., 

2009) and a recent animal study has found that exposure of skin to UV-B light can 

cause a significant inhibition in cutaneous catalase enzyme activity (Sullivan et al., 

2012). The data reported in this Chapter indicates that catalase enzyme activity is 

significantly lower in melanoma cancer cells than in HaCaT cells (Figure 3.7). This 

effect possibly increases the sensitivity of melanoma cancer cells to H2O2 damage. To 

support this further, a western blot assay was conducted to measure the catalase protein 

levels in HaCaT cells and melanoma cancer cells. Data obtained from the experiment, 

again demonstrated a very high level of expression of catalase protein in HaCaT cells, 

while it was substantially lower in both the A375P and SK23 melanoma cancer cells 
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(Figure 3.8). As mentioned in the literature, catalase is the main intracellular antioxidant 

that converts H2O2 to water and O2. A recent experimental study has found that 

suppression of catalase protein expression in tumour cells (HeLa, SKOV3 and A549 

tumour cell lines) lead to accumulation of endogenous H2O2 (Yang et al., 2011). 

Consistent to their observations, data from the current study may indicate that high 

endogenous ROS is due to the low level of intracellular catalase expression in 

melanoma cancer cells (Figure 3.11). 

To further support this, evidence suggests an increase in the level of oxidative DNA 

damage in acute lymphoblastic leukaemia accompanied with a reduced antioxidant 

capacity, including catalase (Honda et al., 2000). Data regarding the relationship of 

endogenous DNA damage to the level of intracellular ROS has not been available for 

melanoma cancer cells. Data in the current Chapter of this study indicates a positive 

linear relationship between these two parameters (Figure 3.9). It revealed that, heavily 

pigmented melanoma cancer cells (SK23) present the highest endogenous DNA damage 

and a greater level of intracellular ROS. In contrast further analysis determined an 

inverse relationship between intracellular ROS and cellular catalase enzyme activity in 

melanoma cancer cells and HaCaT cells (Figure 3.11).  Likewise, the amount of 

endogenous DNA damage in melanoma and HaCaT cells is inversely related to the level 

of their intracellular catalase enzyme activity (Figure 3.10). 

Lack of intracellular catalase enzyme activity in melanoma cancer cells could be one 

factor explaining the accumulation of high intracellular ROS. Consequently, this 

together with higher metabolism may enhance the levels of oxidative DNA damage in 

melanoma cancer cells if they exposed to exogenous therapeutic ROS. 
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4 CHAPTER IV: Optimisation and characterisation of H2O2-induced 

DNA damage dose response in melanoma cancer cells and in 

HaCaT and HDF cells 
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4.1 Introduction 

H2O2 is an oxidant, which has long been used as a model in studies related to oxidative 

stress (Coyle and Kader, 2007, Collins, 2004, Meneghini, 1997). H2O2 is a small ROS 

molecule. It is relatively unreactive, mostly stable (compared to other ROSs), highly 

diffusible and crosses the cell membrane, travelling long distances in intracellular and 

extracellular spaces and to reach its molecular targets (Mishina et al., 2011, Panieri et 

al., 2013). 

DNA is particularly sensitive to H2O2, an oxidant that induces oxidative stress within 

cells and causes DNA damage (Barbouti et al., 2002, Ott et al., 2007). Many studies 

have used H2O2 to induce circumstances of oxidative stress and oxidative DNA damage 

in different types of cells (Driessens et al., 2009, Duarte et al., 2007, Panieri et al., 

2013). Duarte and Jones, (2007) investigated the mechanism by which H2O2 causes 

oxidative DNA damage  (Duarte and Jones, 2007). Their data suggested that when H2O2 

enters the cell, it reacts with iron ions through a Fenton reaction, generating 
●
OH, which 

can attack the DNA molecule, producing strand breaks and other lesions. 

In the previous Chapter, a clear difference in the level of endogenous oxidatively 

damaged DNA between melanoma cancer cells and normal HaCaT cells was observed. 

The comet assay detected significant levels of endogenous oxidatively damaged DNA 

in melanoma cancer cells, compared with levels of the same damage in HaCaT cells. 

Such a difference was also positively correlated with the amounts of endogenous ROS, 

but negatively correlated with catalase enzyme activity. Based on this data, it was 

proposed to study the effect of induced DNA damage by the model oxidant (H2O2) in 

melanoma cancer cells and normal skin cells. This could illustrate the relative degree of 

sensitivity of melanoma cancer cells and normal skin cells to induced DNA damage. 

Consequently, H2O2 was used as a model oxidant to induce oxidative DNA damage in a 

panel of melanoma cancer cell lines, including non-pigmented (A375M & A375P), 

moderately (SK28) and heavily (SK23) pigmented melanoma cancer cells, and two 

“normal” skin cell lines (HaCaTs & HDF cells). Using the standard protocol described 

in the Materials and Methods section of the current study (see Section 2.5.1, in Chapter 

2), the ACA and its modified version were used in this study to measure DNA damage 

after cell treatment with H2O2. 
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This chapter aims to: 

 Optimise the concentrations and time of H2O2 exposure necessary for it to be 

able to induce measurable levels of DNA damage as detected by the ACA. 

 Study the degree of sensitivity of melanoma cancer cells and HaCaT and HDF 

cells to oxidative mediated DNA damage induced by H2O2. 

 Study the role of iron ions in the H2O2-induced DNA damage mechanism. 

 

4.2 Results 

4.2.1 H2O2-induced DNA damage in A375M melanoma cancer cells. 

The A375M melanoma cancer cell line was initially used to optimise the exposure time 

and doses of H2O2 for the induction of DNA damage measured by the standard ACA. A 

clear H2O2-induced DNA damage response was observed that was both time- and dose-

dependent. Low micromolar concentrations of H2O2 were generally able to generate 

DNA damage in A375M melanoma cancer cells proportional to the concentration of 

H2O2 and time of exposure (Figure 4.1). 
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Figure 4.1. H2O2-induced DNA damage dose responses in A375M melanoma cancer cells.  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 to allow attachment. The cells were then 

exposed to indicated concentrations of H2O2 prepared in a cell-specific medium for different time points, 

on ice, protected from the light. After the cells were harvested, DNA damage was measured by the 

standard ACA. Each bar represents the mean percentage of Tail DNA of 300 comets ± SEM determined 

from three independent experiments. 

  



 

110 

 

4.2.2 H2O2-induced DNA damage in non-pigmented (A375M and A375P), 

moderately pigmented (SK28) and heavily pigmented (SK23) melanoma 

cancer cells and  in HaCaT cells treated in cell-specific media 

A panel of four melanoma cancer cell lines, A375M, A375P, SK28 and SK23 melanoma 

cancer cells and HaCaT cells, were treated in their cell-specific serum-free culture 

media, with varying low levels of H2O2 concentrations (ranging from 0 to 30µM) for 30 

minutes on ice, protected from the light. ACA was then immediately carried out to 

measure the level of oxidative DNA damage in the cells. Unexpectedly, the three 

melanoma cell lines (A375M, A375P & SK23) clearly formed H2O2-mediated DNA 

damage, while one of the melanoma cell lines (SK28) and the HaCaT cells did not. Of 

the cell lines that responded to H2O2-induced DNA damage, the SK23 cells (the heavily 

pigmented melanoma cancer cells) were the most sensitive, followed by the A375P and 

A375M cells (Figure 4.2). 
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Figure 4.2. H2O2-induced DNA damage in non-pigmented (A375M and A375P), moderately 

pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells HaCaTs treated using low 

doses of H2O2 in cell-specific media.  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 before exposure to H2O2. The cells were 

then exposed to indicated concentrations of H2O2 prepared in a cell-specific medium for 30 minutes, on 

ice, protected from the light. After the cells were harvested, DNA damage was measured by the standard 

ACA. Each bar represents the mean percentage of Tail DNA of 200 comets ± SEM determined from two 

independent experiments. 
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The insensitivity of the cell lines SK28 and HaCaTs to H2O2 was unexpected, and it was 

thought that the levels of H2O2 used may not have been high enough to induce DNA 

damage in these cells, and that the other cell lines (A375M, A375P & SK23) were more 

sensitive to H2O2. So, in subsequent further studies, the experiment was repeated using 

higher doses of H2O2 (up to 100µM). Surprisingly, the reaction of A375M, A375P and 

SK23 melanoma cells to H2O2 was almost the same as in the previous experiment, 

although clearly higher. However, SK28 and HaCaT cells did not respond to H2O2. 

Even with the highest concentration of H2O2 (100µM), the H2O2-induced DNA damage 

observed in SK28 and HaCaT cells did not exceed 10% (Figure 4.3). 
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Figure 4.3. H2O2-induced DNA damage in non-pigmented (A375M and A375P), moderately 

pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells and HaCaT cells treated 

using high doses of H2O2 in cell-specific media.  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 to allow attachment. The cells were then 

exposed to indicated concentrations of H2O2 prepared in a cell-specific medium for 30 minutes, on ice, 

protected from the light. After the cells were harvested, DNA damage was measured by the standard 

ACA. Each bar represents the mean percentage of Tail DNA of 200 comets ± SEM determined from two 

independent experiments. 
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The lack of effect of H2O2 for the SK28 and normal HaCaT cells drew attention to the 

composition of the culture media in which the cells were treated. It was therefore 

proposed to investigate the possible influence of media composition on H2O2-induced 

DNA damage. Two cell lines, one sensitive to H2O2 (A375M) and one insensitive to 

H2O2 (SK28), were used.  Three different media, including A375M-media, SK28-media 

and PBS, were used for the treatment of SK28 and A375M cells with H2O2. However, 

before conducting this experiment, a trypan blue assay (see Section 2.4.1, Chapter 2) 

was performed in order to assess the effect of the different media on the cell viability of 

both cell lines (A375M & SK28) for the duration of the treatment. No gross difference 

in the cell viability was observed for the two cell lines (A375M & SK28) treated with 

the three different media (PBS, A375M-media and SK28-media), with all cell lines 

showing similar high levels of viability (Table 4.1). 

Table 4.1. Viability of melanoma cancer cells (A375M and SK28) in three different media 

Media A375M melanoma cells 

Viability (%) 

SK28 melanoma cells 

Viability (%) 

PBS 85.5 73.0 

A375M-media 90.5 71.0 

SK28-media 81.0 74.0 

 

A375M and SK28 melanoma cancer cells were seeded in each well of the 6-well plate for 24 hours at 

37
o
C/5% CO2, using their own specific media to allow attachment. The cells where then washed once 

with PBS, and new different media (PBS, A375M-media and SK28-media) were then added to each 

well separately and incubated on ice for 30 minutes. The media were removed from each well and the 

cells were washed with PBS and collected by trypsin. A trypane blue exclusion assay was then 

performed (as described in section 2.4.1, Chapter 2). 

 

After confirming the effect of these three media on cell viability, a standard ACA 

experiment was conducted using one sensitive cell line (A375M) and one insensitive 

cell line (SK28) and each experiment for each cell line was carried out separately. Cells 

were exposed to H2O2 using cell-specific media, an alternative non-cell specific medium 

or PBS. The results showed that neither cell line (A375M or SK28) responded to H2O2 

when treated in SK28-media, revealing that SK28-media has an inhibitory effect on 

H2O2-induced DNA damage. In contrast, the two cell lines were found to be sensitive to 

H2O2 when cells were treated in A375M-specific media and PBS (Figure 4.4 & 4.5). 
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Figure 4.4. H2O2-induced DNA damage in A375M (A) melanoma cancer cells treated either in 

A375M-media (A), SK28-media (B) or PBS (C). 

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 before exposure to H2O2. The cells were 

then exposed to indicated concentrations of H2O2 prepared in PBS, A375M-media and SK28-media for 30 

minutes, on ice, protected from the light. After the cells were harvested, DNA damage was measured by 

the standard ACA. Each bar represents the mean percentage of Tail DNA of 300 comets ± SEM 

determined from three independent experiments. 
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Figure 4.5. H2O2-induced DNA damage in SK28 melanoma cancer cells treated either in A375M-

media (A), SK28-media (B) or PBS (C).  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 before exposure to H2O2. The cells were 

then exposed to indicated concentrations of H2O2 prepared in PBS, A375M-media and SK28-media for 30 

minutes, on ice, protected from the light. After the cells were harvested, DNA damage was measured by 

the standard ACA. Each bar represents the mean percentage of Tail DNA of 300 comets ± SEM 

determined from three independent experiments. 
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In order to further examine this media effect, it was proposed that one of the media 

constituents could be the reason for the observed inhibitory effect. For a better cell 

growth, the media for A375M, A375P and SK23 were usually supplemented with 10% 

FCS, 1% glutamine, 1% non-essential amino acids whereas, additional to FCS and 

glutamine, 1% of sodium pyruvate was usually added as a supplement to SK28 and 

HaCaTs-specific media to promote cell growth. Indeed, a previous study suggested that 

pyruvate in culture media scavenges H2O2 generation (Long and Halliwell, 2009). In 

order to test this, another ACA experiment was conducted using A375M melanoma 

cancer cells to examine the level of DNA damage that can be induced by H2O2 in 

different media (A375M-media and PBS), supplemented with and without 1% sodium 

pyruvate. As expected, media such as PBS and A375M-media, containing 1% sodium 

pyruvate, substantially protected cellular DNA from oxidative damage mediated by 

H2O2, whereas the same media without sodium pyruvate allowed H2O2 to induce DNA 

damage (Figure 4.6); since the damage induced by the highest dose of H2O2 prepared in 

media containing pyruvate did not exceed 10%. 
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Figure 4.6. Effect of sodium pyruvate on the level of H2O2-induced DNA damage in A375M 

melanoma cancer cells.  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 before exposure to H2O2. The cells were 

then exposed to indicated concentrations of H2O2 prepared in two different media (A375M-media and 

PBS), with and without 1% sodium pyruvate for 30 minutes, on ice, protected from the light. After the 

cells were harvested, DNA damage was measured by the standard ACA. Each bar represents the mean 

percentage of Tail DNA of 300 comets ± SEM determined from three independent experiments. 
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4.2.3 H2O2-induced DNA damage in non-pigmented (A375M and A375P), 

moderately pigmented (SK28) and heavily pigmented (SK23) melanoma 

cancer cells and HaCaT cells treated in A375M-media 

From the previous experiments, it was decided to use A375M-media as the H2O2-

treatment medium for all future experiments. Next, an ACA experiment was conducted 

involving A375M, A375P, SK28 and SK23 melanoma cancer cells and HaCaT cells. 

Cells were seeded and treated with different levels of H2O2 prepared in serum free 

A375M-media, and the ACA experiment performed. From the scored comets, a clear 

H2O2-induced DNA damage dose response was observed in all melanoma cancer cells 

and in the HaCaT cells. As with the previous experiments, SK23 melanoma cancer cells 

were the most sensitive, followed by the SK28, A375P and A375M melanoma cancer 

cells, with the HaCaT cells being least sensitive to H2O2 (Figure 4.7). 
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Figure 4.7. H2O2-induced DNA damage in non-pigmented (A375M and A375P), moderately 

pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells and in HaCaT cells 

treated in A375M-media.  

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 to allow attachment. The cells were then 

exposed to indicated concentrations of H2O2 prepared in A375M-media for 30 minutes, on ice and 

protected from the light. After the cells were harvested, DNA damage was measured by the standard 

ACA. Each bar represents the mean percentage of Tail DNA of 300 comets ± SEM determined from three 

independent experiments. 

  



 

117 

 

4.2.4 H2O2-induced DNA damage in non-pigmented (A375M) melanoma cancer 

cells, HaCaTs and HDF cells 

A further study was carried out to examine the sensitivity of normal skin cells, including 

HaCaTs and HDF cells and melanoma cancer cells, to H2O2-induced DNA damage. For 

this puropose, HDF and HaCaT cells plus A375M melanoma cancer cells were all 

exposed to H2O2 and then analysed by ACA in order to measure the level of DNA 

damage. The data observed in this study confirmed that the normal cells (HaCaTs & 

HDF cells) are less sensitive than melanoma cancer cells to DNA damage induced by 

H2O2, and of the two normal skin cell lines, HDF cells were less sensitive than HaCaT 

cells (Figure 4.8). Analysis of data has shown that in melanoma cancer cells, the 

damage induced by 20µM H2O2 was significantly higher than that in HaCaT and HDF 

cells (% tail DNA: 36.82 ± 1.06 versus 23.94 ± 1.44%, p<0.0001, in comparing A375M 

melanoma cancer cells and HaCaT cells, respectively, and 36.82 ± 1.06 versus 21.08 ± 

1.17%, p<0.0001, in comparing A375M melanoma cancer cells and HDF cells, 

respectively). 
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Figure 4.8. H2O2-induced DNA damage in A375M melanoma cancer cells and in HaCaTs and HDF 

cells. 

Cells were seeded in 6-well plates for 24 hours at 37
o
C/5% CO2 to allow attachment. The cells were then 

exposed to indicated concentrations of H2O2 prepared in A375M-media for 30 minutes, on ice, protected 

from the light. After the cells were harvested, DNA damage was measured by the standard ACA. Each 

bar represents the mean percentage of Tail DNA of 300 comets ± SEM determined from three 

independent experiments. A one-way ANOVA was used for statistical analysis between each of the three 

groups. 
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4.2.5  Investigation of the role of iron ions in H2O2-induced DNA damage  

Previous studies have shown that iron ions play a crucial role in the H2O2-induced DNA 

damage mechanism in cells exposed to H2O2 (Duarte et al., 2007b, Barbouti et al., 

2001). In the Fenton reaction (see Section 1.3.2, Chapter 1), reduced redox-active 

translational metal ions reduces H2O2 to generate 
●
OH, which in turn attacks DNA and 

induces oxidative damage. In this reaction, H2O2 oxidises ferrous ions (Fe
2+

) to ferric 

ions (Fe
3+

), producing 
●
OH. In order to investigate this and confirm the involvement of 

metal ions, two melanoma cancer cell lines (A375P & SK23) were selected and seeded 

24 hours before treatment with and without an iron chelating agent (DFO) for different 

times. The cells were then exposed to H2O2 
in order to induce DNA damage, which was 

measured by the standard ACA. The data obtained from this experiment indicated a 

significant reduction in the level of DNA damage in cells pre-incubated with DFO for ≥ 

5 hours, whereas DNA damage was evident in those not treated or treated with DFO 

immediately (Figure 4.9). 
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Figure 4.9. H2O2-induced DNA damage in non-pigmented (A375P) (A) and heavily pigmented 

(SK23) (B) melanoma cancer cells, in the presence and absence of DFO.  

Cells were seeded for 24 hours at 37
o
C/5% CO2 to allow attachment, before exposure to DFO (300µM) 

for indicated time points. The cells were then washed with PBS and exposed to H2O2 for 30 minutes, on 

ice, protected from the light. After the cells were harvested, DNA damage was measured by the standard 

ACA. Each bar represents the mean percentage of Tail DNA of 200 comets ± SEM determined from two 

independent experiments. 
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4.2.6 Measurement of total intracellular iron level in non-pigmented (A375P) and 

heavily pigmented (SK23) melanoma cancer cells  

Studies have suggested that melanoma cancer cells trap and contain more iron ions than 

do normal cells (Bedrick et al., 1986), and that the pigment melanin has an affinity for 

metal ions (Sarzanini et al., 1992). As was observed in the above experiments, iron ions 

play a crucial role in the H2O2-induced DNA damage mechanism. An important thing to 

note in all the ACA experiments conducted so far was the higher sensitivity of the 

pigmented melanoma cancer cells (SK28 & SK23) to H2O2-induced DNA damage 

compared with the non-pigmented melanoma cancer cells (A375P & A375M). It was 

proposed that the iron ion content in pigmented and non-pigmented melanoma cancer 

cells could play a role in the level of cellular sensitivity to H2O2-induced DNA damage. 

In order to assess the intracellular concentration of total iron ions in pigmented and non-

pigmented melanoma cancer cells, SK23 and A375P melanoma cell lines were selected. 

An equal number of the two cell lines was seeded in T75 flasks and allowed to attach, 

and from this the total intracellular iron concentration was measured in 2x10
6 

cells of 

each cell line using the iron assay kit. The test was conducted according to the 

manufacturer’s instructions (see Section 2.7, Chapter 2). Different iron standards were 

prepared from the (stock) iron standard with iron assay buffer (provided by the kit) 

(Table 4.2). The estimation of total iron was run parallel to the determined standard 

curve, which showed a clear linear response (R2=0.9553) (Figure 4.10). When the cell 

extracts were examined, the pigmented melanoma cancer cells were found to have a 

significantly greater level of total intracellular iron ions than the non-pigmented 

melanoma cancer cells (Figure 4.11). The levels of total intracellular iron measured in 

20µl cell extract lyaste were 2.33 ± 0.03 nmol/L versus 2.16 ± 0.04 nmol/L, p=0.0002, 

in SK23 and A375P melanoma cancer cells, respectively. Similarly, the amount of total 

intracellular iron measured in 30µl cell extract lyaste were 2.53 ± 0.01nmol/L versus 

2.34 ± 0.03 nmol/L, p=0.0005, in SK23 and A375P melanoma cancer cells, 

respectively.  
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Table 4.2. Iron standards preparation with iron assay buffer 

Iron concentration/well 

(nmol/well) 

Volume of iron stock 

(µl) 

Assay buffer 

(µl) 

0 0 300 

2 6 294 

4 12 288 

6 18 282 

8 24 276 

10 30 270 

0 2 4 6 8 1 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

T o t a l  i r o n  l e v e l  ( n m o l )

O
.D

 (
5

9
3

n
m

)

Y = 0.06831*X + 0.09620

R
2

= 0.9553

 

Figure 4.10. A standard curve of iron concentrations as detected by the colourometric method. 

Various concentrations of iron standards were prepared and added to each microwell, of a 96-microwell 

plate, in triplicate, in order to obtain a final concentration of 0, 2, 4, 6, 8 and 10nmol/well. Optical density 

(O.D.) was measured at 593nm. A standard curve was then constructed using linear regression analysis. 

The assay kit measures iron ranging from 0.4nmol to 20nmol per 50µl of sample. Each point represents 

mean ± SD of absorbance, measured from different standards containing different levels of total iron 

(prepared from stock standard) from two independent experiments. 
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Figure 4.11. Intracellular total iron ions in non-pigmented (A375P) and heavily pigmented (SK23) 

melanoma cancer cells. 

2x10
6
 cells were transferred into 15ml tubes and washed with cold PBS. 250µl of iron assay buffer was 

added to each pellet and mixed thoroughly. To remove the insoluble substances, the mixture was 

centrifuged for 10 minutes at 16,000g. From supernatants, different sample volumes (5, 10, 20, and 30µl) 

were transferred to 96-microwell plates and each was adjusted to 100µl with the iron assay buffer. 5µl of 

iron-reduced reagent was added to each and incubated at room temperature for 30 minutes. 100µl of iron 

probe was then added to each microwell, mixed and incubated for further 60 minutes at room temperature 

in the dark. The O.D. was then measured at 593nm. Each point represents mean ± SD of the total 

intracellular iron level (nmol) per cell lysate volume (µl) measured depending on the standard curve. The 

data was determined from three independent experiments, each run in triplicate. A T-test (unpaired) was 

used for statistical analysis between each of the two groups. 
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4.3 Discussion 

ACA is a technique that has been broadly used in the field of genotoxicity. This assay is 

a simple and reliable method of quantifying DNA strand breaks, alkali-labile sites 

(ALS) and crosslinks, induced either physically or chemically. Migration of the 

damaged DNA in an electronic field is proportional to the extension of the DNA strand 

breaks, and is considered to be an estimate of the degree of DNA damage (Duez et al., 

2003). 

H2O2 was used as a model oxidant to induce oxidative stress-mediated DNA damage, 

measured by ACA (Duarte and Jones, 2007). It is thought that H2O2 rapidly enters cells 

via water channels (aquaporin) to reach the nucleus, where it generates 
●
OH, which in 

turn attacks the sugar residue of the DNA backbone, resulting in strand breaks. It can 

also modify the DNA bases to generate oxidatively damaged purine and pyrimidine 

base lesions (Jaruga and Dizdaroglu, 1996, Henzler and Steudle, 2000). 

Optimisation of the exposure time and doses of H2O2 was an important step for this 

study. A recent study concluded that the degree of H2O2-induced DNA damage is dose- 

and incubation time-dependent (Benhusein et al., 2010). Exposure of cells to H2O2 for 

long periods could result in a reduction in the level of DNA damage by repair 

mechanisms or by the decomposition of H2O2 (Benhusein et al., 2010). 

In the present study, time and dose-dependent H2O2-induced DNA damage was 

observed in A375M melanoma cancer cells. The damage caused by H2O2 was very low 

in the first 15 minutes, but increased substantially after further incubation. DNA 

damage was highest when exposing cells to 10 and 30µM H2O2 for an hour, but with 

evidence of a ‘limit’ being reached. This may be the result of H2O2 decomposition in 

media with time. Therefore, 30 minutes’ incubation time was chosen as an ideal period 

for the induction of a clear H2O2-induced DNA damage dose response for all future 

work (Figure 4.1). 

The study aim in this Chapter was to investigate H2O2-induced DNA damage dose 

response in different melanoma cancer cell lines (according to the degree of 

pigmentation) and normal skin cells. The first two H2O2-induced DNA damage 

experiments, which involved all the melanoma cancer cell lines and the HaCaT cells, 

surprisingly revealed an apparent high level of resistance of some cell lines to H2O2 
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(Figures 4.2 & 4.3). The highest level of H2O2-induced DNA damage was observed for 

the SK23 melanoma cells, and the lowest level of damage was observed in the SK28 

melanoma cells and the HaCaT cells. 

Further analysis has shown that a media constituent affects H2O2-induced DNA damage 

(Figure 4.4 & 4.5). Media such as DMEM contain pyruvic acid, which has been found 

to have an inhibitory effect on H2O2-induced DNA damage. This effect was confirmed 

when cells were exposed to H2O2 in media supplemented with and without 1% of 

sodium pyruvate (Figure 4.6). 

Thus, the media effect must be taken into account during investigation of oxidative 

mediated DNA damage by H2O2 or other oxidants. From this experiment, it was decided 

to use A375M-media as the source for preparing H2O2 concentrations for all cell lines in 

all future work. When the melanoma cancer cells and the HaCaT cells were treated with 

H2O2 in A375M-media, a clear H2O2-induced DNA damage dose response was 

observed for all the cells. Interestingly, the highest level of H2O2-induced DNA damage 

was demonstrated in the heavily pigmented (SK23) and moderately pigmented (SK28) 

melanoma cancer cells, followed by the two non-pigmented melanoma cancer cell lines 

(A375M & A375P), and the HaCaT cells were the least sensitive to this effect (Figure 

4.7). 

The observed high level of H2O2-induced damage in the pigmented melanoma cancer 

cells raises many questions. On one hand, it has been suggested that melanin can act as 

an antioxidant, scavenging FRs (Riley, 1997, Godic et al., 2014), and this could protect 

pigmented cells from damaging ROS. Heavily pigmented skin also protects cells from 

light-induced DNA damage because of melanin, which absorbs the damaging photons 

(Agar and Young, 2005, Kobayashi et al., 1993). On the other hand, other studies have 

found an enhancement effect of melanin on induced DNA damage. UV irradiation 

directly and indirectly induces intracellular oxidative stress (Stepien, 2010), it has been 

found that pigmented melanocytes are more sensitive to UV irradiation-induced 

oxidative DNA damage in terms of SSBs (Wenczl et al., 1998). Kvam and Tryrrell, 

(1999), also reported high sensitivity of pigmented human melanoma cells to UV-

induced ODBLs (Kvam and Tyrrell, 1999). Furthermore, it has been reported that both 

keratinocyte and skin fibroblast are less vulnerable than melanocytes to oxidative stress-

induced DNA damage (Valverde et al., 1996, Furukawa et al., 1988). Moreover, it has 

been shown that melanin pigment in melanocytes enhances DNA strand breaks, and 
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damage is inhibited by blocking melanogensis with tyrosinase inhibitors (Hoogduijn et 

al., 2004). Researchers carrying out an in vitro study also observed a higher sensitivity 

of DNA to UV-induced oxidative DNA damage in the presence of melanin (Kvam and 

Tyrrell, 1999). 

Data from the present study suggests that pigmented melanoma cancer cells are more 

susceptible to H2O2-induced DNA damage than non-pigmented cells (Figure 4.7). 

Consistent with these findings, Kvam and Tyrrell (1999) (Kvam and Tyrrell, 1999)  

found no protective effect of melanin pigment in human melanoma cells against 

oxidative-induced DNA damage caused by UV irradiation. Their data shows a 2-fold 

greater accumulation of oxidatively damaged DNA lesions in melanoma cancer cells 

with high content of melanin pigment compared with cells with low melanin pigment.  

More importantly, data from the present study suggests that melanoma cancer cells are 

more susceptible to H2O2-induced DNA damage than HaCaTs and HDF cells (Figure 

4.8). This could indicate that melanoma cancer cells are more sensitive to oxidative-

mediated DNA damage than normal cells. 

Metal ions have a crucial role in the H2O2-induced DNA damage mechanism (Barbouti 

et al., 2001). Although some studies have reported that copper ions are more efficient 

than iron ions in initiating H2O2-induced DNA damage in non-cellular systems (Stohs 

and Bagchi, 1995, Chevion, 1988, Lloyd and Phillips, 1999, Oikawa and Kawanishi, 

1998), Barbouti et al. (Barbouti et al., 2001) suggested that, unlike iron ions, free 

intracellular copper ions are undetectable; thus they suggested that intracellular iron 

ions play a critical role in H2O2-induced DNA damage. This is further supported by 

more recent studies, which utilised the iron ion chelating agent (DFO) before the 

induction of H2O2-induced DNA damage (Duarte et al., 2007). In the current study, the 

role of intracellular iron ions was reinvestigated. The damage induced by H2O2 was 

substantially prevented when cells were incubated with DFO for five hours or longer 

(Figure 4.9). However, the damage induced by H2O2 without the effect of DFO was 

significant, particularly in SK23 melanoma cells. This suggests that iron ion is the key 

element for the generation of 
●
OH from H2O2. When the two melanoma cancer cell 

lines, pigmented (SK23) and non-pigmented (A375P), were examined for their total 

iron content, it was found that pigmented cell lines contain a significantly higher 

concentration of total iron than that non-pigmented melanoma cancer cells (Figure 

4.11). This could be one of the reasons why pigmented melanoma cancer cells are more 
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sensitive to H2O2 than non-pigmented melanoma cancer cells. It may also be 

conceivable that the pigment melanin in melanoma cells could sensitise its DNA 

molecule to H2O2-induced DNA damage because the pigmented cells have a larger 

amount of intracellular iron ions. 

Matching the data of the previous chapter (Chapter 3) with the findings of the current 

one, it can be concluded that melanoma cancer cells with higher amount of endogenous 

ROS and with more oxidatively damaged DNA are more susceptible to H2O2-induced 

DNA damage. The heavily pigmented (SK23) and non-pigmented (A375P) melanoma 

cells contain much more endogenous ROS and are substantially lower in catalase 

enzyme activity than the HaCaTs, and are highly sensitive to H2O2-induced DNA 

damage. This means that adding exogenous ROS (H2O2) to melanoma cancer cells, 

which have more endogenous ROS and low catalase enzyme activity, can induce more 

oxidative DNA damage. 

Overall, the data shown indicates that melanoma cancer cells are more sensitive to 

H2O2-induced DNA damage than normal skin cells, including HaCaTs and HDF cells, 

with the highest sensitivity observed in pigmented melanoma cancer cells. Media 

composition plays a key role a role in H2O2-induced DNA damage and this has to be 

taken in to account in any in vitro studies trying to investigate the oxidative-mediated 

DNA damage.  

Additionally, it has been found that iron ion is an essential component in H2O2-induced 

DNA damage, and that the pigmented melanoma cancer cells have greater 

concentrations of total intracellular iron ions than the non-pigmented melanoma cancer 

cells. Such differences play a major role in the degree of melanoma cell susceptibility to 

H2O2-induced DNA damage. 
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5 CHAPTER V: Effect of ascorbate on H2O2-induced DNA damage 

in melanoma cancer cells and in HaCaT and HDF cells 
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5.1 Introduction 

The pro-oxidant activity of ascorbate has been a subject of interest in many studies 

(Podmore et al., 1998, Halliwell, 1996, Carr and Frei, 1999a, Duarte and Jones, 2007, 

Halliwell, 2013). As was alluded to in the literature review section (see Section 1.5.4, 

Chapter 1), the pro-oxidant role of vitamin C is thought to involve two different 

mechanisms. One of the pro-oxidant roles of ascorbate is through autoxidation, which 

can yield H2O2 in the presence of transition metal ions (Chen et al., 2005). Injection of 

high doses of ascorbate systematically can result in the production of extracellular H2O2 

(Ullah et al., 2012). Ascorbate can also function as a pro-oxidant agent inside the cell. 

When it enters into the cell, in the presence of redox-active metal ions, it mediates the 

further reduction of H2O2 via the Fenton reaction generating damaging 
●
OH (Satoh and 

Sakagami, 1996, Watson et al., 2010). Duarte and Jones (2007) investigated the 

intracellular pro-oxidant effect of ascorbate on metal ion-dependent H2O2-induced DNA 

damage in HDF cells. Clear enhancement of H2O2-induced DNA damage has been 

observed in cells pre-treated with ascorbate (Duarte and Jones, 2007). 

In the previous Chapters of the current study, it was clearly demonstrated that 

melanoma cancer cells have a higher degree of sensitivity to H2O2-induced DNA 

damage than HaCaTs and HDF cells. Indeed, melanoma cancer cells have a greater 

amount of endogenous ROS than HaCaT cells, and when they were exposed to further 

exogenous H2O2, a higher level of DNA damage was observed in the melanoma cancer 

cells than in “normal” skin cells. The degree of cell sensitivity to H2O2 among 

melanoma cancer cells also vary; with the more pigmented cells being more sensitive to 

H2O2-induced DNA damage. Therefore, it is proposed to investigate the effect of 

ascorbate on H2O2-induced DNA damage in melanoma cancer cells and “normal” skin 

cells.  

This chapter aims to: 

 Study the effects of ascorbate on H2O2-induced DNA damage in terms of SSB 

formation in melanoma cancer cells and in HaCaTs and HDF cells. 

 Study the effects of ascorbate on H2O2-induced DNA damage in terms of 

ODBLs formation in melanoma cancer cells. 

 Study the effects of ascorbate on H2O2-induced DNA damage in terms of DSBs 

formation in melanoma cancer cells and in HaCaTs. 
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 Study the effects of ascorbate on H2O2-induced DNA damage complexity, as 

assessed by comparing measures of simple single damage (SSBs) to that of 

measures of multiple/complex damage (DSBs). 

5.2  Results  

5.2.1 Effect of ascorbate on H2O2-induced DNA damage in A375M melanoma 

cancer cells  

The initial comet assay experiments conducted aimed to investigate the effect of very 

low concentrations of ascorbate (10µM) on levels of H2O2-induced DNA damage. 

A375M melanoma cells were used to examine the effects. Cells were seeded in 6-well 

plates for 24 hours at 37°C/5% CO2 to allow attachment; then the cells were incubated 

with and without 10µM ascorbate for 2 hours, prior to exposure to H2O2. ACA was 

carried out, and DNA damage was measured. In this experiment, significant 

enhancements in levels of H2O2-induced DNA damage were observed in the cells pre-

treated with ascorbate (P<0.0001) (Figure 5.1). 
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Figure 5.1. H2O2-induced DNA damage dose responses in A375M melanoma cancer cells in the 

presence and absence of low concentration of ascorbate.  

Cells were seeded in 6-well plates for 24 hours at 37
°
C/5% CO2 to allow attachment. Cells were then 

incubated, for a further 2 hour, with and without 10µM of ascorbate. Cells were then exposed to the 

indicated concentrations of H2O2 for 30 minutes, on ice, protected from light. The cells were then 

harvested and DNA damage was measured using standard ACA. Each bar represents the mean % of Tail 

DNA of 400 comets ± SEM determined from two independent experiments. The T-test (unpaired) was 

used for statistical analysis and comparison between each of the two groups. ****P<0.0001 versus 

ascorbate untreated cells. 
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To further confirm the above effect of vitamin C on H2O2-induced DNA damage, some 

melanoma cancer cells were pre-treated with 1µM and 100µM ascorbate, before being 

incubated with low concentrations of H2O2. The ACA experiment was conducted, and 

DNA damage measured. As in the previous experiment, a significant enhancement in 

levels of H2O2-induced DNA damage was clearly observed in the cells treated with 

100µM ascorbate, when compared to the very low concentration (1µM) (% tail DNA: 

19.76 ± 0.98% versus 11.37 ± 0.81%, p<0.0001, caused by 20µM H2O2 in cells pre-

treated with 100µM and 1µM ascorbate, respectively, and 36.32% versus 25.41 ± 

1.19%, p<0.0001, caused by 30µM H2O2 in cells pre-treated with 100µM and 1µM 

ascorbate, respectively (Figure 5.2). 
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Figure 5.2. H2O2-induced DNA damage dose responses in A375M melanoma cancer cells in the 

presence of low and high concentrations of ascorbate. 

Cells were seeded in 6-well plates for 24 hours at 37
°
C

 
/5% CO2 to allow attachment. Cells were then 

incubated, for a further 2 hours either with 1µM or 100µM of ascorbate. The cells were then exposed to 

indicated concentrations of H2O2 for 30 minutes, on ice, protected from light. After the cells were 

harvested, DNA damage was measured using the standard ACA. Each bar represents the mean % of Tail 

DNA of 400 comets ± SEM determined from two independent experiments. The T-test (unpaired) was 

used for statistical analysis and comparison between each of the two groups. ****P<0.0001 versus cells 

treated with1µM ascorbate.  

  



 

130 

 

5.2.2 Effect of ascorbate on H2O2-induced DNA damage in A375M melanoma 

cancer cells and HaCaTs and HDF cells  

Further investigation of ascorbate’s effect on H2O2-induced DNA damage was 

conducted with one of the MM cancer cell lines (A375M) and HaCaTs and HDF cells. 

A375M melanoma cancer cells, HaCaTs, and HDF cells were seeded in 6-well plates 

for 24 hours at 37
°
C /5% CO2 to allow attachment; the cells were then incubated with 

0µM, 100µM, and 300µM ascorbate prior to exposure to H2O2. After cell treatment, 

ACA was conducted, and DNA damage was measured in all samples. 

As observed in Chapter four of this study, HDF, and HaCaT cells were found to be less 

sensitive to H2O2-induced DNA damage, while A375M melanoma cancer cells were 

more sensitive to its effects. DNA damage induced by H2O2 in melanoma cancer cells 

was higher than the damage induced in the HaCaTs and HDF cells (Figure 5.3A). 

Analysis of data showing that the damage induced by 20µM H2O2 in melanoma cancer 

cells is significantly higher than the damage occurred in HDF and HaCaT cells by the 

same dose of H2O2 (% tail DNA: 29.2 ± 1.01% versus 17.08 ± 0.86% and 17.1 ± 0.89%: 

p<0.0001, respectively). Interestingly, an enhancing effect of ascorbate, on the level of 

H2O2-induced DNA damage, was observed in melanoma cancer cells and in HaCaTs 

and HDF cells (Figure 5.3B & C). More interestingly, a further analysis of the data 

revealed that, in melanoma cancer cells, the damage induced by 20µM H2O2 in the 

presence of 100µM ascorbate was also significantly higher than that in HDF and HaCaT 

cells (% tail DNA: 48.13 ± 1.04% versus 31.99 ± 1.23% and 23.35 ± 1.06%: p<0.0001, 

respectively). Similarly, in melanoma cancer cells, the damage induced by 20µM H2O2 

in the presence of 300µM ascorbate was also significantly higher than that in HDF and 

HaCaT cells (% tail DNA: 60.27 ± 1.45% versus 46.92 ± 1.53% and 36.37 ± 2.04%: 

p<0.0001, respectively). This indicates that melanoma cancer cells are more sensitive 

than HDF and HaCaT cells, to DNA damage induced by H2O2 alone and H2O2 plus 

ascorbate (5.3A-C). Further analysis of the data revealed that, in melanoma cancer cells 

the enhancing effect of 100µM ascorbate on DNA damage, induced by 20µM H2O2 was 

1.3-fold and more than 3-fold higher than that in HDF and HaCaT cells, respectively. 

Similarly, the damage enhancement by 300µM ascorbate on the level of DNA damage 

induced by the same dose of H2O2 was 1.3-fold and more than 2-fold higher than that in 

HDF and HaCaT cells, respectively (5.4A & B). 
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Figure 5.3. H2O2-induced DNA damage dose responses in A375M melanoma cancer cells and in 

HaCaT and HDF cells, in the presence and absence of high concentrations of ascorbate.  

The cells were seeded in 6-well plates for 24 hours at 37
°
C/5% CO2 to allow attachment. The cells were 

then incubated, for a further 2 hour without ascorbate (A) and with either 100µM (B) or 300µM (C) 

ascorbate. The cells were then exposed to selected concentrations of H2O2 for 30 minutes on ice, 

protected from light. After the cells had been harvested, DNA damage was measured using the standard 

ACA. Each bar represents the mean % of Tail DNA of 300 comets ± SEM determined in three 

independent experiments. A one-way ANOVA was used for statistical analysis between each of the three 

groups. ****p<0.0001. 
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Figure 5.4. Level of H2O2-induced DNA damage enhanced by 100µM (A) and 300µM (B) ascorbate 

in A375M melanoma cancer cells and in HaCaTs and HDF cells.  

The level of induced damaged caused by 20µM H2O2 was subtracted from the damage induced by the 

same concentration of H2O2 (20µM) but in the presence of ascorbate. Figures adapted from figure 5.3. 

 

By conducting the comet assay experiments detailed above, it was found that ascorbate 

plays an effective pro-oxidant role, to modulate H2O2-induced DNA damage, 

particularly in melanoma cancer cells. The effect of ascorbate on H2O2-induced DNA 

damage was clear, and it was dependent on ascorbate concentrations. However, it was 

hypothesised that using high doses of vitamin C could induce greater DNA damage 

through the mechanism of ascorbate autooxidation (generation of H2O2 in the cell 

culture media). As observed in the above experiment (Figure 5.3B & C), in melanoma 

cancer cells, the level of DNA damage enhanced by ascorbate alone was slightly 

increased in cells pre-treated with 300µM ascorbate compared to the damage enhanced 

by 100µM ascorbate (% tail DNA: 9.09 ± 0.42% versus 7.11 ± 0.51%, respectively). 

Therefore, it was proposed to determine the concentration of ascorbate that can 

maximally enhance H2O2-induced DNA damage and still be achievable by oral 

supplementation. 

Thus, A375M melanoma cancer cells were seeded in 6-well plates for 24 hours at 

37°C/5% CO2 to allow attachment; the cells were then incubated with 0µM, 1µM, 3µM, 

10µM, 30µM, 100µM and 300µM of ascorbate for 2 hour prior to exposure to H2O2. 

After the cells had been treated, ACA was conducted, and DNA damage was measured.  

Different levels of enhancing effects from ascorbate on H2O2-induced DNA damage 

were observed in cells treated with ascorbate. The highest concentration of ascorbate 

caused the highest level of enhancement in the level of H2O2-induced DNA damage. 
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However, increasing levels of DNA damage were observed when treating with 

ascorbate alone. Almost certainly, 300µM of ascorbate causes substantial levels DNA 

damage (% tail DNA: 14.20 ± 1.16% versus control) through autoxidation processes 

(the formation of H2O2 in media by ascorbate) (Figure 5.5A); and this effect was more 

than 2-fold higher than with lower concentrations of ascorbate. Therefore 100µM of AA 

was chosen as the standard concentration for the future work; this level of ascorbate 

effectively enhances H2O2-induced DNA damage (Figure 5.5B) and is achievable by 

administration of oral supplementations, and does not mediate extensive extracellular 

autooxidation as noted at the highest concentration (300µM). 
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Figure 5.5. H2O2-induced DNA damage in A375M in the presence and absence of different 

concentrations of ascorbate.  

A) Cells were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to allow attachment. They were then 

incubated for a further 2 hours with and without indicated levels of ascorbate. Cells were then exposed to 

30µM H2O2 for 30 minutes on ice, protected from light. After the cells had been harvested, DNA damage 

was measured, using the standard ACA. Each bar represents the mean % of Tail DNA of 300 comets ± 

SEM determined from three independent experiments. One-way ANOVA was used for statistical analysis 

to compare between groups. Ns, non-significant, **p< 0.01, ****P<0.0001 versus the damage induced by 

H2O2 alone. B) Line graph shows the level of H2O2-induced DNA damage in melanoma cancer cells 

treated with different concentrations of ascorbate; the background of DNA damage enhanced by ascorbate 

alone were subtracted from the H2O2-induced DNA damage in cells pre-treated with ascorbate. The figure 

adapted from figure 5.5A. 

  



 

134 

 

5.2.3 Effect of ascorbate on H2O2-induced SSBs damage in non-pigmented 

(A375M and A375P), moderately pigmented (SK28) and heavily pigmented 

(SK23) melanoma cancer cells in HaCaT cells 

Using ACA, an examination of the effect of ascorbate on H2O2-induced DNA damage in 

a panel of melanoma cancer cell lines, and HaCaT cells was performed. HaCaT cells 

were used as the standard control “normal” cell line for all future work, because the 

HDF cells were too slowly growing for frequent/routine use. 

Herein, the different melanoma cancer cells, including non-pigmented (A375M & 

A375P), moderately pigmented (SK28) and heavily pigmented (SK23) melanoma 

cancer cells plus the HaCaTs were seeded in 6-well plates and ACA conducted after the 

cells were treated with H2O2 in the presence and absence of ascorbate. DNA damage 

was measured in all melanoma cancer cells, and in the HaCaT cells. Data obtained in 

these experiments showed a significant enhancement in the levels of DNA damage, as 

mediated by 15µM and 30µM H2O2 in all the melanoma cancer cells in the presence of 

ascorbate (Figure 5.6A-D). Interestingly, the action of ascorbate was less effective in 

the HaCaT cells, since the H2O2-induced DNA damage enhancement by ascorbate was 

less significant in these cells (Figure 5.6E). 

In A375M, the % tail DNA damage induced by 15µM H2O2 in cells pre-treated with 

ascorbate was significantly increased (% tail DNA: 21.12 ± 0.605 versus 13.70 ± 0.57, 

p<0.0001). Likewise, a highly significant in the damage was observed when ascorbate-

pre-treated cells when exposed to 30µM H2O2 (% tail DNA: 45.80 ± 0.82 versus 24.09 

± 0.743, p<0.0001). In A375P melanoma cancer cells the % tail DNA damage induced 

by 15µM H2O2 in the presence of ascorbate in was significantly increased (% tail DNA: 

32.33 ± 1.527 versus 14.15 ± 0.785, p<0.0001). Similarly, a significant level of DNA 

damage was observed in cells exposed to 30µM H2O2 in the presence of ascorbate (% 

tail DNA: 48.55 ± 1.182 versus 35.80 ± 1.384, p<0.0001). In SK28 melanoma cancer 

cells, the level of tail DNA damage induced by 15µM H2O2 in cells pre-treated with 

ascorbate was also increased significantly (% tail DNA: 48.06 ± 1.26 versus 23.73 ± 

0.842, p<0.0001) and the effect of ascorbate was same when SK28 cells exposed to 

30µM H2O2 (% tail DNA: 72.33 ± 1.046 versus 41.96 ± 1.24, p<0.0001). In SK23 

melanoma cancer cells, the level of % tail DNA damage induced by 15µM H2O2 in the 

presence of ascorbate was also highly significant (% tail DNA: 60.51 ± 1.342 versus 
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46.84 ± 1.253, p<0.0001) and the effect of ascorbate was same when these cells 

exposed to 30µM H2O2 (% tail DNA: 74.51 ± 0.687 versus 54.01 ± 1.08, p<0.0001). 

Whereas in HaCaT cells, the enhancement effect of ascorbate was less significant than 

that in melanoma cancer cells. The ascorbate enhancement effect on the % tail DNA 

damage induced by 15µM H2O2 in these cells was less significant than the effect of 

ascorbate on the damage induced by the same dose of H2O2 in all melanoma cancer 

cells (% tail DNA: 17.25 ± 1.02 versus 12.24 ± 0.809, p=0.001) and the damage 

observed when ascorbate-pre-treated HaCaT cells exposed to 30µM H2O2 was also even 

less significant (% tail DNA: 27.97 ± 1.161 versus 24.53 ± 1.23, p=0.0431).   

Among all the cell lines studied, the highest levels of damage induced by the higher 

dose of H2O2 (30µM) in both the presence and absence of ascorbate was observed in 

heavily pigmented (SK23), then in moderately pigmented (SK28), followed by that in 

non-pigmented (A375P & A375M) melanoma cancer cells, with HaCaT cells being the 

least sensitive (Figure 5.6F). 

In line with Chapter 3 (notably section 3.2.1), further analysis of the data was carried 

out to investigate the  effects of ascorbate  on H2O2-mediated DNA damage specifically 

in heavily pigmented (SK23) and non-pigmented (A375P) melanoma cancer cells, and 

HaCaT cells. Herein, the effect of a single dose of H2O2 (30µM) was measured for the 

three different cell lines, both in the presence and absence of ascorbate. The background 

DNA damage was subtracted from the damage induced by H2O2, and the enhancement 

effect of ascorbate calculated. Indeed, the enhancement effect was greater in melanoma 

cancer cells, than on HaCaT cells. The enhancement effects of ascorbate were higher in 

SK23 than in A375P, by 1.5-fold and 1.4-fold, respectively, with the smallest 

enhancement effect observed in HaCaT cells (Figure 5.7). 
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Figure 5.6. H2O2-induced DNA in non-pigmented including A375M (A) and A375P (B), moderately 

pigmented (SK28) (C) and highly pigmented (SK23) (D) melanoma cells and in HaCaT (E) cells.  

The cells were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to allow attachment. The cells were 

then incubated, for a further 2 hours with and without ascorbate. The cells were then exposed to indicated 

concentrations of H2O2 for 30 minutes, on ice, protected from light. After the cells were harvested, DNA 

damage was measured using the standard ACA. Each bar represents the mean % of Tail DNA of 300 

comets ± SEM determined in three independent experiments. A T-test (unpaired) was used for statistical 

analysis and comparison between each of the two groups. F) The figure adapted from figure 5.6A-E to 

show the difference between all the cell lines after treatment with 20µM H2O2 for induction of SSBs in 

the presence and absence of ascorbate. 
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Figure 5.7. H2O2-induced DNA damage enhanced by ascorbate in heavily pigmented (SK23), and 

non-pigmented (A375P) melanoma cancer cells and HaCaT cells.  

DNA damage background levels were subtracted from the damage induced by 30µM H2O2 in the above 

three cell lines, both in the absence and presence of ascorbate. The enhancement effect of ascorbate was 

then measured by calculating the fold increase. Figure adapted from figure 5.6F. 

 

5.2.4 Measurement of H2O2-induced oxidised DNA base lesions (ODBLs) in 

melanoma cancer cells pre-treated with and without ascorbate  

The evidence above clearly demonstrates the enhancing effect of vitamin C on the level 

of H2O2-induced DNA strand break damage in the cells studied. To extend this further, 

the modified version of ACA was used to examine whether the ascorbate-dependent-

enhancement affects the extent to which oxidatively damaged base lesions were formed. 

To achieve this, the base excision endonuclease enzyme (Fpg) was used to treat the 

nucleoid bodies generated post-lysis. This endonuclease enzyme can be used to 

characterise particular classes of DNA damage, such as ODBLs (Speit et al., 2004). To 

detect oxidative DNA damage, it is recommended to use the Fpg enzyme. This enzyme 

detects 8-oxo-dG lesions and other oxidatively damaged DNA purines (Tice et al., 

2000). The enzyme Fpg removes ODBLs and cuts the DNA at the resulting abasic sites 

(AP sites); this results in an enhanced measures of strand breaks as detected by ACA 

and this additional strand break damage reflects the level of ODBLs induced.  

To run the Fpg-ACA experiment, it is important to optimise the level of Fpg enzyme to 

maximally/optimally detect and reveal the level of ODBLs (revealed as Fpg-sensitive 

sites (Fpg-SS) in the damaged DNA. The SK23 melanoma cancer cell line was selected 
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for this purpose, because these cells are more sensitive to H2O2-induced DNA damage 

than the other melanoma cancer cells.  

As in the previous comet assay work, cells were seeded in 6-well plates for 24 hours at 

37°C /5% CO2 to allow attachment; the cells were then incubated with and without 

20µM H2O2. The cells were then harvested and embedded into LMP agarose gels on 

pre-coated slides. The gel-embedded cells were then pre-treated with different levels of 

Fpg enzyme units diluted in ERB, post-lysis and subsequently ACA was conducted.  

The data obtained indicates that H2O2-induced DNA damage contained Fpg-SS and a 

gradual increase in the level of H2O2-induced Fpg-SS was observed with increasing 

concentration of Fpg. The levels of background endogenous Fpg-SS were almost 

constant, although the damage level seemingly increased when cells were treated with 

the highest amount of Fpg (8.0U/gel) suggesting adventitious/non-specific cleavage of 

the DNA by Fpg at this high concentration of the enzyme (Figure 5.8A). 

Further analysis of this data, suggests that 0.8U/gel can optimally reveal the level of 

H2O2-induced ODBLs (Fpg-SS) in the treated cells (the highest level of Fpg-SS) 

measured as a ratio of the damage observation for between H2O2 treated and untreated 

cells (Figure 5.8B). 
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Figure 5.8. Optimisation of the level of Fpg enzyme for detection of H2O2-induced ODBLs in 

melanoma cancer cells. 

A) SK23 melanoma cells were seeded in 6-well plates for 24 hours at 37°C /5% CO2 to allow attachment 

before exposure to H2O2. The cells were then exposed either to media alone or media containing 20µM 

H2O2, on ice, and protected from the light. After harvesting and collecting the cells, they were mixed with 

LMP agarose on slides and incubated with lysis buffer for overnight at 4°C. The gel-embedded cells were 

then pre-incubated for a further 30 minutes, at 37°C in black and moist boxes, to either ERB or to 

indicated levels of Fpg enzyme. After incubation with Fpg, ACA was conducted, and the DNA damage 

measured. Each bar represents the mean % of Tail DNA of 300 comets ± SEM determined from three 

independent experiments. B) The optimal effect of Fpg for revealing H2O2-induced ODBLs measured as a 

ratio of DNA damage in H2O2 treated and untreated cells (The figure adapted from the figure 5.8A). 

  



 

140 

 

To investigate the pro-oxidant effect of ascorbate on H2O2-induced DNA damage, Fpg-

ACA was performed using non-pigmented (A375P), moderately pigmented (SK28) and 

heavily pigmented (SK23) melanoma cancer cells. The cells were pre-treated with and 

without ascorbate for 2 hour at 37°C/5% CO2 and then exposed to 30µM H2O2 for 30 

minutes on ice and protected from the light. 

After harvesting and collection, the treated cells were mixed with LMP agarose, 

dispensed onto slides and incubated in lysis buffer overnight at 4°C. Gel-embedded 

melanoma cells, including controls and treated cells, were then pre-incubated with 

either ERB or Fpg enzyme for a further 30 minutes at 37°C in moist and dark boxes. 

After this the standard ACA was conducted. The outcomes of this experiment revealed 

that ascorbate is able to enhance the formation of H2O2-induced ODBLs (Fpg-SS), in 

addition to induced SSBs (Figure 5.9A-C). As can be seen from the figure 5.9D, the 

extent of H2O2-induced DNA damage was further increased by Fpg in melanoma cancer 

cells pre-treated with ascorbate. 

Further analysis by subtraction of the effect of H2O2 + ERB, H2O2 + ERB + AA, H2O2 

+ Fpg from the combined effect of H2O2 + Fpg +AA on melanoma cancer cells was 

performed. The extent of H2O2-induced DNA damage in cells pre-treated with 

ascorbate, detected by the Fpg enzyme (Fpg-SS), in melanoma cancer cells is noticeably 

higher than the level of H2O2-induced DNA damage detected as Fpg-SS in the absence 

of ascorbate. In A375P melanoma cancer cells, ascorbate caused the additional 

formation ODBLs (Fpg-SS) as measured by a 14.17% increase in %TD (Fpg-SS); 

whilst in SK28 and heavily pigmented SK23 melanoma cancer cells, pre-treated with 

ascorbate yielded further increases of 15.76% and 18.46%, respectively (Figure 5.9A-

C). 

  



 

141 

 

0

2 0

4 0

6 0

8 0

T
a

i
l
 D

N
A

 (
%

)

A A  ( 1 0 0  M ) - + + -

H
2

O
2

 ( 3 0  M )

E R B

F p g

+ + + + + +

-

- -

-

-

+

- -

+ +

+

+

+

+

A

 1 4 . 1 7 %

8 . 7 9 %

 8 . 9 1 %

 2 2 . 3 7 %

T
a

i
l
 D

N
A

 (
%

)

0

2 0

4 0

6 0

8 0

H
2

O
2

 ( 3 0  M )

A A  ( 1 0 0  M )

E R B

F p g

+ + + + + +

- +

-

- -

-

-

+

-

+

-

+

-

+

+

+

+

+

B

 1 5 . 7 6 %

 7 . 0 7 %

 9 . 3 7 %

 2 6 . 4 3 %

0

2 0

4 0

6 0

8 0

T
a

i
l
 D

N
A

 (
%

)

H
2

O
2

 ( 3 0  M )

A A  ( 1 0 0  M )

E R B

F p g

+ + + + + +

- +

-

- -

-

-

+

-

+

-

+

-

+

+

+

+

+

C

 1 8 . 4 6 %

 9 . 2 5 %

 1 5 . 0 7 %

 2 9 . 1 6 %

S S B s S S B s  e n h a n c e d  b y  A A F p g - S S

F p g - S S  e n h a n c e d  b y  A A

A375P  + 30µM H2O2/AA + ERB

A375P  + 30µM H2O2 + Fpg

A375P  + 30µM H2O2/AA + Fpg

D

 

Figure 5.9. H2O2-induced ODBLs (Fpg-SS) in non-pigmented A375P (A), moderately pigmented 

SK28 (B) and heavily pigmented SK23 (C) melanoma cancer cells treated with and without 

ascorbate.  

The cells were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to allow attachment; the cells were 

then incubated, for a further 2 hours with and without ascorbate. The cells were then exposed to 30µM 

H2O2, kept on ice, protected from the light. They were then pre-incubated for a further 30 minute.s, at 

37°C in black and moist boxes, to ERB or Fpg enzyme (0.8U/gel). After incubation with Fpg, ACA was 

conducted and DNA damage measured. Each bar represents the mean % of Tail DNA of 300 comets ± 

SEM determined in three independent experiments. D) Shows the extent of the DNA damage migration 

induced by H2O2 and enhanced by ascorbate in A375P melanoma cancer cells treated with Fpg enzyme. 
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5.2.5 Effect of ascorbate on H2O2-induced DSBs in non-pigmented (A375M and 

A375P), moderately pigmented (SK28) and heavily pigmented (SK23) 

melanoma cancer cells in HaCaT cells  

Cell exposure to radiation or certain genotoxic agents induces DSBs, which are 

considered one of the most lethal DNA lesions (Svetlova et al., 2010). This type of 

genomic damage effectively induces cell death (LIiakis, 1991). As observed in the 

above experiments, ascorbate enhances H2O2-induced DNA damages in terms of SSBs 

(Figure 5.6A-D) and ODBLs (e.g. 8-oxo-dG) (Figure 5.9A-C) the latter being 

indicative/tell-tale of oxidative effects. 

H2O2, as a model oxidant, has the ability to induce DSBs in cells (Driessens et al., 

2009). Therefore, it was proposed to examine the effect of ascorbate on the level of 

H2O2-induced DSBs in melanoma cancer cells and in HaCaT cells. The formation of 

DSBs in DNA leads to extensive phosphorylation of the histone H2AX, resulting in the 

formation of γ-H2AX foci (Banáth et al., 2010).  

The γ-H2AX immunoassay was used for the detection of γ-H2AX foci in cells after 

treatment. A375P melanoma cancer cells were first tested for H2O2-induced γ-H2AX 

foci formation (DSBs), both in the presence and absence of ascorbate. As expected, a 

significant enhancement in the number of H2O2-induced foci (representing DSBs) was 

demonstrated in cells incubated with ascorbate. As can be seen in Figure 5.10A, more 

H2O2-induced foci were present in the ascorbate pre-treated A375M melanoma cancer 

cells than in those only treated with H2O2. The ability of ascorbate to enhance the 

number of H2O2-induced DSB formation in cells is significant (number of foci/cell: 

27.63 ± 1.71 versus 21.91 ± 1.76, P=0.0231, in cells pre-treated with 10µM H2O2 in the 

presence and absence of ascorbate, respectively, and 33.14 ± 2.79 versus 24.2 ± 1.39, 

P=0.0058, in cells pre-treated with 20µM H2O2 in the presence and absence of 

ascorbate, respectively) (Figure 5.10B).  
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Figure 5.10. H2O2-induced DSBs in terms of γ-H2AX foci formation in A375M melanoma cancer 

cells in the presence absence of ascorbate. 

 A) Fluorescence images (40x magnified) show γ-H2AX foci (green) per DAPI stain nuclei (blue) of cells 

exposed to H2O2 in the presence and absence of ascorbate. B) Cells were seeded on coverslips in the 6-

well plate for 24 hours at 37°C/5% CO2, to allow attachment. The cells were then incubated, for a further 

2 hours with and without ascorbate. They were then washed with PBS and exposed to 30µM H2O2 for 30 

minutes on ice, protected from light. The cells were then fixed with methanol and incubated at -20°C 

overnight, prior to the γ-H2AX immunoassay. Each bar represents mean ± SEM of foci number per cell, 

as determined from 10 fields per sample in two independent experiments. A T-test (unpaired) was used 

for statistical analysis between each of the two groups. T-test (unpaired) was used to test the difference 

between the mean of each to groups. *p= 0.0231, **p<0.0058 versus ascorbate untreated cells. 
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The effect of ascorbate on H2O2-induced DSBs was next investigated in the panel of 

MM cancer cell lines including non-pigmented (A375M & A375P), moderately 

pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells and HaCaT 

cells. 

As in the previous γ-H2AX experiments, the cells were pre-incubated, for 2 hours, with 

ascorbate (100µM), and then exposed to different concentrations of H2O2 (0µM, 15µM 

and 30µM). The purpose of using low levels of H2O2 treatment was to avoid 

oversaturation of the cells with foci as was observed when melanoma cancer cells 

exposed to 50µM H2O2 in the presence of ascorbate. If a nucleus is saturated with H2O2-

induced DSBs (Foci), the image analysis software (e.g. ImageJ) cannot 

determine/measure the number of foci (Figure 5.11).  

 

Figure 5.11. Saturation of nuclei with γ-H2AX foci H2O2-induced foci in the presence of ascorbate.  

SK23 melanoma cancer cells were seeded on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2, 
to allow attachment. The cells were then incubated, for a further 2 hours with ascorbate. They were then 

washed with PBS and exposed to 50µM H2O2 for 30 minutes on ice, protected from light. The cells were 

then fixed with methanol and incubated at -20°C overnight before conducting the γ-H2AX immunoassay. 

Fluoresence images (40 x magnifications) show γ-H2AX foci per nuclei from cells exposed to H2O2 in 

the presence of ascorbate. A) Shows foci phosphorylation (green). B) Shows foci saturation per nuclei 

after transforming the image to black and white. 

 

As expected, an enhancement effect by ascorbate on H2O2-induced DSBs (Foci) was 

observed in all melanoma cancer cell lines and in HaCaT cells when they were exposed 

to low concentrations of H2O2. The role of ascorbate in melanoma cancer cells was 

obvious. However, in HaCaT cells, the enhancement effect of ascorbate on the level of 

H2O2-induced DNA damage was less effective.  
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In the majority of the melanoma cancer cell lines the level of DSBs mediated by H2O2 

in the presence of ascorbate was statistically higher than the damage induced by H2O2 

alone (Figure 5.12A-D). In A375M, the number of DSBs induced by 15µM H2O2 in 

cells pre-treated with ascorbate was significantly increased (number of foci/cell: 32.95 ± 

2.51 versus 24.18 ± 1.61, p=0.0051). Likewise, a significant increase in the number of 

H2O2-induced DSBs was observed when ascorbate-pre-treated cells were exposed to 

30µM H2O2 (number of foci/cell: 32.17 ± 1.87 versus 22.25 ± 1.81, p=0.0003) (Figure 

5.12A). In A375P melanoma cancer cells, the number of DSBs induced by 15µM H2O2 

in cells pre-treated with ascorbate was also significantly increased (number of foci/cell: 

32.67 ± 1.06 versus 26.04 ± 1.55, p=0.0014). Similarly, a significant number of H2O2-

induced DSBs was demonstrated when ascorbate-pre-treated cells were exposed to 

30µM H2O2 (number of foci/cell: 34.53 ± 2.13 versus 28.44 ± 1.58, p=0.0321) (Figure 

5.12B).  

In SK28 melanoma cancer cells, the number of DSBs induced by 15µM H2O2 in cells 

pre-treated with ascorbate was also increased (number of foci/cell: 34.00 ± 3.12 versus 

28.24 ± 1.92, p=0.1209) and when the H2O2 concentration increased to 30µM the 

number of induced DSBs in ascorbate-pre-treated cells increased significantly (number 

of foci/cell: 38.50 ± 3.35 versus 29.32 ± 2.17, p=0.00242) (Figure 5.12C).  

In SK23 melanoma cancer cells, there was an increase in the number of DSBs induced 

by 15µM H2O2 in cells pre-treated with ascorbate (number of foci/cell: 33.30 ± 3.39 

versus 26.36 ± 2.16, p=0.0925). A significant number of H2O2-induced DSBs was 

demonstrated when ascorbate-pre-treated cells were exposed to 30µM H2O2 (number of 

foci/cell: 42.85 ± 2.25 versus 27.38 ± 3.78, p=0.0011) (Figure 5.12D). 

However, in HaCaT cells, enhancement of H2O2-induced DSBs by ascorbate was less 

effective. The increase in the number of DSBs induced by 15µM H2O2 in cells pre-

treated with ascorbate was not significantly increased (number of foci/cell: 20.45 ± 3.24 

versus 15.50 ± 1.86, p=0.2029); and a similar effect was observed when ascorbate-pre-

treated cells exposed to 30µM H2O2 (number of foci/cell: 23.10 ± 2.23 versus 19.24 ± 

2.03, p=0.2197) (Figure 5.12E).  

Further analysis of this data reveals melanoma cancer cells, exposed to 30µM H2O2, 

particularly the pigmented cells (SK28 & SK23), are the most sensitive cells with 
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respect to H2O2 induced DSBs in the presence and absence of ascorbate, and that HaCaT 

cells are the least sensitive (Figure 5.12F). 
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Figure 5.12. H2O2-induced DSBs, measured as γ-H2AX foci formation, in non-pigmented (A375M 

(A) and A375P (B), moderately pigmented (SK28) (C) and heavily pigmented (SK23) (D) melanoma 

cells and HaCaT cells (E). 

 Cells were seeded on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2, to allow attachment. 

The cells were then incubated, for a further 2 hours with and without ascorbate. They were then washed 

with PBS and exposed to indicated concentrations of H2O2 for 30 minutes on ice, protected from light. 

The cells were then fixed with methanol and incubated at -20
o
C overnight, before conducting the γ-H2AX 

immunoassay. Each bar represents mean ± SEM of γ-H2AX foci number per cell determined from 10 

fields per each sample. The data was obtained from three independent experiments. The T-test (unpaired) 

was used for statistical analysis between each of the two groups. Ns, non-significant, *p<0.05, **P<0.01, 

***P<0.001 versus ascorbate untreated cells. F) Figure adapted from figures 5.12A-E to show the 

difference between all the cell lines after treatment with 30µM H2O2 for induction of DSBs in the 

presence and absence of ascorbate. 
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With respect to the data observed in Chapter 3 (see Section 3.2.5) and this Chapter 5 

(see Section 5.2.3), additional analysis was performed on the above data, to study the 

effect of ascorbate on H2O2-induced DSBs in heavily pigmented (SK23), non-

pigmented (A375P) and in HaCaT cells. Simply, the effect of one concentration of H2O2 

(30µM) has been examined in the above three different cell lines, both in the presence 

and absence of ascorbate. The enhancing effect of ascorbate on DNA damage was 

assessed as the fold increase in damage, after the subtraction of background DNA DSB 

damage from the DSB damage induced by H2O2 in the presence and absence of 

ascorbate. Unlike HaCaT cells, the sensitivity of melanoma cancer cells to the 

enhancement of AA towards oxidatively-mediated DNA DSBs was obvious. The 

enhanced damage caused by ascorbate in the pigmented (SK23) and non-pigmented 

(A375P) melanoma cancer cells was ca. >2-fold and more than 1.5-fold, respectively, 

higher than the damage in the HaCaT cells (Figure 5.13). 
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Figure 5.13. Fold change in γ-H2AX foci members induced by 30µM H2O2, in the presence and 

absence of ascorbate, in heavily pigmented (SK23) and non-pigmented (A375P) melanoma cancer 

cells and in HaCaT cells.  

DNA damage background levels were subtracted from the damage induced by 30µM H2O2 in the above 

three cell lines, both in the absence and presence of ascorbate. The enhancement effect of ascorbate on 

H2O2-induced DSBs was then calculated using the fold change increase for each cell line. Figure adapted 

from figure 5.12F. 
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5.2.6 Assessment of DNA damage complexity (SSBs vs DSBs) in melanoma 

cancer cells induced by H2O2 in the presence and absence of ascorbate  

H2O2, as mentioned in the literature, has the ability to diffuse freely within the cell to 

reach the nucleus, where it attacks the DNA inducing damage (Termini, 2000, 

Dizdaroglu et al., 1991). This process occurs in the presence of transition metal ions, 

including iron ions, which convert H2O2 to a potentially damaging 
●
OH (Loeb et al., 

1988, Barbouti et al., 2001). 

In the present study, it was anticipated that upon entering the cell H2O2 reaches the 

nucleus where, upon encountering DNA-bound redox active metal ions, notably ferrous 

iron ions (Fe
2+

), it produces mostly single 
●
OH ions, which in turn induce mostly DNA 

SSBs and only a few DNA DSBs. However, it was proposed that if the cell is preloaded 

with ascorbate, ascorbate reduces ferric ions to ferrous iron (so effectively ‘recycling’ 

the metal ions), enabling further reactions with H2O2. The outcome of this is the 

generation of sequential 
●
OH. This may in turn locally attack and damage the DNA in 

close vicinity, resulting in more DSBs, relative to SSBs (Figure 5.14). 

A similar mechanistic scenario is anticipated to also occur when cells are exposed to 

ionising radiation. Ionising radiation, directly and indirectly induces a spectrum of DNA 

damage lesions (Gulston et al., 2002). Since radiation produces instant clusters of 
●
OH, 

ionising radiation will produce ‘clustered lesions’ locally within DNA (known as 

multiply damaged sites (MDS)) (Ward, 1994, Nikitaki et al., 2015). These complex 

lesions occur when there is a combination of two or more DNA lesions in close 

proximity, on both DNA strands (Harrison et al., 1999, Eot-Houllier et al., 2005). 

DSBs are harder to repair and are considered lethal and toxic to the cell (Gulston et al., 

2002). In the current study, it was anticipated that ionising radiation can yield more 

MDS (high DSB:SSB ratio), than that induced oxidatively by H2O2 alone (Figure 5.15). 

To test this hypothesis, A375M and HaCaT cells were treated with either ionising 

radiation or H2O2. Following treatment, the ACA and the ɣ-H2AX immunoassay were 

conducted to measure DNA damage in terms of SSBs and ɣ-H2AX foci (DSBs). As 

expected, a comparison of the data obtained indicated the formation of complex damage 

(MDS; more DSBs but less SSBs) resulting from ionising radiation exposure; whereas, 

the type of DNA damage induced by H2O2 was indicative of simpler/single damage 

(more SSBs and less DSBs) (Figure 5.16A-D & 5.17A-D). Scatter plots comparing the 

ACA versus ɣ-H2AX foci data clearly show the difference in the quality of the DNA 
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damage induced by ionising radiation and by H2O2 with ionising radiation inducing 

more complex damage (Figure 5.18A & B). 

 

 

Figure 5.14. Proposed models showing the differing levels of DSBs versus SSBs proposed be 

induced by H2O2 in the presence and absence of ascorbate. 

 

Figure 5.15. Proposed models showing the level of DSBs versus SSBs proposed to be induced by 

ionising radiation. 
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Figure 5.16. H2O2 and radiation-induced DNA damage in terms of SSBs and DSBs in A375M 

melanoma cancer cells. 

A) Cells were seeded in six-well plates for 24 hours at 37°C/5% CO2 to allow attachment. The cells were 

then exposed to indicated doses of H2O2 for 30 minutes, on ice and protected from the light. After 

harvesting, DNA damage was measured using the standard ACA. Each bar represents the mean % of Tail 

DNA of 200 comets ± SEM, as determined from two independent experiments. B) Cells were seeded in 

six-well plates for 24 hours at 37°C/5% CO2 to allow attachment. Cells were then collected and embedded 

in LMP agarose on slides than exposed to indicated doses of ionising radiation on ice, protected from 

light. DNA damage was measured by the standard ACA. Each bar represents mean ± SEM of % Tail 

DNA determined from 200 individual comets from two independent experiments. C) Cells were seeded 

on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2 to allow attachment. The cells were then 

exposed to indicated doses of H2O2 on ice protected from light. The cells were then fixed with 100% ice 

cold methanol prior conducting γ-H2AX immunoassay. Each bar represents mean ± SEM of foci number 

per cell, as determined from 10 fields per sample from two independent experiments. D) Cells were 

seeded on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2 to allow attachment. Cells were 

then exposed to indicated doses of ionising radiation on ice and then kept on ice before being fixed with 

100% ice cold methanol prior to conducting the γ-H2AX immunoassay. Each bar represents mean ± SEM 

of foci number per cell determined from 10 fields per sample from two independent experiments. 
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Figure 5.17. H2O2 and radiation-induced DNA damage in terms of SSBs and DSBs in the HaCaT 

cells.  

A) Cells were seeded in six-well plates for 24 hours at 37°C/5% CO2 to allow attachment. The cells were 

then exposed to indicated doses of H2O2 for 30 minutes, on ice and protected from the light. After 

harvesting, DNA damage was measured using the standard ACA. Each bar represents the mean % of Tail 

DNA of 200 comets ± SEM, as determined from two independent experiments. B) Cells were seeded in 

six-well plates for 24 hours at 37°C/5% CO2 to allow attachment. Cells were then collected and embedded 

in LMP agarose on slides than exposed to indicated doses of ionising radiation on ice, protected from 

light. DNA damage was measured by the standard ACA. Each bar represents mean ± SEM of % Tail 

DNA determined from 200 individual comets from two independent experiments. C) Cells were seeded 

on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2 to allow attachment. The cells were then 

exposed to indicated doses of H2O2 on ice protected from light. The cells were then fixed with 100% ice 

cold methanol prior conducting γ-H2AX immunoassay. Each bar represents mean ± SEM of foci number 

per cell, as determined from 10 fields per sample from two independent experiments. D) Cells were 

seeded on coverslips in the 6-well plate for 24 hours at 37°C/5% CO2 to allow attachment. Cells were 

then exposed to indicated doses of ionising radiation on ice and then kept on ice before being fixed with 

100% ice cold methanol prior to conducting the γ-H2AX immunoassay. Each bar represents mean ± SEM 

of foci number per cell determined from 10 fields per sample from two independent experiments. 
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Figure 5.18. Scatter plot showing the correlation between the DNA damage complexity (SSBs vs 

DSBs) induced by radiation versus the DNA damage complexity induced chemically by H2O2 in 

A375M melanoma cells (A) and HaCaT cells (B).  

The data for the above two figures is derived from figures 5.16 and 5.17. 

 

Next, an attempt was made to observe the above effects when cells were pre-treated 

with AA prior to H2O2 treatment. The hypothesis was that in the presence of ascorbate, 

iron ions in the nucleus can be recycled, thus generating sequential 
●
OH from 

exogenous H2O2 within the cells, which in turn attack the DNA and lead to the 

formation of complex damage lesions (more DSBs relatively to SSBs). 

Based on the sensitivity of melanoma cancer cells to H2O2, three cell lines (non-

pigmented (A375P), moderately pigmented (SK28) and highly pigmented (SK23)), 

were selected to examine this effect.  Data of the ACAs which were run parallel with 

the previous  ɣ-H2AX immunoassay (Figure 5.12A, C and D) were used to compare 

SSBs (tail DNA damage %) versus DSBs (ɣ-H2AX foci). 

The findings of these experiments showed an enhancing effect by ascorbate on the level 

of H2O2-induced DNA SSBs and DSBs (Figure 5.19A & B - 5.21A & B). However, 

analysis of the data demonstrates that ascorbate enhanced H2O2-induced DSB 

formation, but this was entirely proportional to the level of AA enhancement of H2O2-

induced SSBs (Figure 5.19C-5.21C); there is no substantial difference in the noted 

gradients between the two sets of data (+/- AA). 
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Figure 5.19. Relationships between the DNA damage complexity (SSBs vs DSBs) in A375M 

melanoma cancer cells induced by H2O2 in the presence and absence of ascorbate.  

 

Figure 5.20. Relationships between the DNA damage complexity (SSBs vs DSBs) in SK28 

melanoma cancer cells induced by H2O2 in the presence and absence of ascorbate.  
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Figure 5.21. Relationships between the DNA damage complexity (SSBs vs DSBs) in SK23 

melanoma cancer cells induced by H2O2 in the presence and absence of ascorbate.  

 

Figure 5.22. Proposed models for generating types of DNA damage lesions induced by H2O2 in the 

presence of ascorbate.  

A) If the metal ions are present at local sites on DNA, the Fenton reactions would occur locally and in the 

presence of ascorbate this generates numbers of 
●
OH which in turn attack the DNA inducing clustered 

DNA damage lesions. B) Fe
2+

 or Fe
3+

 binds to the DNA, the other partner being unbound and so free to 

migrate. This will lead to the formation of dispersed 
●
OH causing simple damage rather than complex 

damage. 
  



 

156 

 

5.2.7 Assessment of H2O2-induced γ-H2AX foci formation (DSBs) in the presence 

and absence of ascorbate following incubation post-treatment 

It is suggested that γ-H2AX foci can be visualised 3 minutes after exposure to ionising 

radiation (Rogakou et al., 1999). More recently, different kinetics for the formation of 

γ-H2AX foci have been observed in cells at different times post treatment with ionising 

radiation (Staszewski et al., 2008). Furthermore, the formation of more DSBs can arise 

from repair proccessing of SSBs and AP sites or from aborted BER (Löbrich et al., 

2010, Ma et al., 2011). Therefore, it was proposed to study the effect of ascorbate on 

H2O2-induced DSBs formation post-treatment in melanoma cancer cells at different 

times. SK23 melanoma cancer cells were pre-treated with and without ascorbate for 2 

hours at 37°C/5% CO2, and then exposed to 30µM H2O2 on ice, protected from light. 

The γ-H2AX immunoassay was then performed after the cells were incubated for 

different times at 37°C/5% CO2 following treatment. The data presented in these 

experiments showed a clear further formation of γ-H2AX foci per cell at different time 

points, between 0-2 hours with a noticeable enhancement with ascorbate pre-treatment. 

The number of foci was found to be sharply increased between 30 minutes and 2 hours 

incubation post-treatment, in cells exposed to ascorbate. The foci number after 2 hours 

incubation following treatment had substantially decreased (Figure 5.22). 
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Figure 5.23. Kinetic formation of γ-H2AX foci post-treatment of SK23 melanoma cancer cells with 

H2O2 in the presence and absence of ascorbate. 

 Cells were incubated, for a further 2 hours with and without ascorbate at 37°C/5% CO2, to allow 

attachment. The cells were then washed with PBS and exposed to 30µM H2O2 for 30 minutes on ice, 

while protected from light. They were then washed with PBS and new fresh media was added to them and 

they were then incubated for indicated time points. After each incubation period, the cells were fixed with 

methanol, and incubated at -20°C overnight, before conducting the γ-H2AX immunoassay. Each bar 

represents mean ± SEM of foci number per cell, determined by testing 10 fields per sample. Data was 

obtained from three independent experiments. 
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5.3 Discussion  

Investigation of the pro-oxidant role of ascorbate has been the subject of interest in 

many recent studies (Chen et al., 2008, Mandl et al., 2009, Du et al., 2012, Duarte and 

Jones, 2007). Previous work has shown that ascorbate has the ability to modulate 

oxidative stress inside mammalian cells. Studies have found that HDF cells preloaded 

with ascorbate become more sensitive to H2O2-induced DNA damage, compared to cells 

untreated with ascorbate (Duarte and Jones, 2007). Theoretically, it was proposed that 

when ascorbate enters the cell it modulates H2O2-induced oxidative stress via Fenton 

reactions (see section 1.4.5, Chapter 1), which eventually results in the formation of 

sequential 
●
OH that attack the DNA causing damage. 

Data from Chapter 4 of the current study clearly showed that micromolar concentrations 

of H2O2 induce DNA damage in melanoma cancer cells and “normal” skin cells, with 

greater damage sensitivity being observed in melanoma cancer cells (Figure 4.7 & 4.8). 

In this Chapter, it was proposed to use physiological concentrations of ascorbic acid to 

test its effect on H2O2-induced DNA damage in melanoma cancer cells and “normal” 

skin cells. In the first experiments, an enhancing effect of ascorbate on the level of 

H2O2-induced DNA damage dose response was demonstrated in A375M cancer cells, 

even though the cells were treated with 10µM ascorbate (Figure 5.1). This was, then 

further confirmed when the cells were pre-incubated with 1µM and 100µM of 

ascorbate, prior to exposing them to H2O2; the difference in the levels of H2O2-induced 

DNA damage enhancement with the two different ascorbate concentrations was 

significant (Figure 5.2). These results are in agreement with the data presented in 

previous work, which showed the pro-oxidant function of ascorbate on the modulation 

of H2O2-induced DNA damage (Duarte and Jones, 2007) despite using ascorbate 

concentrations equal or less than physiologically relevant levels. A large number of 

previous studies have also reported an increase in the sensitivity of tumour cells (U937 

cells) to ROS in the presence of intracellular ascorbate (Guidarelli et al., 2004, 

Guidarelli et al., 2001). 

Reports about ascorbate’s effect on cultured cells are also controversial. Some authors 

suggest ascorbate has cytotoxic effect on cultured cells, while others have reported 

protective effects from ascorbate. Clément et al (2001) claimed that ascorbate interacts 

with some culture mediums to produce H2O2 at different rates, and this may explain the 
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conflicting results obtained regarding vitamin C’s impact on cells in different culture 

media (Clément et al., 2001). Their studies indicate that a high concentration of 

ascorbate (1mM) generates different levels of H2O2 depending on the types of culture 

media used. In the present study, to reduce any media dependent variable, all 

investigations of the effect of ascorbate were consistently compared with negative 

controls (cells being treated without H2O2 in the presence and absence of ascorbate). 

Suggestions concerning the effect of ascorbate on H2O2-induced DNA damage also 

vary. Some refer to ascorbate’s free-radical scavenging efficiency. A study carried out 

by Arranz et al (2007) using the comet assay reported a protective effect from ascorbate 

against H2O2-mediated DNA damage in human hepatoma cells (Arranz et al., 2007). 

This study used DMEM media, when treating cells with ascorbate and H2O2. Recently, 

Azqueta et al. (2013) also have reported that ascorbate, even at a level of 200µM, does 

not have significant effect on the level of H2O2-induced DNA damage in HeLa tumour 

cells (Azqueta et al., 2013). In their study, Hela cells were treated with ascorbate for 30 

minutes, and they were then exposed to H2O2 prepared in DMEM for 5 minutes on ice. 

However, DMEM media contains pyruvate, a potent H2O2 scavenger. In the current 

study, a clear inhibitory effect on H2O2-induced DNA damage was noted for media 

containing pyruvic acid (see Chapter 4, Figure 4.4-4.6). Therefor one single media 

(A375M-media) has been used for exposing cells to H2O2 to avoid any variable and to 

obtain a consistent effect on all studied cell lines. 

In the previous work, it has been illustrated that melanoma cancer cells are more 

sensitive to H2O2 induced DNA damage than HaCaTs & HDF cells (see Chapter 4, 

Figure 4.7 & 4.8). Moreover, among melanoma cancer cells, pigmented melanoma 

cancer cells are the most responsive to H2O2 induced DNA damage, more so than the 

non-pigmented cells (see Chapter 4, Figure 4.8). Studying the effect of ascorbate on 

H2O2-induced damage in melanoma cancer cells and "normal" skin cells was the key 

focus in this study. A375M melanoma cancer cells, HDF and HaCaT cells were initially 

used to examine this effect. Cells were incubated with and without ascorbate (0µM, 

100µM and 300µM), and then exposed to H2O2. Data obtained in these experiments 

showed an obvious enhancement effect of ascorbate on the level of H2O2-induced DNA 

damage in A375M melanoma cancer cells and in the two “normal” skin cells including 

HaCaTs and HDF cells. However, statistically, A375M melanoma cancer cells were the 

most sensitive to H2O2-induced DNA damage in the presence and absence of ascorbate; 
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more so than “normal” HaCaTs and HDF cells (Figure 5.3A-C). This has been further 

confirmed by calculating fold changes in the enhancement effect of the two different 

concentrations of ascorbate. The data revealed that, in melanoma cancer cells the 

enhancing effect of 100µM ascorbate on DNA damage, induced by 20µM H2O2 was 

1.3-fold and more than 3-fold higher than that in HDF and HaCaT cells, respectively. 

Similarly, the damage enhancement by 300µM ascorbate on the level of DNA damage 

induced by the same dose of H2O2 was 1.3-fold and more than 2-fold higher than that in 

HDF and HaCaT cells, respectively (Figure 5.4A & B). The latter two “normal” skin 

cell lines may have a potent defence against the oxidants, with the HaCaTs being the 

most resistant. A study has found that in cultured normal human lymphocytes, ascorbate 

when used in combination with H2O2 has an inhibitory effect against H2O2-induced 

DNA damage (Yen et al., 2002). To further support this, an in vitro study has also 

reported that ascorbate “partly” prevents DNA damage induced by H2O2 in human 

keratinocytes (Petersen et al., 2000). Other studies have found neither a protective effect 

nor a damaging effect from ascorbate on H2O2-induced DNA damage (Szeto and 

Benzie, 2002). More recently, Siddique et al (2009) have also used high levels of H2O2 

(100-200µM) to induce DNA damage in lymphocytic cells in the presence of ascorbate. 

They found a protective effect for ascorbate, countering damage induced oxidatively by 

H2O2. However, 100-200µM H2O2 is high enough to cause massive DNA damage in 

melanoma cancer cells. This could indicate that in normal human cells with normal 

level of antioxidants, ascorbate may function as an antioxidant rather than as a pro-

oxidant. 

High concentrations of vitamin C are supposed to yield H2O2 formation in media (Chen 

et al., 2005). Even when it is at low levels, H2O2 enters into the cells and can cause 

DNA damage. Therefore, optimisation of ascorbate concentrations ranging between 

lower and upper physiological levels was tested to determine the actual amount of 

vitamin C that enhances H2O2-induced DNA damage. To do so, A375M melanoma 

cancer cells were pre-treated, either with or without ascorbate, and then exposed to 

media either without H2O2 or with 30µM H2O2. Comet assay data from this experiment 

indicated that, ascorbate at a level equal or higher than 10µM significantly enhances 

H2O2-induced DNA damage. More than 100µM yielded a greater enhancement effect 

on H2O2-induced DNA damage. However, when the ascorbate-mediated DNA damage 

enhancement of ascorbate pre-treated cells was subtracted from H2O2-induced DNA 
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damage in cells pre-treated with ascorbate, it was found that above 100µM ascorbate 

gave the highest level of damage. However, the high level of damage is thought to be 

due to the formation of additional H2O2 in the media from ascorbate autooxidation 

(Figure 5.5A & B). Therefore, 100µM ascorbate was proposed for use in all future work 

also; this level is achievable orally (Cameron and Campbell, 1974, Levine et al., 2011, 

Padayatty et al., 2004). 

Further investigation into the effect of ascorbate on H2O2-induced DNA damage was 

performed in a panel of MM cancer cell lines, including A375M, A375P, SK28 and 

SK23, and HaCaT cells. Data analysis of these experiments illustrates a significant 

enhancement in the level of H2O2-induced DNA damage in all melanoma cancer cells 

and HaCaT cells. However, the HaCaT cells were less sensitive to H2O2-induced DNA 

damage in the presence and absence of ascorbate (Figure 5.6A-E). In a very recent 

study, it has been found that ascorbate protects normal human keratinocytes from the 

damage induced oxidatively by ozone exposure (Valacchi et al., 2015). 

Among melanoma cells, the level of H2O2-induced DNA damage observed in the 

absence and presence of ascorbate was noticeably higher in pigmented cells than in non-

pigmented cells (Figure 5.6A-D). Further data analysis showed a higher level of 

enhancement of ascorbate’s effect on H2O2-induced DNA damage in heavily pigmented 

(SK23) than non-pigmented (A375P) melanoma cancer cells, with only a small effect 

noted in the HaCaTs (Figure 5.7). 

Among all the melanoma cancer cell lines, pigmented melanoma cancer cells were the 

most sensitive to H2O2-induced DNA damage and to its modulation by ascorbate 

(Figure 5.7F). The cells’ sensitivity could be due to the noted higher intracellular status 

of iron ions in the pigmented melanoma cells, as compared to that in non-pigmented 

melanoma cancer cells (see Chapter 4, Figure 4.11). Therefore, it is proposed that the 

greater the metal ion content of melanoma cells is responsible for their higher 

susceptibility to H2O2-induced DNA damage, and as a consequence, the modulation of 

damage by ascorbate. Additional to this, pigmented melanoma cancer cells have 

enormous amounts of endogenous ROS, in comparison to non-pigmented melanoma 

cancer cells (see Chapter 3, Figure 3.4 & 3.5). Thus, providing these cells with further 

exogenous ROS and modulating it by ascorbate could exacerbate the DNA damage in 

these cells. Furthermore, lack or deficiency of the intracellular catalase enzyme in 

melanoma cancer cells (see Chapter 3, Figure 3.7 & 3.8) might be a further reason of 



 

161 

 

why these cells are significantly more affected by H2O2-induced DNA damage in the 

presence and absence of ascorbate than “normal” skin cells. 

A previous study has found that low micromolar cencentrations of H2O2 efficiently 

induce oxidative damage in DNA (Nakamura et al., 2003). However, in the present 

study, the effect of ascorbate leading to enhancement in the level of H2O2-induced DNA 

damage raised the question of whether the effect is truly oxidative. To investigate this 

effect a modified version of the ACA was conducted using the Fpg enzyme. The 

enzyme is capable of detecting and cleaving the oxidatively damaged DNA at the sites 

of oxidised purines (8-oxo-dG), and ring opened purine lesions (formamidopyrimidines) 

(Collins et al., 1993) with the additional strand breaks indicating/representing the 

presence oxidised purine lesions, which are specific tell-tale markers of oxidative 

effects. 

In the current study, an enhancement effect is reported for the level of H2O2-induced 

ODBLs (Fpg-SS) in cells pre-treated with ascorbate (Figure 5.9A-C). This substantiates 

the role of ascorbate in the enhancing of oxidatively damaged DNA in melanoma cancer 

cells. 

DNA damage caused by 
●
OH attack not only involves SSBs and ODBLs, but also 

participates in the generation of DSBs (Driessens et al., 2009). DSB damage results in 

one of the most lethal lesions, affecting the DNA molecules and causing cell apoptosis 

rather than cell necrosis (Lips and Kaina, 2001); these lesions have considerable 

cytotoxic effects (Ghardi et al., 2012). DSBs are induced by ionising radiation and can 

be induced by certain genotoxic agents (Svetlova et al., 2010, Jekimovs et al., 2014). 

The repair mechanism of DSBs is complex and difficult (Riballo et al., 2004) and it is 

suggested that the presence of even single unrepaired DSBs could induce cell death 

(Zhou, 2011, Scott and Pandita, 2006).  

In the current study, a γ-H2AX immunoassay experiment was performed to measure the 

effect of ascorbate on H2O2-induced DSBs in melanoma cancer cells. In the first γ-

H2AX immunoassay experiment, using A375M melanoma cancer cells, more H2O2-

induced γ-H2AX foci per cell were observed in the presence of ascorbate, compared 

with cells incubated without ascorbate. γ-H2AX foci counts per cell revealed a 

significant enhancement in the level of H2O2-induced DSBs in melanoma cancer cells 

treated with ascorbate, compared with untreated cells. Also, some γ-H2AX foci 

formations were found in untreated melanoma (control) cells, even in the presence or 
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absence of ascorbate (Figure 5.10). Far from being experimental artefacts, it has been 

found that some tumour cell lines have the ability to express different numbers of 

endogenous γ-H2AX foci than others (Rogakou et al., 1999). H2AX foci are also 

formed in cells in the mitotic phase (during replication phase) (Takahashi and Ohnishi, 

2005). Additionally, the high level of background foci in A375M melanoma cells might 

have arisen from the endogenous ROS attack within melanoma cancer cells, with a 

slight enhancement in cells loaded with ascorbate (Figure 5.10). 

When the γ-H2AX immunoassay was performed using all melanoma cell lines and the 

HaCaT cells, a clear H2O2-induced DSBs dose response was seen in all cells, with the 

highest number of DSBs being observed in melanoma cancer cells, particularly in the 

pigmented cells (SK23 and SK28) (Figure 5.12A-D) . It is noteworthy to say that 

HaCaT cells were the least sensitive to H2O2-induced DSBs. And even when the HaCaT 

cells were treated with ascorbate, no significant enhancement in the number of γ-H2AX 

foci was visualised, compared to those exposed to H2O2 alone (Figure 5.12A-E).These 

findings are analogous with the comet assay findings (see Figure 5.6A-E). 

Analysis of the γ-H2AX assay data demonstrated that the average results for H2O2-

induced DSBs treated with 30µM H2O2 in the presence and absence of ascorbate were 

noticeably higher in melanoma cancer cells than in HaCaT cells (Figure 5.12F). A 

further interpretation of this data shows that the enhancement of H2O2-induced DNA 

DSBs by ascorbate in heavily pigmented (SK23) and non-pigmented (A375P) 

melanoma cells was 2.1-fold, and 1.4-fold increased; whereas this effect in HaCaT cells 

was less than a 1-fold increased (Figure 5.13). This may indicate that the endogenous 

ROS and the antioxidants status could influence the sensitivity of melanoma cancer 

cells to H2O2-induced DSBs and the synergistic effect of ascorbate in these cells.Similar 

to the previous observations put forward in this discussion, low levels of intracellular 

catalase enzyme, plus higher levels of endogenous ROS in melanoma cancer cells could 

render melanoma cells more susceptible than HaCaT cells to H2O2-induced DSBs and 

their modulation by ascorbate. Taken together, it should be pointed out that a 

physiologically relevant ascorbate level is sufficient to produce more H2O2-induced 

DSBs in melanoma cancer cells. Such an enhancement in the level of lethal DNA 

damage lesions could increase the likelihood of melanoma cell death. 

Ionising radiation is an efficient way to induce bistranded clustered DNA lesions, which 

are refractory to repair (Sutherland et al., 2002, Hada and Sutherland, 2006). Clustered 
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genomic lesions induced via ionising radiation, are cytotoxic because they are 

difficult/problematic to repair (Eccles et al., 2011). This is because the location of the 

damages is close on the opposing strands, within a few helical turns of the DNA 

(Sutherland et al., 2002). Thus, clustered DNA damage, also referred to as MDS, are 

considered more biologically relevant for the induction of cell death (Ward, 1994). In a 

recent work, a considerably higher number of DSBs than SSBs have been observed in 

rat thyroid cells being treated ionising radiation. However, the damage induced by H2O2 

in these cells generated more SSBs than DSBs (Driessens et al., 2009). 

In the current study, A375M melanoma and the HaCaT cells were used to study the 

complexity of DNA damage induced by ionising radiation and H2O2. The data obtained, 

here was consistent with the anticipated results. Unlike the effect of H2O2, ionising 

radiation induced a much higher ratio of DSB:SSB. Consistent with the literature, these 

data suggest that radiation provoked more complex, MDS in cells treated with ionising 

radiation, when contrasted with those treated chemically with H2O2 (Figure 5.18A & B).  

MDS was hypothesised to be observed in ascorbate pre-treated melanoma cancer 

exposed to H2O2. The prediction was based on the supposition that acceleration in the 

Fenton reaction by ascorbate might generate sequential 
●
OH from H2O2, which in turn 

attacks different sites of DNA molecules, causing more of DSBs relative to SSBs. 

However, when the investigation was conducted with three different melanoma cancer 

cell lines (A375P, SK28 & SK23), it was found that in cells treated with ascorbate, 

enhancement in the number of H2O2-induced DSBs was proportional to the 

enhancement in the number of H2O2-induced SSBs (Figure 5.19C-5.21C); so there was 

no increase in damage complexity. 

The high level of damage complexity observed in irradiated melanoma cancer cells, 

indeed, is the result of direct and indirect effects. The mechanism of DNA damage by 

ionising radiation is metal ion-independent (Carante et al., 2015). The direct DNA 

damage occurs via the interaction between the emitted electrons, released from ionising 

radiation, and the DNA. The indirect DNA attack is through 
●
OH generation from 

radiolysis of H2O that then locally attack the DNA (Ravanat et al., 2014). However, 

induction of DNA damage chemically by H2O2 depends on the availability of redox 

metals (necessary for metal-dependent process) on the DNA molecule. Damaged sites 

induced by 
●
OH occur at the site of 

●
OH production  (Lenton et al., 1999). This is 

because the 
●
OH formed by the Fenton reactions are highly unstable and react rapidly 
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and do not migrate far from their site of their generation (Lenton et al., 1999). 

Therefore, in view to the above data (Figure 5.19C-5.21C), a reasonable explanation for 

this, is that either Fe
2+

 or Fe
3+

 bind to the DNA, the other partner being unbound and so 

free to migrate. This will lead to the formation of dispersed 
●
OH causing simple damage 

(Figure 5.22).  

DSBs are not only formed immediately post treatment. It has been well known that 

many SSBs and much unrepaired ROS-induced damage is converted to DSBs via 

replication and DNA repair mechanisms (formation of secondary DSBs post the damage 

recovery) (Maxwell and Roskelley, 2014, Ward and Chen, 2001). This form of DNA 

damage lesion, formed during attempted repair following treatment, has a potential 

effect on cell fate (Ward, 1994). 

A DNA damage repair experiment was performed using γ-H2AX immunoassay, to 

examine any change in the number of H2O2-induced DSBs in the presence and absence 

of ascorbate, immediately after and at different time points post-treatment. Indeed, a 

sharp enhancement in the number of DSBs (γ-H2AX foci) was observed during the first 

2 hours of a cell’s recovery from induced DNA damage at 37
o
C. The number of DSBs 

induced in the presence of ascorbate was substantially higher than that in the absence of 

ascorbate (Figure 5.23). Generation of higher numbers of the DSBs in the cells 

incubated following treatment with H2O2 in the presence and absence of ascorbate may 

be the result secondary to the repair process. The repair processing of the SSBs and AP 

sites and the aborted repair of base lesions all can lead to formation of secondary DSBs 

(Ma et al., 2011). Or this could be due to development of more γ-H2AX foci during the 

recovery post-treatment. 
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6 CHAPTER VI: Assessment of ascorbate’s effect on the H2O2-

induced viability, apoptosis and cell killing of melanoma cancer 

cells 
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6.1 Introduction 

The DNA molecule is a vital intracellular element and damage to it could have an effect 

on a cell’s lifecycle. When ROS enters into cells, it causes damage to cellular 

components, and when ROS attacks the DNA molecule it results in oxidatively 

damaged lesions (Roos and Kaina, 2006). It is well-known that extensive DNA damage 

can induce cell death (Panieri et al., 2013), and that H2O2 can mediate cell apoptosis 

which has been demonstrated by the fact that apoptosis can be prevented by treating 

cells with catalase (Pierce et al., 1991, Simon et al., 2000). A moderate concentration of 

H2O2 can cause cell apoptosis, although the effect of this is largely dependent on the cell 

type (Ott et al., 2007, Nicotera and Melino, 2004). It has been reported that up to 15µM 

of H2O2 has a pro-proliferative effect on tumour cells, whereas a higher amount of H2O2 

could have a deleterious impact on cancer cells, causing growth arrest and cell killing 

(González et al., 2005). 

In agreement with previous studies (Szatrowski and Nathan, 1991, Toyokuni et al., 

1995), the findings of Chapter  3 of the current study indicate that MM cells contain a 

greater amount of endogenous ROS (Figure 3.4 & 3.5). Although cancer cells are 

oxidatively stressed, the stress they contain does not usually induce cell death 

(Toyokuni et al., 1995). However, a high level of endogenous ROS in tumour tissue 

may permit a ROS-mediated approach for cancer treatment; providing tumour cells with 

further exogenous (therapeutic) ROS could increase the amount of intracellular ROS 

and so exceed at toxic threshold level (i.e. the level at which ROS become toxic) and so 

may selectively kill tumour cells (Trachootham et al., 2009, Thompson, 1995). 

In the previous Chapter, it was clearly observed that melanoma cancer cells are more 

sensitive to H2O2-induced DNA damage; also, this effect was exacerbated and triggered 

in the presence of ascorbate (Figure 5.6 & 5.12). It was therefore proposed to study the 

effect of ascorbate on H2O2-induced cell death and cell killing.  

This chapter aims to: 

 Investigate the effect of H2O2 on cell viability in melanoma cancer cells and 

HaCaT cells, in the presence and absence of ascorbate 

 Study the effect of ascorbate on H2O2-induced cell apoptosis in melanoma 

cancer cells and HaCaT cells 
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 Examine the effect of H2O2 on melanoma cancer cell and HaCaT cell survival in 

the presence and absence of ascorbate 

6.2 Results 

6.2.1 Investigation of cell viability in melanoma cancer cells and in HaCaT cells 

exposed to H2O2 in the presence and absence of ascorbate  

6.2.1.1 Optimisation of ATPlite assay  

Measurement of cell viability is a method employed to assess the impact of drugs or 

toxic agents on cells. In the present study, the ATPlite assay kit was used to measure the 

effect of H2O2 in combination with ascorbate on cell viability. The ATPlite assay is an 

extremely sensitive tool for assessing cytotoxicity, because it can detect ATP levels 

even for as few as 10 cells (Germain et al., 2003). ATP amount may change within a 

cell, but low levels has been found to be directly linked to cell apoptosis or cell necrosis 

(Germain et al., 2003). 

To measure the level of ATP, optimisation of the assay is required to ensure the 

linearity between the ATP levels and the luminescence signals using the ATPlite 

standards provided. A stock of 10mM ATPlite standards was prepared according to the 

instructions provided by the assay kit. From the ATPlite stock, serial dilutions were 

made using ddH2O (0.0001µM to 1µM), and the assay was performed based on 

instructions provided by the assay kit. A clear linear relationship was found between 

ATP concentrations and luminescence signals (Figure 6.1). 

ATP is a good marker for the detection and measurement of cell viability following 

treatment. It detects metabolically active cells; thus a lowering of the level of ATP in a 

sample of cells, would indicate a reduction in metabolically active cells (Cree and 

Andreotti, 1997). To confirm this, further assay optimisation was carried out, using 

different numbers of A375P melanoma cancer cells. 

Ranges of cell numbers (500-16000 cells/microwell) were seeded in a 96-microwell 

plate for 24 hours. Adhered cells were then washed twice with PBS, and the ATPlite 

assay was then conducted. The relationship found between the ATP luminescence and 

cell numbers was positive and linear (R
2
=0.9883). Additionally, it was found that 

16,000 cells is an ideal cell number for the ATPlite assay for assessing a likely 

reduction in cell number (Figure 6.2). 
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Figure 6.1. The standard curve for the ATPlite assay.  

Different ATPlite standards (0.0001µM to 1µM) were prepared from the provided lyophilised material 

using ddH2O. 100µl of cell culture media was added to each identified microwell of the 96-well blak 

plate, and then 50µl of provided cell lysis buffer was added to each well. The plate was then shaken 

thoroughly for 5 minutes using an orbital plate shaker. 10µl of each standard was added to each 

microwell, and again the plate was shaken by the plate shaker for a further 5 minutes. This process was 

followed by the addition of 50µl of provided substrate to each microwell, and the plate was then shaken 

for a further 5 minutes. After this, the plate was incubated at room temperature in dark conditions for 10 

minutes, before measuring the luminescence signals using the plate reader (BMG FLUOstar OPTIMA 

Microplate Reader) at a wavelength of 562nm. Each point on the graph represents mean ± SD of relative 

luminescence intensity determined from three independent experiments.   
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Figure 6.2. Optimisation of the cell number for the ATPlite assay.  

Different cell numbers were seeded in a 96-microwell plate (in a total volume of 100µl/microwell) and 

incubated for 24 hours 37
o
C/5% CO2 to allow attachment. 50µl of provided cell lysis buffer was added to 

each microwell. The plate was then shaken thoroughly for 5 minutes using an orbital plate shaker. This 

process was followed by the addition of 50µl of provided substrate to each microwell and the plate was 

shaken for a further 5 minutes. After this, the plate was incubated at room temperature in dark conditions 

for 10 minutes, before measuring the luminescence signals using the plate reader (BMG FLUOstar 

OPTIMA Microplate Reader) at a wavelength of 562nm. Each point on the graph represents mean ± SD 

of relative luminescence intensity determined from two independent experiments. 
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6.2.1.2 Effect of H2O2 on cell viability for non-pigmented (A375P), moderatly 

pigmented (SK28) and and heavily pigmented (SK23) melanoma cancer 

cells and in HaCaT cells, in the presence and absence of ascorbate  

An ATPlite assay kit then was used to measure cell viability in the HaCaTs and in 

melanoma cancer cells including non-pigmented (A375P), moderately pigmented 

(SK28) and heavily pigmented (SK23), following treatment with H2O2 in the presence 

and absence of ascorbate. 16 x 10
3
 melanoma cancer cells and HaCaT cells were seeded 

in each microwell of the 96-microwell plates for 24 hours. The cells were then gently 

washed with PBS and pre-treated with ascorbate for 2 hours, prior to exposure to H2O2 

for 30 minutes on ice, protected from light. After treatment, cells were washed with 

PBS and incubated with cell specific media for 18 hours at 37
o
C/5% CO2. The ATPlite 

assay was then performed and the luminescence intensity measured. Data indicates that 

in most of the cell lines studied (SK28, SK23 & HaCaTs), up to 30µM H2O2 has a pro-

proliferative effect in the absence of ascorbate (Figure 6.3A-D). However, H2O2 in 

combination with ascorbate becomes more toxic to cells, particularly for the melanoma 

cancer cells, since a clear reduction in cell viabilty in all cell lines was observed when 

the cells were pre-treated with ascorbate before exposing them to H2O2; most H2O2 

doses caused a significant reduction in the viability rates of ascorbate pre-treated 

melanoma cancer cells. Melanoma cancer cells were the most sensitive to this effect, 

more so than the HaCaT cells. In addition, the pigmented melanoma (SK28 and SK23) 

cells were also clearly more affected than the non-pigmented cells (Figure 6.3A-D). 
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Figure 6.3. Effect of H2O2 on cell viability rates for non-pigmented (A375P) (A), moderately 

pigmented (SK28) (B) and heavily pigmented (SK23) (C) melanoma cancer cells and the HaCaT 

cells (D). 

(16 x 10
3
 cells per microwell of a 96-microwell plate were seeded for 24 hours at 37

o
C/5% CO2 to allow 

attachment. The cells were either incubated without ascorbate or with ascorbate for 2 hours. The cells 

were then washed once with PBS and then exposed to indicated concentrations of H2O2 for 30 mins on 

ice, while protected from light. The media was then removed and the cells washed with PBS. 100µl of 

fresh cell culture media was then added to each microwell and incubated for 18 hours at 37
o
C/5% CO2. 

50µl of provided cell lysis buffer was then added to each microwell, after which the plate was shaken 

thoroughly for 5 minutes using an orbital plate shaker. This was followed by adding 50µl of provided 

substrate to each microwell, and the plate was again shaken for 5 minutes. After this, the plate was 

incubated at room temperature in dark conditions for 10 minutes before measuring luminescence signals 

with the plate reader (BMG FLUOstar OPTIMA Microplate Reader) at a wavelength of 562nm. Each bar 

represents the mean ± SD of the relative luminesce intensity (presented as % control), as determined in 

three independent experiments each run in triplicate. t-test (unpaired) was used to assess the statistical 

difference between each two groups. 
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6.2.1.3 Assessment of cell viability for non-pigmented (A375P), heavily pigmented 

(SK23) melanoma cancer cells and HaCaT cells incubated with H2O2 for 

prolonged duration in the presence and absence of ascorbate 

It was thought that the incubation of cells for a longer time with H2O2 at 37
o
C/5% CO2 

would have more effect on cell viability. To assess this, ATPlite assay was repeated in 

non-pigmented (A375P) and heavily pigmented (SK23) melanoma cancer cells and in 

the HaCaT cells. Cells were seeded in 96-microwell plates for 24 hours at 37
o
C/5% CO2 

to allow attachment, and were then exposed to H2O2 for 15 hours at 37
o
C/5% CO2 in the 

absence and presence of ascorbate. An ATPlite assay was then performed, and the 

luminescence signals analysed. Data from these experiments showed a clear reduction 

in the cell viability rates in melanoma cancer cells with a further effect noted in the 

presence of ascorbate. Interestingly, HaCaT cells were almost entirely unaffected 

(Figure 6.4A-C). 
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Figure 6.4. Cell viability for non-pigmented (A375P) (A) and heavily pigmented (SK23) (B) 

melanoma cancer cells, and HaCaTs (C) cells pre-treated with and without ascorbate and exposed 

to H2O2 for long periods.  

16 x 10
3
 cells were seeded per microwell of the 96-microwell plate for 24 hours at 37

o
C/5% CO2 to allow 

attachment. The cells were either incubated with or without ascorbate for 2 hours. The cells were then 

washed once with PBS and exposed to indicated concentrations of H2O2 (with a total volume 100µl 

media) for 15 hours at 37
o
C/5% CO2. After this, 50µl of provided cell lysis buffer was added to each 

microwell. The plate was then shaken thoroughly for 5 minutes, using an orbital plate shaker. This was 

followed by the addition of 50µl of provided substrate to each microwell and the plate was shaken for 

further 5 minutes. After this, the plate was incubated at room temperature in dark conditions for 10 

minutes before measuring the luminescence signal on the plate reader (BMG FLUOstar OPTIMA 

Microplate Reader) at a wavelength of 562nm. Each bar represent mean ± SD of luminesce relative 

intensity (presented as % control), determined from three independent experiments each run in triplicate. 
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6.2.2 Effect of ascorbate on H2O2-induced apoptosis in non-pigmented (A375M & 

A375P) melanoma cancer cells  

To investigate the effect of ascorbate on H2O2-induced cell apoptosis in melanoma 

cancer cells and HaCaT cells, the annexin V/PI assay was performed. A375M and 

A375P melanoma cancer cells were initially used to test positive and negative controls, 

and to deduce the extent of apoptosis induced by H2O2 in the presence and absence of 

ascorbate. 

Cells were first incubated with and without ascorbate, and then exposed to different 

concentrations of H2O2 for 30 minutes on ice /while protected from light. After 

treatment, the cells were washed with PBS, new fresh complete culture media was then 

added to the cells, and they were then incubated for 72 hours before conducting the 

annexin V/PI assay. Data obtained from this experiment suggests that H2O2 induces 

apoptosis in A375M and A375P melanoma cancer cells. The level of apoptosis caused 

by H2O2 was obvious when compared to the controls. Interestingly, ascorbate was 

capable of enhancing H2O2-induced cell apoptosis in A375M and A375P cells (Figure 

6.5A & B), although the effect was small. 

Further analysis of this data indicates that the average of the total apoptosis induced by 

15µM and 30µM H2O2 in the presence of ascorbate (background subtracted) was 

enhanced by more than 2-fold in A375M and A375P cells (Figure 6.5C & D). In 

A375M cells, the recorded level of endogenous apoptosis was high, whilst in the A375P 

cells the level of induced apoptosis was higher compared to A375M cells (Figure 6.5A 

& B). 
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Figure 6.5. Effect of ascorbate pre-treatment on H2O2-induced apoptosis in A375M (A) and A375P 

(B) melanoma cancer cells. 

Equal numbers (5 x 10
5
) of cells were seeded in T25 flasks for 24 hours at 37

o
C/5% CO2 to allow 

attachment. The cells were then washed with PBS and pre-treated with and without ascorbate for a further 

2 hours. The cells were then exposed to indicated concentrations of H2O2 for 30 minutes on ice, while 

protected from light. They were then washed once with PBS and new cell specific complete media added 

and incubated at 37°C/5% CO2 for 72 hours. The cells were then collected in FACS tubes and the annexin 

V/PI assay was carried out. Each bar represents mean ± SD of apoptosis determined from three 

independent experiments. Melanoma cells were treated with Etoposide for 24 hours as +ve controls. 

Figures C and D represent total H2O2-induced apoptosis (%) in the absence and presence of ascorbate, 

adapted from figures 6.5A & B. 
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6.2.3 Assessment of caspase-3/7 expression in A375P melanoma cancer cells 

following treatment with H2O2 in the presence and absence of ascorbate 

Apoptosis is an event that can be initiated either by extrinsic factors, which stimulate 

cell surface pro-apoptotic receptors, called death receptors (e.g. Tumour Necrosis 

Factor-Alpha (TNFR), or intrinsically through cellular events including DNA damage 

(Cotter, 2009). Traditionally, caspase proteins have been divided into two different 

groups. The first members including caspase (2, 8, 9 and 10) are considered initiators, 

whereas the second group are called effectors, and are caspase (3, 6 and 7). Caspase-3 is 

a reliable marker for apoptosis detection, because the protein‘s activation occurs during 

the irreversible commitment of a cell to undergo apoptosis. It has been found that 

oxidative DNA damage induced by H2O2 or other oxidants lead to caspase-3/7 

expression cells (Jin et al., 2001, Mendivil-Perez et al., 2015). 

To confirm the enhancement effect of ascorbate on H2O2-induced apoptosis in 

melanoma cancer cells, caspase-3/7 cleavage was measured in A375P melanoma cancer 

cells, following exposure to H2O2 in the presence and absence of ascorbate. 

Interestingly, an increase in the level of caspase-3/7 expression was demonstrated in 

cells exposed to 15µM and 30µM H2O2 in the presence of ascorbate, by 1.2-fold and 

1.4-fold respectively (Figure 6.6). 
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Figure 6.6. Caspase 3/7 expressions in A375P melanoma cancer cells induced by H2O2 in the 

presence and absence of ascorbate. 

Based on the manufacturer’s instructions of the assay kit, 15 x 10
3
 A375P melanoma cells were seeded in 

each microwell of the 96-micrwell plate for 24 hours to allow attachment. The cells were then treated 

with and without ascorbate for 2 hours. The cells were then exposed to indicated concentrations of H2O2 

for 30 minutes on ice, while protected from light. The cells were then washed once with PBS, and 100µL 

of new fresh cell culture media was added. The plates were incubated at 37
o
C/5% CO2 for a further 15 

hours before measurement of the caspase-3/7 activity using Caspase-Glo® 3/7 assay kit. Each bar 

represents the mean ± SD (presented as % control) of the relative fluorescence intensity, from three 

independent experiments, each run in triplicate. A T-test (unpaired) was used for statistical analysis 

between each of the two groups versus ascorbate untreated cells. 

 

6.2.4 Effect of ascorbate on H2O2-induced apoptosis in non-pigmented (A375P) 

and heavily pigmented (SK23) melanoma cancer cells and HaCaT cells 

exposed to H2O2 for prolonged duration  

For the above annexin V/PI experiments, the level of apoptosis was clearly observed 

with an enhancement noted in melanoma cancer cells pre-loaded with ascorbate. In the 

literature, cells were usually exposed to high concentrations of H2O2 and for longer 

times for induction of apoptosis (Woo et al., 2012). Therefore, it was thought that 

incubation of cells with H2O2 at 37
o
C/5% CO2 for a longer time would increase the level 

of apoptosis induced and that ascorbate may further enhance the effect. To assess this it 

was proposed to incubate cells with different concentrations of a H2O2 at 37°C/5% CO2 

for 24 hours before assessing the apoptosis level. The annexin V/PI assay was 

conducted in A375M melanoma cancer cells to measure the degree of H2O2-induced 

cell apoptosis dose response. The cells were seeded in T25 flasks for 24 hours prior to 

treatment. The cells were then washed once with PBS and incubated with freshly made 

H2O2 for a further 24 hours at 37
o
C/5% CO2. Next, the annexin V/PI was then 

performed. Data obtained from this experiment showed a clear H2O2-induced cell 
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apoptosis dose response. The average for the total apoptotic cells increased with H2O2 

concentrations. A dose of 200µM and 400µM H2O2 induced a significant increase in the 

level of apoptosis (% total apoptosis: 15.55 ± 0.88 versus control, p=0.0149, and 17.08 

± 3.04 versus control, p=0.0037, respectively) (Figure 6.7). The two highest 

concentrations of H2O2 were selected to study oxidative mediated apoptosis further in 

future work. This is because the lower concentrations (30µM-60µM H2O2) did not 

cause measurable significant apoptosis when the cells were treated with H2O2 for long 

periods. 
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Figure 6.7. H2O2-induced cell apopotosis dose response in A375M melanoma cancer cells exposed to 

H2O2 for a longer period. 

Equal numbers (5 x 10
5
) of cells were seeded in T25 flasks for 24 hours prior to treatment to allow 

attachment. The cells were then washed with PBS and then incubated with H2O2 for 24 hours at 37
o
C/5% 

CO2. The cells were washed with PBS, and then collected in the FACS tubes, and the annexin V/PI assay 

was then carried out. Each bar represents the mean ± SD, determined of three independent experiments. 

One-way ANOVA was used for statistical analysis between the groups versus control. 

 

The same treatment protocol as that described above was used to test H2O2-induced cell 

apoptosis in the HaCaT cells, non-pigmented (A375P) and heavily pigmented (SK23) 

melanoma cancer cells, in the presence and absence of ascorbate. In this instance, the 

cells were seeded for 24 hours in T25 flasks and then pre-treated with and without 

ascorbate for 2 hours. The cells were then washed once with PBS and incubated with 

indicated concentrations of H2O2 for 24 hours at 37
o
C/5% CO2. The annexin V/PI assay 

was then conducted to measure the level of cell apoptosis. 

Overall, the data obtained indicated a clear H2O2-induced cell apoptosis dose response 

in all cell lines, with an enhancing effect noted for ascorbate, particularly in the 

melanoma cancer cells; a typical flow cytometry result showing the level of H2O2-

induced apoptosis in A375P melanoma cancer cells in the presence and absence of 

ascorbate are shown in Figure 6.8. Data obtained indicate an enhancing effect of 

ascorbate on H2O2-induced cell apoptosis in the melanoma cancer cells (Figure 6.9A-

C). Statistical analysis for the late apoptosis data of three cell lines was carried out. The 

outcome reveals a significant enhancement effect of ascorbate on the level of H2O2-

induced apoptosis mediated by 200µM and 400µM H2O2 in A375P melanoma cancer 

cells (% of late apoptosis: 36.38 ± 2.55 versus 29.38 ± 0.96, p=0.0031, 49.54 ± 4.67 
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versus 35.54 ± 1.1, p=0.0195, respectively). Likewise, the enhancement effect of 

ascorbate was observed in SK23 melanoma cancer cells exposed to the same above 

doses of H2O2 (% of late apoptosis: 38.37 ± 3.91 versus 18.8 ± 4.02, p=0.00073, 41.42 ± 

5.78 versus 30.86 ± 6.68, p=0.2665, respectively). The enhancement effect of ascorbate 

on the apoptosis mediated by 200µM and 400µM H2O2 in HaCaT cells was very small 

(% of late apoptosis: 27.25 ± 2.5 versus 25.73 ± 1.91, p=0.6411, 32.50 ± 0.6 versus 33.7 

± 2.4, p=0.6756, respectively) (Figure 6.9A-C). 

Further analysis of the data obtained indicates that, unlike the HaCaT cells, melanoma 

cancer cells are more susceptible to H2O2-mediated apoptosis in the presence of 

ascorbate. The average for the total H2O2-induced cell apoptosis, mediated by two doses 

of H2O2 (200µM & 400µM) in A375P and SK23 is enhanced by ascorbate by more than 

1.4-fold and 1.9-fold, respectively; that is, higher than that in the HaCaT cells (Figure 

6.9D-F). 

 

 

Figure 6.8. Typical flow cytometry results showing the level of H2O2-induced apoptosis in A375P 

melanoma cancer cells in the presence and absence of ascorbate. 
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Figure 6.9. Effect of ascorbate pre-treatment on H2O2-induced apoptosis, in non-pigmented 

(A375P) (A), and heavily pigmented (SK23) (B) melanoma cancer cells and in the HaCaT cells (C) 

exposed to H2O2 for longer periods. 

Equal numbers (5 x 10
5
) of cells were seeded in T25 flasks for 24 hours at 37

o
C/5% CO2 to allow 

attachment. The cells were then washed with PBS and pre-treated with and without ascorbate for a further 

2 hours at 37°C/5% CO2. The cells were then exposed to H2O2 for 24 hours at 37°C/5% CO2. They were 

then washed with PBS and collected in FACS tubes and the annexin V/PI assay carried out. Each bar 

represents mean ± SD of apoptosis determined of three independent experiment. Melanoma cells were 

pre-treated with Etoposide for 24 hours as + ve controls. Figures D, E and F represent the total apoptosis 

(%) in the presence and absence of ascorbate, adapted from figure 6.9A-C. T-test (unpaired) was used to 

test the difference between the late apoptosis between each two groups. 
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6.2.5 Effect of ascorbate on H2O2-induced cell killing in non-pigmented (A375M 

& A375P), moderately pigmented (SK23) and heavily pigmented (SK23) 

melanoma cancer cells and HaCaT cells  

Clonogenic potential has been used to measure the ability of cells to survive post-

treatment and is considered by many to be the ‘gold-standard’ for the assessment of cell 

killing (Pauwels et al., 2003). In the current study a clonogenic assay was used to 

estimate the survival of melanoma cancer cells and HaCaT cells post-treatment with 

H2O2 in combination with and without ascorbate. 

First, the plating efficiency (PE) was assessed for all melanoma cells including non-

pigmented (A375M & A375P), moderately pigmented (SK28) and heavily pigmented 

(SK23), and HaCaT cells. To achieve this, a number of cells from different lines were 

seeded and colonies developed without subjecting them to any treatment. The data 

obtained demonstrates that the ability of cells to develop colonies varied among the 

studied cell lines (Table 6.1). The average of plate efficiency (PE) was highest in A375P 

melanoma cancer cells (59.91%) and lowest in HaCaT cells (7.29 %).  

Table 6.1. Plate efficiency (PE) in melanoma cancer cells and HaCaT cells. 

A different number of cells (50 cells, 100 cells and 200 cells) were added to each Petri dish. These were 

seeded and incubated at 37
o
C/5% CO2 for 7 days until small colonies appeared. Old media was then 

removed and new fresh cell specific media added to each petri dish and incubated at 37
o
C/5% CO2. 

Colonies were counted after staining with crystal violet dye. The data presented are the average of three 

independent experiments. 
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Based on the determined PE of each cell line, the number of cells for future clonogenic 

experiment was selected. The number of cells seeded as controls for A375M, A375P, 

SK28, SK23 and the HaCaT cells were 200, 50, 100, 100 and 200 cells, respectively. 

Data obtained from the clonogenic experiments reveals that H2O2 in the presence of 

ascorbate reduces the ability of the cells to from colonies, so kills more melanoma 

cancer cells (Figure 6.10 & 6.11). Data analysis indicates that ascorbate enhances H2O2-

induced cell killing in melanoma cancer cells, whereas in HaCaT cells, ascorbate 

slightly protected cells against H2O2 (Figure 6.12A-E). 

Further statistical analysis of the data obtained, using the determined ‘area under the 

curve’ (AUC), clearly demonstrates that ascorbate enhances H2O2-induced cell killing 

in all melanoma cancer cells. A decrease in the area under the curve (AUC) was 

observed in melanoma cancer cells treated with H2O2 and ascorbate, compared to the 

AUC of the cells treated with H2O2 alone. Notably, this effect was reversed in the 

HaCaT cells. The ratios obtained between the AUC for H2O2-exposed cells in the 

presence and absences of ascorbate were 0.79, 0.63, 0.63, and 0.68 in A375M, A375P, 

SK28, SK23, respectively, whereas it was 1.3 for the HaCaT cells (Table 6.2). 



 

182 

 

 

Figure 6.10. Clonogenic assay showing the number of colonies formed by non-pigmented (A375M 

& A375P) melanoma cancer cells treated with H2O2 in the presence and absence of ascorbate. 

An equal number of cells were pre-incubated with and without ascorbate for 2 hours. The cells were then 

exposed to indicated concentrations of H2O2 for 30 minutes on ice and protected from light. The cells 

were then collected, counted and seeded, at the indicated cell numbers, in petri dishes and then incubated 

to develop colonies. Old media was replaced with fresh every 6 days, until visible colonies were 

appeared. These colonies were then stained with crystal violet to become visible. Photos of each plate 

were taken using iPhone 4 cameras. 
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Figure 6.11. Clonogenic assay showing the number of colonies formed by moderately pigmented 

(SK28) and heavily pigmented (SK23) melanoma cancer cells treated with H2O2 in the presence and 

absence of ascorbate. 

An equal number of cells were pre-incubated with and without ascorbate for 2 hours. The cells were then 

exposed to indicated concentrations of H2O2 for 30 minutes on ice and protected from light. The cells 

were then collected, counted and seeded, at the indicated cell numbers, in petri dishes and then incubated 

to develop colonies. Old media was replaced with fresh every 6 days, until visible colonies were 

appeared. These colonies were then stained with crystal violet to become visible. Photos of each plate 

were taken using iPhone 4 cameras. 
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Figure 6.12. Clonogenic assay showing the surviving fraction (% control) for non-pigmented, 

(A375M) (A) and A375P) (B), moderately pigmented (SK28) (C) and heavily pigmented (SK23) (D) 

melanoma cancer cells and in HaCaT cells (E) treated with H2O2 in the presence and absence of 

ascorbate.  

An equal number of cells were pre-treated with and without ascorbate for 2 hour, and were then exposed 

to different micromolar concentrations of H2O2 for 30 minutes on ice while protected from light. Cells 

were then collected, counted and seeded in petri dishes and incubated at 37
o
C/5% CO2 to develop 

colonies. Old media was replaced with fresh media every 6 days until visible colonies appeared. The 

colonies were then stained with crystal violet and counted. Each point represents mean ± SD of survival 

fraction (% control) determined from three independent experiments run in triplicate. A T-test (unpaired) 

was used to compare the mean of survival fraction (% control) between each group versus untreated cells 

with ascorbate. 
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Table 6.2. Survival curve analysis by using area under the curve 

Cell lines Area Under the Curve (AUC) Fold changes 

in AUC H2O2 H2O2 + AA 

A375M 3553 2819 0.79 

A375P 3499 2237 0.63 

SK28 3714 2322 0.63 

SK23 4288 2920 0.68 

HaCaTs 2585 3382 1.3 

 

In order to find a correlation between enhancement effect of H2O2-induced DNA 

damage (SSBs & DSBs) presented in the Chapter 5 of this study and the above 

clonogenic assay results, further analysis of the above data was performed using HaCaT 

cells, non-pigmented (A375P) and heavily pigmented (SK23) melanoma cancer cells. 

The enhancing effect of ascorbate on oxidative mediated cell killing induced by 30µM 

H2O2 was evaluated in each of these three cell lines. Indeed, it has been found that the 

level of enhancement increased by 1.9-fold and 1.6-fold in SK23 and A375P melanoma 

cancer cells, respectively; that is more than 2-fold higher than that in the HaCaT cells 

(Figure 6.13). 
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Figure 6.13. H2O2-induced cell killing enhanced by ascorbate in HaCaT cells and heavily pigmented 

(SK23) and non-pigmented (A375P) melanoma cancer cells. 

The enhancing effect of ascorbate on cell killing induced by 30µM H2O2 was measured by fold changes. 

The figure adapted from figures 6.12B, D & E. 

  



 

186 

 

6.2.6 Correlation between the effect of ascorbate on H2O2-induced DNA damage 

and the effect of ascorbate on H2O2-induced cell killing in melanoma cancer 

cells 

The main hypothesis of this study was that if ascorbate enhances DNA damage via the 

modulation of oxidative stress, this may also enhance melanoma cell killing. To 

investigate this, an analysis was performed to find a correlation between the 

enhancement effects of ascorbate on H2O2-induced DNA damage (as assessed by ACA 

and γ-H2AX immunoassay) and the enhancement effects of ascorbate on H2O2-induced 

cell killing (as assessed by clonogenic assay) in the HaCaT cells, non-pigmented 

(A375P) and heavily pigmented (SK23)  melanoma cancer cells. A positive correlation 

was observed between ascorbate enhancement of H2O2-induced DNA damage (SSBs 

(ACA)) & DSBs (γ-H2AX immunoassay)) and H2O2-induced cell killing enhancement 

by ascorbate in cells treated with 30µM H2O2 (Figure 6.14). 
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Figure 6.14. Correlation between H2O2-induced DNA damage enhanced by ascorbate and H2O2-

induced cell killing enhanced by ascorbate in HaCaT cells, non-pigmented (A375P) and heavily 

pigmented (SK23) melanoma cancer cells. 

The scatter plot shows correlation of the enhancement effect of ascorbate on H2O2-induced SSBs (A) and 

DSBs (B) with enhanced H2O2-induced cell killing induced by 30µM H2O2. The figures were adapted 

from Figures 5.7 and 5.13 (Chapter 5), and figure 6.13. 

  



 

187 

 

6.3 Discussion  

Collective evidence indicates that tumour tissue generates higher amounts of H2O2 

compared to normal tissue (Szatrowski and Nathan, 1991, Lim et al., 2005, Burdon, 

1995, Zieba et al., 2000, Kawanishi et al., 2006). The high amount of oxidative stress 

within tumour cells is usually insufficient to causes cell death (Toyokuni et al., 1995); 

however, providing these cells with exogenous ROS could exhaust cellular resistance, 

and trigger cancer cell death preferentially (López-Lázaro, 2007, Trachootham et al., 

2006). 

Cultured cancer cells die if they are exposed to either high acute doses of H2O2 (<1mM) 

or low chronic doses of H2O2 (2µM) (Antunes and Cadenas, 2001, Barbouti et al., 

2002). H2O2-induced DNA damage is one of the main mechanisms of ROS mediated 

cytotoxicity (Schraufstatter et al., 1986, Yin et al., 2000)  

Previous studies have shown that cancer cells survive despite having high levels of 

H2O2, and it has been observed that normal cells are less susceptible than cancer cells to 

H2O2-induced cell death (López-Lázaro, 2007). This effect was further supported by a 

recent study which found high sensitivity for H2O2-induced cell death in leukemic cells, 

but not in normal hematopoietic cells (Nogueira-Pedro et al., 2013). 

In this Chapter, cell viability was the first method used to assess the effect of ascorbate 

on H2O2-induced cytotoxicity in melanoma cancer cells and HaCaTs. The ATPlite 

luminescence assay was used to measure the viability of treated and untreated cells after 

the assay had been optimised (Figure 6.1 & 6.2). In the optimisation of this assay, the 

intensity of luminescence signal (representing ATP level) was proportional to the 

number of cells used (Figure 6.1 & 6.2). Indeed, in cancer treatment the intracellular 

level of ATP determines cell death and the effect of cytotoxic compounds (Verrax et al., 

2011b). The suggested mechanism for H2O2-induced depletion in ATP after cell 

exposure to oxidative stress is through ROS-mediated DNA damage (Lee and Shacter, 

1999). Indeed, tumour cells are generally highly active, metabolically, and therefore 

they require high level of ATP for uncontrolled proliferation and growth (Hlavatá et al., 

2003); thus depletion in ATP level by ROS may kill these cells. 

ATPlite experiments were performed following cell treatment with H2O2 in the presence 

and absence of ascorbate. Data obtained in these experiments show a general reduction 

in cell viability in melanoma cancer cells treated with H2O2 and ascorbate (Figure 6.3A-
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C). Compared to controls, the viability measured was increased in treated HaCaT cells 

(Figure 6.3D). In agreement with the present study’s findings, Farmer et al (2003) 

demonstrated that melanoma cancer cells are sensitive to exogenous ROS, and that the 

viability rate in these cells fell after the cells were exposed to exogenous oxidative stress 

(Farmer et al., 2003). This suggestion is also compatible with the data reported in a 

previous study, which found that cancer cells are substantially more sensitive to H2O2 

than normal cells (Chen et al., 2005). As shown in the figure 6.3, in most of the cell 

lines studied a slight proliferative effect was seen for H2O2 doses up to 30µM H2O2; 

however, with higher concentrations, the cell viability rates reduced. This effect, to 

some extent, agrees with data reported by previous studies. It has been suggested that 

low levels of H2O2 (3-15µM) stimulates cell division and has a proliferative effect on 

cells, whereas higher levels may lead to growth arrest, apoptosis and/or necrosis of cells 

(González et al., 2005). 

The most important observation from these experiments is that ascorbate exacerbated 

the effect of H2O2 on cell viability; this effect was more obvious in melanoma cancer 

cells than in HaCaT cells. This can indicate that melanoma cancer cells are likely to be 

more sensitive than to H2O2 alone and plus ascorbate, than HaCaTs cells. In melanoma 

cancer cells, the reduction in the cell viability, caused by some H2O2 doses, in the 

presence of ascorbate, is statistically significant; this was more apparent in pigmented 

melanoma cancer cells than in other non-pigmented melanoma cells (Figure 6.3A-D). 

This indicates that the pro-proliferative concentrations of H2O2 become toxic to 

melanoma cancer cells pre-treated with ascorbate. Furthermore, when melanoma and 

HaCaT cells incubated with H2O2 for 15 hours at 37
o
C/5% CO2 in the absence and 

presence of ascorbate, the oxidative stress effect and its modulation by ascorbate in 

melanoma cancer cells became more apparent. Interestingly, HaCaT cells were almost 

entirely unaffected (compared to its controls) (Figure 6.4A-C).  

Despite reports suggesting that the ATPlite assay kit is highly sensitive for the detection 

of cell proliferation and viability (based on the level of detected ATP in cells) (Grimsey 

et al., 2012), it was thought that low amount of ATP detected in a group of treated cells 

may not guarantee that all cells could die. To validate the data and to see the effect of 

ascorbate on the level of H2O2-induced cytotoxicity, apoptosis assays were conducted 

by performing annexin V/PI assays and by measurement of caspase-3/7 expression in 

treated cells. 
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The effect of H2O2 mediating apoptosis in cancer cells has been observed in previous 

studies (Kanno et al., 2003, Whittemore et al., 1995). Induced oxidative cellular 

injuries, such as DNA damage, has been shown as a general trigger for cellular 

apoptosis mediated by H2O2 (Whittemore et al., 1994, Panieri et al., 2013). The first 

annexin V/PI experiment was conducted using A375M and A375P melanoma cancer 

cells to examine apoptosis level 72 hours after treatment with H2O2 for 30 minutes on 

ice, in the presence and absence of ascorbate. Indeed, there was an obvious 

enhancement of H2O2-induced apoptosis, resulting from the pre-treatment of the cells 

with ascorbate (Figure 6.5A & B).  

Further analysis of this data indicates that the average apoptosis induced by the two 

doses of H2O2 (15µM & 30µM), in the presence of ascorbate was enhanced by more 

than 2-fold in A375M, and A375P melanoma cancer cells (Figure 6.5C & D). The low 

level of induced apoptosis in both above melanoma cell lines was not expected; perhaps 

the oxidative damage happened to some cells could be repaired after treatment at 

37
o
C/5% CO2. It was also noted that a considerable level of background apoptosis 

(endogenous apoptosis) was present in A375M melanoma cancer cells. This may be due 

to overgrowth of melanoma cancer cells (control groups), as cells may die when they 

become confluent. 

H2O2-induced apoptosis and the enhancing effect of ascorbate, was further confirmed by 

measuring caspase-3/7 expression following treatment. The expression of caspase-3/7 

has noticeably increased in the ascorbate pre-treated melanoma cancer cells (Figure 

6.6). The level of caspase-3/7 demonstrated in melanoma cancer cells exposed to 15µM 

and 30µM H2O2 in the presence of ascorbate was increased by 1.2-fold and 1.4-fold, 

respectively (Figure 6.6). This confirms apoptotic cell death induced by H2O2 was 

enhanced by ascorbate. 

The effect of H2O2 on melanoma cancer cells at physiological temperature (37
o
C) may 

represent a more realistic situation in which oxidative agents would exert their function. 

Li et al., (2000) found more than 60% apoptosis in human hepatoma cells exposed to 

200µM H2O2 for 48 hours (Li et al., 2000). Consequently, more annexin V/PI 

experiments were performed in which cells were treated with H2O2 for longer 

incubation periods (24 hours) at 37
o
C/5% CO2. It has been suggested that up to 400µM 

H2O2 causes apoptosis, but that a concentration between 400-800µM leads to cell 

necrosis (Demelash et al., 2004). When A375P melanoma cells are exposed to H2O2 
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(0µM, 30µM, 60µM, 200µM and 400µM) the average total apoptosis was increased 

with escalating H2O2 concentrations. The averages apoptosis observed in melanoma 

cells exposed to 200µM and 400µM H2O2 was significantly higher than the background 

apoptosis (untreated cells) (p=0.0149 and p=0.0037, respectively) (Figure 6.7). This 

revealed an actual effect from H2O2 on melanoma cancer cells at physiological 

temperature. Using the above H2O2 doses (0µM, 200µM and 400µM), but in the 

presence and absence of ascorbate, annexin V/PI was repeated to further investigate the 

effect of ascorbate on H2O2-induced apoptosis in non-pigmented (A375P) and heavily 

pigmented (SK23) melanoma cancer and HaCaT cells under physiological temperature, 

for 24 hours. Interestingly, a considerable enhancement in the level of H2O2-induced 

apoptosis was observed in the ascorbate-treated melanoma cancer cells. Statistical 

analysis reveals a significant enhancement effect of ascorbate on the level of H2O2-

induced apoptosis (late apoptosis) mediated by 200µM and 400µM H2O2 in A375P 

melanoma cancer cells (p=0.0031 and p=0.0195, respectively). Similar effect of 

ascorbate was observed in SK23 melanoma cancer cells when exposed to the same 

above doses of H2O2 (p=0.00073 and p=0.2665, respectively). However, in HaCaT 

cells, only a small effect of ascorbate on the the level of apoptosis mediated by 200µM 

and 400µM H2O2 was observed (p=0.6411 and p=0.6756, respectively). An enhancing 

effect of ascorbate on H2O2-mediated apoptosis was also found for ascorbate pre-loaded 

human T-cell leukaemia (Jurket) cells exposed to H2O2 (Sane et al., 2004). In the 

current study, it was noted that melanoma cancer cells are more sensitive to H2O2-

induced apoptosis in the presence of ascorbate than the HaCaT cells. Further data 

analysis demonstrate that the enhancing effect of ascorbate on H2O2-induced apoptosis 

in non-pigmented (A375P) and heavily pigmented (SK23) melanoma cancer is more 

than 1.4-fold, and 1.9-fold, respectively; that is, higher than that in the HaCaT cells 

(which were almost unaffected) (Figure 6.9).  

Based on the ACA and γ-H2AX data of this study (see Chapter 5, Figure 5.6 & 5.12), 

the pigmented melanoma cancer cells were the most sensitive to H2O2 and its 

modulation by ascorbate. Therefore, it was, indeed, expected to observe more H2O2-

induced apoptosis in SK23 melanoma cells in the presence and absence of ascorbate. 

Indeed, annexin V/PI data clearly demonstrates the sensitivity of SK23 melanoma 

cancer cells to H2O2-induced apoptosis in the presence of ascorbate. 
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Further assessment of H2O2-mediated cell killing in the presence and absence of 

ascorbate was undertaken using the clonogenic assay. The experiment was performed 

based on the plate efficiency of melanoma cancer cells and HaCaT cells. Data obtained 

in these assays indicated that ascorbate enhances H2O2-induced cell killing in melanoma 

cancer cells, but the effect was slightly protective in HaCaT cells (Figure 6.12A-E). The 

enhancement of the level of H2O2-induced melanoma cancer cell killing was clearly 

observed in all melanoma cancer cells. The enhancing effect of ascorbate on H2O2-

mediated cell killing induced by 30µM H2O2 was assessed in A375P and SK23 

melanoma cancer cells and in HaCaTs.  Indeed, it has been found that the level of 

enhancement increased by 1.9-fold and 1.6-fold in SK23 and A375P melanoma cancer 

cells, respectively; that is more than 2-fold higher than that in the HaCaT cells (Figure 

6.13). 

Further analysis of the data demonstrates that AUC for H2O2-induced cell killing in the 

presence of ascorbate is lower than the AUC for H2O2-induced cell killing in the 

absence of ascorbate; this effect completely opposed that noted in the HaCaT cells 

(Table 6.2). 

Taken together, the data analysis indicates a positive relationship between DNA damage 

and cell killing. It suggests that those cells that are more sensitive to H2O2-induced 

DNA damage and its enhancement by ascorbate more easily die under the oxidative 

conditions promoted by ascorbate. A positive linearity was observed between ascorbate 

enhancement of H2O2-induced DNA damage and ascorbate enhancement of H2O2-

induced cell killing (Figure 6.14). 
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7 CHAPTER VII: The assessment of ascorbate’s effect on induced 

DNA damage by oxidative drugs and cell death in melanoma 

cancer cells 
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7.1 Introduction 

Many known drugs are able to mediate oxidative stress in tumour tissue to kill cancer 

cells (Szymczyk et al., 2006, Magda and Miller, 2006, Deavall et al., 2012, Kirshner et 

al., 2008). The ROS-mediated approach to killing cancer cells is based on the 

hypothesis that cancer cells, unlike normal cells, have a greater level of endogenous 

ROS; thus, providing tumour cells with additional therapeutic ROS, could generate a 

lethal level of intracellular oxidative species so selectively killing cells (López-Lázaro, 

2007, Trachootham et al., 2009). 

Studies have used ascorbate in combination with other therapeutic modalities, to 

examine its efficacy as a synergistic model in cancer treatment (Kurbacher et al., 1996, 

Verrax et al., 2004, Taper et al., 1995, Waddell and Gerner, 1980, Verrax et al., 2011b). 

Most studies carried out to date, have used pharmacological concentrations of ascorbate 

in combination with other agents. The principle of using high doses of ascorbate, is to 

generate H2O2 extracellularly (via ascorbate autooxidation) which in turn can kill 

tumour cells (Espey et al., 2011). A recent in vitro study has shown data indicating high 

pharmacological concentration of ascorbate kills melanoma cancer cells through 

generation of H2O2 and, indeed, the effect was successfully inhibited by treating cells 

with catalase (Serrano et al., 2015). Using animal models, a reduction in tumour growth 

and size was also noted with pharmacological doses of vitamin C, combined with cupric 

sulphate. This effect was due to redox-modulation reactions which generates H2O2 

(Reddy et al., 2001). Other researchers have discovered a synergistic cytotoxic pro-

oxidant effect of ascorbate, in combination with manganese porphyrin in cancer cells. It 

is suggested that manganese porphyrin increases ascorbate oxidation, therby generating 

H2O2 fluxes and cytotoxicity (Ye et al., 2009, Rawal et al., 2013). 

All of the above studies have tried to deliver H2O2 by using high doses of ascorbate 

alone or plus other redox-active elements. Ascorbate, at micromolar concentrations also 

becomes an excellent pro-oxidant (Buettner and Jurkiewicz, 1996). Interestingly, a 

previous study has discovered evidence indicating ascorbate modulates the oxidative 

stress induced by indomethacin (A drug that causes oxidative stress), resulting in 

tumour shrinkage (Waddell and Gerner, 1980). Therefore, it was of interest to 

investigate the effect of ascorbate on oxidative drugs in melanoma cancer cells. 
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Data in Chapters 3 and 4 of the present study indicate that melanoma cancer cells are 

more susceptible to H2O2-induced DNA damage than “normal’’ skin cells, and that 

melanoma cancer cells exhibit more endogenous ROS background than “normal’’ skin 

cells. Data in Chapter 5 concluded that, when melanoma cancer cells were pre-

incubated with vitamin C, a noticeable synergistic effect could be observed in the levels 

of H2O2-induced DNA damage, particularly in pigmented melanoma cancer cells. 

Moreover, the results in Chapter 6 revealed enhancement in the level of H2O2-induced 

cell apoptosis, cell killing and proliferative inhibition occurred in cells pre-treated with 

ascorbate, and that melanoma cancer cells were more sensitive to these effects than 

HaCaT cells. Therefore, it was proposed to use oxidative-generating drugs in place of 

the model oxidant H2O2, to induce DNA damage and cell killing in melanoma cancer 

cells, both in the presence and absence of ascorbate. 

Two chemical agents were used to generate oxidative stress in melanoma cancer cells. 

BSO, as mentioned in the Introduction (see Section 1.4, Chapter 1), was used to 

modulate cellular redox status, leading to the accumulation of ROS in melanoma cancer 

cells. When BSO enters into the cell it inhibits GSH (Schnelldorfer et al., 2000), thus, 

enabling cells to accumulate more endogenous ROS (Kramer et al., 2004). Elesclomol 

is a novel therapy that generates intracellular H2O2 via its interaction within 

mitochnodria (Kirshner et al., 2008). Elesclomol binds with copper ions (Cu
+2

) outside 

the cell and this enables it to enter the cell and eventually the mitochondria. Once inside 

the mitochondria, the complex (Elesclomol-Cu
+2

) interacts with the electron transport 

chain (ETC) (see Section 1.4, Chapter 1). This interaction reduces Cu
2+

 to Cu
1+

, 

triggering sequential redox reactions which ultimately generate oxidative stress 

(Blackman et al., 2012). The drug has, recently, been used to kill melanoma cancer cells 

oxidatively (Cierlitza et al., 2015). 

This chapter aims to: 

 Investigate the level of intracellular ROS in melanoma cancer cells treated with 

oxidative mediated agents (BSO and Elesclomol). 

 Investigate the effect of above agents on the induction of DNA damage. 

 Investigate the effect of ascorbate in combination with above agents on 

melanoma cells in terms of DNA damage and cell death. 
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7.2 Results 

7.2.1 Assessment of endogenous ROS in A375P melanoma cancer cells treated 

with BSO 

BSO is capable of initiating endogenous ROS accumulation in cells, via suppression of 

the important step of GSH synthesis pathway (Tian et al., 1997, Maeda et al., 2004). 

BSO acts by irreversibly inhibiting ɣ-glutamylcysteine synthetase in cells, thereby 

inhibiting glutathione levels (Griffith, 1982), leading to an accumulation of oxidative 

species in the cells (Gokce et al., 2009). BSO has also been used in combination with 

oxidative mediated agents.  Reportedly, incubation of cells with glutamate plus BSO for 

a period of 8 hours, induces generation of endogenous ROS at a level 50 times higher 

than that in untreated cells (Maher and Hanneken, 2005). 

Based on this fact, BSO was used to enhance an oxidative environment in melanoma 

cancer cells. The A375P melanoma cancer cells were initially used to test this effect. 

The H2DCFDA-flourogenic probe was used to measure the ROS level in cells 

following treatment with BSO. Equal numbers of melanoma cells were seeded in each 

microwell of the 96-microwell plate, for 24 hours at 37
o
C/5% CO2 to allow attachment. 

Cells were then washed with PBS and then, for 20 hours, they were exposed to different 

concentrations of BSO prepared in the culture media. After treatment, cells were 

washed once with PBS and then incubated with H2DCFDA for 30 minutes at 

37
o
C/protected from light. After incubation, 100µL of PBS was added to each 

microwell and mixed thoroughly. DCF fluorescence intensity was then measured using 

a plate reader (BMG FLUOstar OPTIMA Microplate Reader) at an excitation of 480nm 

and emission of 530nm. The levels of ROS detected in treated cells with 1000, 2000 and 

3000µM were significantly higher than that measured in untreated cells (DCF 

fluorescence intensity: 164.4 ± 16.2 versus 68.85 ± 4.72, p= 0.0026, 230.6 ± 19.4 versus 

68.85 ± 4.72, p<0.0001, and 274.9 ± 29.5 versus 68.85 ± 4.72, p<0.0001, respectively). 

These data suggest that BSO enhances intracellular ROS in melanoma cancer cells, and 

that the level of ROS generation in these cells is dose-dependent. This experiment also 

found 20 hours incubation was sufficient for ROS generation in cells by BSO (Figure 

7.1). 
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Figure 7.1. Effect of BSO on endogenous ROS generation in A375P melanoma cancer cells. 

50 x 10
3
 cells were seeded in each microwell of the 96-microwell plate, and incubated for 24 hours at 

37
o
C/5% CO2 to allow attachment. Cells were then pre-incubated with different concentrations of BSO, 

and incubated for 20 hours at 37
o
C/5% CO2. Treated and untreated cells were washed once with PBS. 

Cells were then incubated with H2DCFDA for 30 minutes at 37
o
C/protected from light. After incubation, 

100µL of PBS was added in to each microwell and mixed thoroughly. DCF fluorescence intensity was 

then measured using a plate reader. Each bar represents mean ± SEM of DCF fluorescence intensity, 

determined from three independent experiments run in triplicate. Results were blank/background 

subtracted. One-way ANOVA was used to test the difference between DCF fluorescence intensity in 

treated cells and untreated cells.  

 

7.2.1.1 Investigation of endogenous DNA damage caused by BSO in melanoma 

cancer cells  

It has been proposed that accumulated endogenous ROS within cells, resulting from the 

pro-oxidative effect of BSO, could attack DNA molecules, causing genomic damage in 

melanoma cancer cells.  To study the effect of BSO on endogenous DNA damage, cells 

were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to allow attachment; then 

they were incubated with and without BSO (3000µM) for different time periods (0-20 

hours), and the ACA then conducted. 

Data from these experiments (Figure 7.2) showed that DNA damage was caused by 

BSO, and confirmed that the effect was time-dependent. Incubation of cells with BSO 

for 15 hours or more caused a significant level of DNA damage in A375P melanoma 

cancer cells versus that BSO untreated cells (% tail DNA: 8.41 ± 0.5045 and 9.69 ± 

0.6132 versus 4.59 ± 0.2808, p<0.0001, respectively). In this experiment, a 20-hour 

time period was found to be appropriate for mediating of BSO-induced DNA damage in 

melanoma cancer cells. 
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Figure 7.2. Endogenous DNA damage in A375P melanoma cancer cells mediated by BSO. 

Cells were seeded for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then washed once with 

PBS, treated with 3000µM BSO, and incubated at 37
o
C/5% CO2 for a range of different time periods (0-

20hrs). After the cells were harvested, DNA damage was measured, using standard ACA. Each bar 

represents mean ± SEM of 200 comets determined from two independent experiments. One-way ANOVA 

was used to test the difference between the damage caused by BSO at different times versus that in 

untreated cells. 

 

7.2.1.2 Endogenous DNA damage in BSO-treated melanoma cancer cells in the 

presence and absence of ascorbate 

To investigate the effect of ascorbate on the level of endogenous DNA damage in BSO 

treated cells, three melanoma cancer cell lines were selected, including non-pigmented 

(A375P), moderately pigmented (SK28) and heavily pigmented (SK23) melanoma 

cancer cells. The cells were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to 

allow attachment. Adherent cells were then washed with PBS and incubated with and 

without ascorbate for 2 hours. Cells were then washed once PBS and treated with BSO 

for 20 hours at 37°C/5% CO2. The standard ACA was then performed to measure DNA 

damage. Interestingly, ascorbate significantly enhanced the endogenous level of DNA 

damage caused by BSO in all melanoma cancer cell lines, with the highest sensitivity 

being observed in pigmented melanoma cancer cells (SK28 & SK23) (Figure 7.3). 
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Figure 7.3. Endogenous DNA damage in non-pigmented (A375P) (A), moderately pigmented 

(SK28) (B) and heavily pigmented (SK23) melanoma cancer cells treated with BSO in the presence 

and absence of ascorbate. 

Cells were seeded for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then incubated with 

ascorbate for 2 hours. Cells were then washed once with PBS, and treated with different doses of BSO 

(0µM, 100µM, 1000µM and 3000µM) for 20 hours at 37
o
C/5% CO2. After the cells were harvested, DNA 

damage was measured, using standard ACA. Each bar represents mean ± SEM of 300 comets, determined 

from three independent experiments. T-test was used to test the difference between the mean of each 

group versus ascorbate untreated cells. 
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7.2.2 Induction of oxidative stress in melanoma cancer cells by Elesclomol 

Elesclomol is a novel therapy for mediating oxidative stress in tumour tissue (Blackman 

et al., 2012) and its cytotoxicity is related to the oxidative stress it induces (Hasinoff et 

al., 2014, Cierlitza et al., 2015). Recently, this agent has been used in combination with 

Paclitaxel in phase II and III clinical trials, in an attempt to tackle MM cancer cells by 

an oxidative-mediated approach and delivered an improvement in progression free 

survival (O'Day et al., 2009, O'Day et al., 2013b). 

Induction of oxidative stress by Elesclomol was evaluated by treating SK23 melanoma 

cancer cells both with and without Elesclomol, in the presence and absence of the 

antioxidant, N-acetyl cysteine (NAC). To perform this test, equal numbers of melanoma 

cells were seeded in each microwell of the 96-microwell plate, for 24 hours at 37
o
C/5% 

CO2 to allow attachment. Cells were then washed with PBS. One group of cells was 

incubated with a medium containing DMSO, whilst the other two groups of cells were 

treated with Elesclomol (500nm) for 5 hours at 37
o
C/5% CO2. Before examining the 

ROS, a group of Elesclomol-treated cells was exposed to NAC (500µM) for 30 minutes 

at 37
o
C/5% CO2. After this, media was discarded from the microwells and cells were 

washed with PBS. This was followed by addition of H2DCFDA fluorescent probe onto 

the cells and incubated for 30 minutes at 37
o
C, protected from light. Fluorescence 

images were then captured by fluorescence microscope. Indeed, images showed that 

Elesclomol induces ROS generation in melanoma cancer cells and the effect was 

inhibited when cells were pre-treated with NAC (Figure 7.4). 

After confirming that Elesclomol induces endogenous ROS, the level of ROS was 

measured in Elesclomol-treated cells. A375P melanoma cancer cells were used, as these 

cells firmly adhere to the plate bases. Cells were seeded in each microwell of the 96-

microwell plate, for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then 

washed with PBS. Cells were incubated with either a medium containing DMSO or 

Elesclomol (500nm) for different time points, at 37
o
C/5% CO2. Following treatment, 

A375P cells were washed once with PBS and then incubated with H2DCFDA for 30 

minutes at 37
o
C/protected from light. After incubation, 100µL of PBS was added in to 

each microwell and mixed thoroughly. ROS was then measured by using plate reader 

(BMG FLUOstar OPTIMA Microplate Reader) at an excitation of 480nm and emission 

of 530nm). 
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Data obtained from this experiment indicated the ability of Elesclomol to generate ROS 

in melanoma cancer cells, and confirmed the effect was time-dependent. The level of 

endogenous ROS generated by Elesclomol after 1 hours of incubation was significant 

(p<0.05) and became highly significant after 3 hours incubation (p<0.001), when 

compared to the endogenous ROS in cells treated with DMSO alone (Figure 7.5).   

 

 

Figure 7.4. DCF-Fluorescence images showing generation of ROS by Elesclomol in SK23 melanoma 

cells. 

Cells were seeded in 96-well plate for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then 

washed with PBS; one group of them was incubated with a medium containing DMSO, whilst the other 

two groups of cells were treated with Elesclomol (500nm) for 5 hours at 37
o
C/5% CO2. Before adding the 

H2DCFDA, a group of Elesclomol-treated cells was exposed to NAC (500µM) for 30 minutes at 

37
o
C/5% CO2. Media was then removed and cells were washed with PBS and then stained with the 

H2DCFDA fluorescent probe for 30 minutes at 37
o
C, protected from light. DCF fluorescence images, 

which show the amount of endogenous ROS in treated cells, were captured from microplates using a 

fluorescence Zeiss Axioskop 2 plus microscope. (20x magnification). 

  

DMSO Elesclomol (500nM) Elesclomol (500nM) + NAC 
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Figure 7.5. Endogenous ROS generation in A375P melanoma cancer cells treated with Elesclomol.  

A) DCF fluorescence images show the amount of ROS generated in treated cells following incubation 

cells with either DMSO or 500nM Elesclomol, in different times. Images were captured from microplates 

using a fluorescence Zeiss Axioskop 2 plus microscope (20x magnifications). B) 50 x 10
3
 were seeded in 

a 96-microwell plate for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then washed and pre-

incubated with 500nM of Elesclomol for indicated time periods at 37
o
C/5% CO2. Treated and untreated 

cells were washed once with PBS. Cells were then incubated with H2DCFDA for 30 minutes at 37
o
C, 

protected from light. After incubation, 100µL of PBS was added in to each microwell and mixed 

thoroughly. DCF fluoresence intensity was then measured using a plate reader. Each bar represents mean 

± SEM, determined from three independent experiments run in triplicate. Results were the blank / 

background subtracted and calculated as % over DMSO control. One-way ANOVA was used to test the 

difference between the mean of DCF fluorescence intensity between treated cells (in different times) and 

DMSO treated cells. 
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7.2.3 Induction of DNA damage in melanoma cancer cells and HaCaT cells by 

Elesclomol 

All melanoma cancer cell lines, including non-pigmented (A375M & A375P), 

moderately pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells 

and HaCaT cells, were investigated whether Elesclomol induces DNA damage in them. 

To study this, cells were seeded in 6-well plates for 24 hours at 37°C/5% CO2 to allow 

attachment; before treatment. Adherent cells were then washed with PBS and incubated 

with Elesclomol for 7 hours at 37
o
C/5% CO2. Afterwards, a standard ACA was then 

performed to measure the level of induced DNA damage. 

The duration of treatment with Elesclomol, was based on the ability of drug to generate 

ROS. The previous experiment (Figure 7.5) showed an increase in ROS with time of 

exposure and this was further confirmed from evidence in the literature (Kirshner et al., 

2008). Thus it was expected to observe damage in the DNA if cells exposed to 

Elesclomol for 5 hours or more. 

The data obtained indicated that 50 and 100nM of Elesclomol induced slight DNA 

damage in three of cell lines including A375M and SK28 melanoma cancer cells and 

HaCaT cells (Figure A, C & E). However, the heavily pigmented melanoma cancer cells 

(SK23) were the most sensitive to Elesclomol-induced DNA damage; although the 

damage induced did not exceed 25% tail DNA (Figure 7.6D). 

Statistical analysis of data shows that the damages induced by 50nM and 100nM 

Elesclomol in A375M are not significant (P=0.5198 and P=0.5531, repspectively) 

whereas in A375P the damages are significant (P=0.0001 and P<0.0001, respectively). 

Similarly, the same above doses of Elesclomol induced non-significant damages in 

SK28 melanoma cancer cells (P=0.8785 and P=0.1389, respectively) while in SK23 

cells the effect caused by the two concentrations of Elesclomol was highly significant 

(P<0.0001). In HaCaT cells the drug doses (50nM and 100nM) also caused damage in 

DNA but not significant (P=0.0574 and P=0.249, respectively) (Figure 7.6A-E). 
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Figure 7.6. Elesclomol-induced DNA damage dose responses in non-pigmented including A375M 

(A) and A375P (B), moderately pigmented (SK28) (C) and heavily pigmented (SK23) (D) melanoma 

cancer cells and HaCaT cells (E). 

Cells were seeded and incubated for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then 

preincubated with indicated concentrations of Elesclomol for 7 hours at 37
o
C/5% CO2. After the cells 

were harvested, DNA damage was measured, by the standard ACA. Each bar represents the mean % of 

Tail DNA of 200 comets ± SEM, determined from two independent experiments. One-way ANOVA was 

used to test the difference between the means of induced DNA damage versus the background DNA 

damage. 
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7.2.4 Elesclomol-induced DNA damage in melanoma cancer cells in the presence 

and absence of ascorbate 

To study the effect of ascorbate on the level of DNA damage induced by Elesclomol, 

melanoma cancer cells, including non-pigmented (A375P), moderately pigmented 

(SK28) and heavily pigmented (SK23) melanoma cancer cells were selected. The reason 

for this, was to observe the level of induced DNA damage by Elesclomol in the 

presence of ascorbate and to study this effect among pigmented and non-pigmented 

cells. 

To carry out the experiment, cells were seeded in 6-well plates for 24 hours at 37°C/5% 

CO2 to allow attachment. Adherent cells were then washed with PBS and incubated 

with and without ascorbate for 2 hours at 37°C/5% CO2. After preloading cells with 

ascorbate, they were washed with PBS and exposed to different concentrations of 

Elesclomol for 7 hours at 37°C/5% CO2. After treatment, standard ACA was carried out 

to measure the level of DNA damage induced by Elesclomol. 

Data obtained from these experiments revealed an enhancement to the level of induced 

DNA damage in cells treated with ascorbate. It is also important to notice that the 

damage, which occurred within the three cell lines, was highest in pigmented melanoma 

cancer cells (SK23), than the two other cell lines (SK28 & A375P) (Figure 7.7). In 

A375P melanoma cancer cells, the damage induced measured as % tail DNA by 50nM 

and 100nM Elesclomol, in the presence and absence of ascorbate was 7.52 ± 0.5382 

versus 4.484 ± 0.3432, p<0.0001, and 7.088 ± 0.1469 versus 6.07 ± 0.4221, p<0.1469, 

respectively. In SK28 melanoma cancer cells, the damage induced by the above two 

doses of Elesclomol, in the presence and absence of ascorbate was 9.433 ± 0.7627 

versus 8.83 ± 0.6152, p<0.481, and 14.52 ± 0.6554 versus 11.03 ± 0.7393, p<0.0005, 

respectively. The damage occurred in SK23 melanoma cancer cells by 50nM and 

100nM Elesclomol, in the presence and absence was 19.84 ± 1.007 versus 16.20 ± 

0.0091, p<0.0091, and 27.58 ± 1.277 versus 15.4 ± 0.7627, p<0.0001, respectively. This 

clearly indicates that SK23 melanoma cells are more sensitive to the effect of 

Elesclomol and its enhancment by ascorbate (Figure 7.7). 
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Figure 7.7. Elesclomol-induced DNA damage dose responses in non-pigmented (A375P) (A), 

moderately pigmented (SK28) (B) and heavily pigmented (SK23) (C) melanoma cancer cells, in the 

presence and absence of ascorbate. 

The cells were seeded and incubated for 24 hours at 37
o
C/5% CO2 to allow attachment. Cells were then 

preincubated with and without ascorbate for a further 2 hours, and then exposed to indicated 

concentrations of Elesclomol for 7 hours at 37
o
C/5% CO2. After the cells were harvested, DNA damage 

was measured, using standard ACA. Each bar represents the mean % of Tail DNA of 300 comets ± SEM, 

determined from three independent experiments. T-test was used to test the difference between the means 

of induced DNA damage in ascorbate treated cells versus ascorbate untreated cells. 
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7.2.4.1  Elesclomol-induced ODBLs in melanoma cancer cells in the presence and 

absence of ascorbate 

To investigate the effect of ascorbate on Elesclomol-induced DNA damage, and to 

determine whether it was truly oxidative, a modified version of ACA was conducted, 

using the heavily pigmented (SK23) melanoma cancer cells, as they are the melanoma 

cancer cells that were most sensitive to Elesclomol. 

To examine this, melanoma cells were seeded in 6-well plates for 24 hours at 37°C/5% 

CO2 to allow attachment. Adherent cells were then washed with PBS and incubated 

with and without ascorbate for 2 hours. Afterwards, they were washed with PBS and 

exposed to Elesclomol (100nM) for 7 hours at 37°C/5% CO2; subsequently the 

modified-ACA was conducted, using Fpg enzyme. 

As expected, data obtained from this work revealed that ascorbate had an enhancing 

effect on ODBLs in cells treated with Elesclomol, accounting for an additional 10.6% 

tail DNA damage (Figure 7.8). 
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Figure 7.8. Elesclomol-induced oxidatively damaged DNA in SK23 melanoma cancer cells in the 

presence and absence of ascorbate. 

Cells were seeded and incubated for 24 hours at 37
o
C/5% CO2 to allow attchment. Cells were then 

preincubated with and without ascorbate for a further 2 hours and were then exposed to 100nM 

Elesclomol for 7 hours at 37
o
C/5% CO2. They were then pre-incubated for a further 30 minutes, at 37°C 

in black and moist boxes, with ERB or ERB+Fpg enzyme (0.8U/gel). After incubation, ACA was 

conducted and DNA damage measured. Each bar represents the mean % of Tail DNA of 200 comets ± 

SEM determined from two independent experiments. 
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7.2.5 Elesclomol-induced apoptosis in melanoma cancer cells in the presence and 

absence of ascorbate 

Data from recent studies suggest that Elesclomol causes apoptosis in tumour cells via an 

oxidative stress mechanism (Kirshner et al., 2008, Nagai et al., 2012). In the current 

study, the enhancing effect of ascorbate on Elesclomol-induced DNA damage was 

observed. To determine whether this might have an impact on the survival of melanoma 

cancer cells, the extent of apoptosis was assessed using the heavily pigmented (SK23) 

melanoma cancer cells, as these cells are more sensitive to Elesclomol-induced DNA 

damage. 

In this instance, the cells were seeded for 24 hours in T25 flasks and then pre-treated 

with and without ascorbate for 2 hours. The cells were then washed once with PBS and 

incubated with indicated concentrations of Elesclomol (prepared in complete cell 

culture medium with 10% FCS) for 15 hours at 37
o
C/5% CO2. The treated and untreated 

cells were then then collected in FACS tubes and the annexin V/PI assay for apoptosis 

was conducted. 15 hours incubation with Elesclomol was expcetd to causes apoptosis. 

An in vitro study found that 18 hours causes up to 11-fold increase in human melanoma 

(Hs294T) cell apoptosis exposed to 200nM Elesclomol (Kirshner et al., 2008). 

As expected, an obvious level of Elesclomol-induced cell apoptosis (although small) 

was observed in treated melanoma cancer cells, with a clear enhancing effect due to 

ascorbate also being observed (Figure 7.9). Analysis of late apoptosis revealed a 

considerable increase in extent of apoptosis caused by 50nM and 100nM Elesclomol, in 

the presence of ascorbate than that occurred in the absence of ascorbate (% late 

apoptosis: 6.1 ± 1.0 versus 5.133 ± 0.6506, p=0.2332, and 6.83 ± 0.6807 versus 5.2 ± 

0.2082, p=0.0213, respectively) (Figure 7.9A). 

Further analysis showed that the total apoptosis in cells treated with 50nM and 100nM 

Elesclomol, in the presence of ascorbate increased to approximately 3-fold; to a level 

much higher than that induced by treating cells with Elesclomol alone (Figure 7.9B). 
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Figure 7.9. Effect of Elesclomol in inducing apoptosis in SK23 melanoma cancer cells in the 

presence and absence of ascorbate. 

A) Cells were seeded in 25T flasks for 24 hours at 37
o
C/5% CO2, to allow attachment and grow. Cells 

were then incubated with and without ascorbate for a further 2 hours. Cells were then washed with PBS, 

and incubated with media containing either DMSO, or indicated concentrations of Elesclomol prepared in 

complete media for 15 hours at 37
o
C/5% CO2. They were then collected in FACS tubes and the annexin 

V/PI assay was carried out. Each bar represents mean ± SD of apoptosis determined from three 

independent experiments. Figure B, represents total apoptosis (%) in the presence and absence of 

ascorbate adapted from figure 7.9A. 
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7.2.6 Assessment of caspase-3/7 expression in heavily pigmented (SK23) 

melanoma cancer cells following treatment with Elesclomol in the presence 

and absence of ascorbate 

The effect of ascorbate on Elesclomol-induced cell death in SK23 melanoma cancer 

cells was further studied by measuring caspase-3/7 expression in Elesclomol-treated 

cells. It has been found that at an early time (3hrs to less than 18 hours) of Elesclomol 

exposure, caspase 3 is elevated (Kirshner et al., 2008); thus, 3 hours of incubation with 

Elesclomol was chosen to investigate the level of caspase-3/7 in the presence and 

absence of ascorbate. To test this, SK23 melanoma celles were pre-treated with and 

without ascorbate for 2 hours then exposed to Elesclomol (100nM and 200nM) for 3 

hours at 37
o
C/5% CO2. After treatment, 100µL of Caspase-Glo® 3/7 substrate 

(provided by the assay kit) was added to each microwell, and the plates were gently 

mixed using a plate shaker for 30 seconds. Plates were then incubated at room 

temperature for 30 minutes before reading the luminescence intensity (which represent 

the level of caspase-3/7 activity) using a plate reader (BMG FLUOstar OPTIMA 

Microplate Reader). 

Data obtained in these experiments supported the enhancment effect of ascorbate on 

Elesclomol-induced apoptosis, since a slightly higher (more than 1-fold) level of 

caspase 3/7 activity was observed in cells treated with Elesclomol in the presence of 

ascorbate (Figure 7.10B & C). When ascorbate pre-treated cells were exposed to 100nM 

and 200nM Elesclomol, the level of caspase-3/7 was clearly increased more than the 

level induced by the same concentrations of Elesclomol in the absence of ascorbate 

(Luminescence intensity (% control): 123 ± 17.34 versus 108.4 ± 13.74, p=0.198, and 

137.6 ± 8.7 versus 118 ± 13.8, p=0.2736, respectively). When the treated cells were 

examined under the microscope to observe any possible physical changes, those treated 

with Elesclomol plus ascorbate looked like separated cells and slightly round and 

whitish, whereas those treated with Elesclomol alone were still normally agregated 

(Figure 7.10A). 
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Figure 7.10. Effect of Elesclomol on caspase 3/7 expression in SK23 melanoma cancer cells in the 

presence and absence of ascorbate. 

A) Images show microscopical examination of the physical appearance of SK23 melanoma cancer cells 

post treatment with Elesclomol with and without ascorbate. B & C) Equal numbers of cells (15 x 10
3
) 

were seeded in a 96-microwell plate for 24 hours, and then preincubated with and without AA for a 

further 2 hours. Media was removed, and cells were washed once with PBS. Cells were then treated for 3 

hours with 100nM Elesclomol and 200nM Elesclomol. Following treatment, 100µL of Caspase-Glo® 3/7 

substrate was added to each microwell and the plates were gently mixed using a plate shaker for 30 

seconds. Plates were then incubated at room temperature for 30 minutes before reading the luminescence 

intensity (which represent the level of caspase-3/7 activity) using a plate reader (BMG FLUOstar 

OPTIMA Microplate Reader). 
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7.3 Discussion 

Oxidative stress mediated by agents is one of the proposed therapeutic strategies for 

killing cancer cells selectively (Trachootham et al., 2009, Pelicano et al., 2004, 

Trachootham et al., 2006, Nagai et al., 2012). This therapeutic approach is believed to 

be successful in killing malignant cells which are in a chronic condition of oxidative 

stress. In therapeutic terms, mediated oxidative stress could kill these cells by raising 

the level of endogenous ROS beyond a perceived lethal level (Trachootham et al., 

2009). 

A number of studies have used chemical agents to target tumour cells oxidatively 

(Szymczyk et al., 2006, Magda and Miller, 2006, Deavall et al., 2012, Kirshner et al., 

2008, Nagai et al., 2012). For instance, previous in vitro studies have shown that GSH-

depletion is associated with BSO toxicity in melanoma cancer cells (Kable et al., 1989, 

Thrall and Meadows, 1991). This effect could be caused by high levels of endogenous 

ROS in melanoma cancer cells treated with BSO (Voshavar et al., 2015). Melanoma 

cancer cells are sensitive to BSO toxicity; possibly as a result the of inability of BSO 

treated-cells to scavenge endogenously-generated free radicals (Chance et al., 1979, 

Kable et al., 1989). Elesclomol is considered a novel oxidative mediated agent 

(Blackman et al., 2012, Nagai et al., 2012), which has been used in phase III clinical 

trials to tackle advanced MM tumours, via the induction of oxidative stress (Kirshner et 

al., 2008); with an improvement in progression free survival been reported in advanced 

melanoma recently (O'Day et al., 2009, O'Day et al., 2013b). 

In the present Chapter, BSO and Elesclomol were used instead of H2O2, in an attempt to 

mediate intracellular oxidative stress in melanoma cancer cells. It was proposed to study 

oxidative-induced DNA damage, and cell death mediated by these ROS-generating 

agents in melanoma cancer cells, both in the presence and absence of ascorbate. 

BSO had been used in vitro (Tagde et al., 2014), and in vivo (phase I clinical trials), 

with only slight side effects (O'Dwyer et al., 1992, Bailey et al., 1994). BSO selectivly 

inhibits GSH, and it has therefore been exploited to reduce tumour cell resistance 

against alkylating agents (Anderson et al., 1999). It was suggested that oxidative stress 

could be induced when glutathione level is depleted by BSO (Gokce et al., 2009).  

In this study, a significant level (p<0.0001) of endogenous ROS was observed in 

melanoma cancer cells treated with BSO, compared to that observed in untreated cells; 
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the effect was dose-dependent. BSO caused melanoma cancer cells to accumulate more 

endogenous ROS (Figure 7.1), and this result agreed with the data from a previous 

study, in which tumour cells were exposed to BSO (Armstrong et al., 2002). 

More DNA damage was expected in melanoma cells exposed to BSO. Assessment of 

DNA damage was conducted by the standard ACA, after A375P melanoma cancer cells 

were incubated with BSO for different time periods. The data obtained clearly 

demonstrated an induction of DNA damage dose response in BSO treated-melanoma 

cancer cells, with the highest level of damage being observed after 15 hours of 

incubation (P<0.0001) (Figure 7.2). The level of DNA damage did not exceed 10%, 

possibly due to DNA damage repair during incubation time at 37
o
C/5% CO2. 

The above effect was further studied, using three melanoma cancer cell lines, including 

non-pigmented (A375P), moderately pigmented (SK28) and heavily pigmented (SK23). 

Cells were pre-treated with ascorbate for 2 hours, and then incubated with different 

levels of BSO. ACA was then performed and obtained data from these experiments 

demonstrated clear BSO-induced DNA damage dose response in all cell lines, with the 

highest level of damage being observed in pigmented cells (SK28 & SK23). 

Interestingly, the level of DNA damage in BSO-treated cells was increased significantly 

by the presence of ascorbate (Figure 7.3). This suggests that pre-loading cells with BSO 

causes the accumulation of a greater amount of endogenous ROS within melanoma cells 

and in the presence of ascorbate the Fenton-mediated proccess is accelerated, generating 

more 
●
OH, which in turn causes DNA damage. However, in the absence of ascorbate 

only smaller level of damage occurs. 

As mentioned in above, Elesclomol has been used in recent clinical trials to treat 

advanced MM cases (Gonzalez et al., 2008, Hauschild et al., 2009, O'Day et al., 2009, 

O'Day et al., 2013). Using Elesclomol, a significant free-progression survival from 

metastatic melanoma has been recorded in a randomised, double-blinded, phase II 

clinical trial, which involved 81 patients (Korn et al., 2008). This chemical agent is a 

novel oxidative stress-inducer, and has been found to induce cell apoptosis and kill 

cancer cells selectively by this means (Nagai et al., 2012). Elesclomol kills tumour cells 

by generating H2O2 within cells and this effect was inhibited when cells were exposed 

to catalase, following Elesclomol treatment (Kirshner et al., 2008). 

In the current sudy, Elesclomol was also used to mediate oxidative stress in melanoma 

cancer cells. Induction of oxidative stress in melanoma cancer cells was confirmed by 
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examining the endogenous ROS in melanoma cancers incubated with Elesclomol, with 

and without antioxidant (NAC). The effect was abolished by treating Elesclomol-treated 

SK23 melanoma cells with NAC (Figure 7.4). When ROS level assessed, indeed, a 

significant level of endogenous ROS was observed in melanoma cancer cells, after cells 

were incubated with Elesclomol for different time points with a greatest level been 

observed in cells treated for 5 hours (P=0.00012) (Figure 7.5). These data are 

compatible with the key results reported recently by Kirshner et al. (2008). 

After confirmation of enhanced oxidative stress in melanoma cancer cells treated with 

Elesclomol, the standard ACA was carried out in order to examine whether Eleclomol 

induced DNA damage in in these cells. Non-pigmented (A375M & A375P), moderately 

pigmented (SK28) and heavily pigmented (SK23) melanoma cancer cells plus HaCaT 

cells were pre-incubated with different doses of Elesclomol for 7 hours at 37
o
C/5%CO2. 

Elesclomol was found to have an oxidative DNA damage effect on melanoma cancer 

cells. Indeed, among all cell lines, SK23 melanoma cells were found to be more 

sensitive to Elesclomol genotoxicity. Although DNA damage in A375P cells was small, 

comparing to the background damage it was significant (Figure 7.6B). However, 

Elesclomol was less effective in other melanoma cells, as the damage induced by 

Elesclomol was close to the level of their background DNA damage (Figure 7.6A, C & 

D). This is probably due to low level of metal ion in these cells.   

Interestingly, when melanoma cancer cells were exposed to ascorbate prior Elesclomol, 

ascorbate was shown to have a promotive effect on Elesclomol-induced DNA damage 

in these cells, since the level of Elesclomol-induced DNA damage was significantly 

enhanced by ascorbate. The effect was more prominent in pigmented (SK23) melanoma 

cancer cells (Figure 7.7A-C). In line to previous Chapters of this study, this can be an 

important point illustrating the higher sensitivity of SK23 melanoma cells to oxidative 

stress. 

To confirm the pro-oxidant effect of ascorbate on Elesclomol-induced DNA damage, a 

modified-ACA was performed, using Fpg enzyme. In the presence of ascorbate, a 

noticeable level of Fpg-SS was found in Elesclomol-treated cells. This suggests that 

ascorbate is able to modulate and further promote the oxidative mediated DNA damage 

induced by Elesclomol (Figure 7.8). 

A previous study has clearly identified oxidative stress as the mechanism of Elesclomol 

for cell apoptosis (Kirshner et al., 2008). The effect of Elesclomol on cell death was 
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also studied, both in the presence and absence of ascorbate. SK23 melanoma cancer 

cells were incubated with and without ascorbate for 2 hours, and then exposed to 

Elesclomol. As in Kirshner´s study, the annexin V/PI assay data showed an increase in 

the level of cell apoptosis caused by Elesclomol. Importantly, the level of Elesclomol-

induced apoptosis was further enhanced by ascorbate (approximatly 3-fold increased) 

(Figure 7.9A & B). This indicates that oxidative DNA damage induced by Elesclomol 

could be a possible cause of cell apoptosis, and that ascorbic acid promotes this effect. 

To further confirm apoptosis induced by Elesclomol, and the enhancment effect of 

ascorbate, caspase 3/7 expression was measured in treated cells. In two independent 

experiments, a higher level of caspase 3/7 was observed in cells treated with Elesclomol 

in combination with ascorbate, than in cells exposed to Elesclomol alone (Figure 7.10A 

& B). 
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8 CHAPTER VIII: Ascorbate modulation of H2O2 and drug-induced 

DNA damage in primary human melanoma tissue 
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8.1 Introduction 

Cell lines provide us with valuable information about cellular behaviour, such as signal 

transduction, gene expression, proliferation, senescence and cell death in biological 

experiments; and since they are immortalised, they are convenient systems to study and 

they can be repeatedly used and expanded in the laboratories for decades.  However, 

cultured cells may have different cellular behaviour compared to in vivo cells (primary 

tissue) (Halliwell, 2003). But despite of this limitation they are more relevant and easier 

to compare data with other researches. Unlike cell line models, primary cells are 

difficult to grow, and are slow to proliferate. However, inspite of the added complexity 

of primary cells they are often preferred (Pan et al., 2009), as they are not manipulated 

biologically and may represent an ex-vivo system. 

In the current study, primary melanoma tissue was investigated, in order to estimate the 

effect of ascorbate on oxidative-induced genomic damage. Investigation of ascorbate 

effects on H2O2-induced DNA damage in primary melanoma cancer cells was an 

important part of this study.  These cells may reflect a better biological system of 

melanoma cancer cells, and their response to a redox-modulatory approach. 

Standard ACA was used to measure the level of oxidative-induced DNA damage in the 

presence and absence of ascorbate, in disaggregated primary melanoma cells obtained 

from patients who had undergone surgical treatment of cutaneous melanoma. 

This Chapter aims to: 

 Measure the level of H2O2-induced DNA damage in primary human 

melanoma cells, in the presence and absence of ascorbate. 

 Assess the effect of Elesclomol on the induction of DNA damage in primary 

human melanoma cells, in the presence and absence of ascorbate. 
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8.2 Results 

8.2.1 Number of melanoma cases and characteristics of primary melanoma tissue 

samples  

Primary melanoma tissue samples were obtained from six patients, following informed 

conscent. Each melanoma tissue sample was obtained separately, and provided with a 

specific NHS-identification code (Table 8.1). Three samples were obtained from 

females, and three from males. The samples were examined by a histopathologist to 

identify viable tumour lesion. Upon the samples being delivered, they were 

disaggregated, in order to generate cell suspensions of primary melanoma cancer cells 

ready for treatment with test compounds (see section 2.2.3, in Chapter 2). 

  Table 8.1. Primary melanoma tissue samples 

Participant 

ID 

Gender Age Sample location Lesion 

description 

B33/15CRB33 Female 76 Regional (axilla) lymph node metastasis Pigmented 

B45/15CRB42 Female 53 Regional (axilla) lymph node metastasis Non-pigmented 

B46/15CRB43 Female 41 Regional skin metastasis Pigmented 

B57/15CRB46 Male 75 Regional (groin) lymph node metastasis Pigmented 

B63/15CRB47 Male 75 Regional (axilla) lymph node metastasis Non-pigmented 

B64/15CRB48 Male 73 Regional (axilla) Lymph node metastasis Pigmented 

 

 

8.2.2 Assessment of H2O2-induced DNA damage in primary melanoma cancer 

cells in the presence and absence of ascorbate 

Disaggregated primary melanoma cells were checked for viability by trypan blue assay, 

and then counted. From each cell suspension the required numbers of cells (equal 

numbers) were transferred into labelled Eppendorf tubes, in which they were exposed to 

H2O2 in the presence and absence of ascorbate. Cells were then centrifuged, and the 

treated and untreated pellets of cells were used for the standard ACA (see section 2.3, 

Chapter 2). 
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Data acquired from comet analysis were in agreement with the ACA findings obtained 

from the melanoma model cell lines (Chapter 5 & Chapter 6). Melanoma cancer cells 

from three patients (B33/15, B45/15 and B46/15), were used to test the effect of 

ascorbate on H2O2-induced DNA damage. Primary melanoma cells from the three 

patients responded significantly to the H2O2 treatment, although the sensitivity to H2O2 

differed between the three samples. The findings of these experiments suggest that 

primary melanoma cells are sensitive to H2O2-induced DNA damage, and that this 

effect is significantly enhanced by ascorbate (Figure 8.1). Among the three studied 

cases, the two pigmented primary melanoma samples (B33/15 and B46/15) were more 

sensitive to H2O2-induced DNA damage in the presence of ascorbate than the non-

pigmented primary melanoma sample (B45/15) (Figure 8.2A-B). The damage induced 

by 50µM H2O2 in ascorbate pre-treated B33/15 melanoma cancer cells was significantly 

greater than that occurred in the absence of ascorbate (% tail DNA: 52.43 ± 2.605 

versus 19.63 ± 1.633, p<0.0001) (Figure 8.2A). Similarly, the damage occurred by H2O2 

in ascorbate pre-treated B46/15 melanoma cancer cells was increased significantly 

compared to that induced by the same dose of H2O2 in the absence of ascorbate (% tail 

DNA: 53.5 ± 1.629 versus 31.08 ± 1.505, p<0.0001) (Figure 8.2B). However, the 

damage induced in B45/15 melanoma cancer cells in the presence of ascorbate was 

significantly less than that in these cells in the absence of ascorbate (% tail DNA: 26.81 

± 1.219 versus 21.85 ± 1.213, p<0.0042) (Figure 8.2C). 

  



 

219 

 

 

Figure 8.1. Fluorescent images of comets induced by H2O2 in the presence and absence of ascorbate 

in primary melanoma cancer cells. 

Primary MM tissue sample (B33/15) was obtained from the patient, and processed for cell disaggregation. 

Cells were then transferred into Eppendorf tubes, in which they were treated for 2 hours with and without 

ascorbate, at 37C
o
/5% CO2. The cells were then exposed on ice to 50µM H2O2 for 30 minutes, protected 

from light. After the cells had been washed and centrifuged, the standard ACA was performed. Fluoresent 

images of DNA damage were captured by a fluorescent microscope (20x magnification) connected to the 

Komet (v5.5) software (AndorImaging, Belfast UK). 

  



 

220 

 

0 0
5

0
5

0

0

2 0

4 0

6 0

H
2

O
2

 ( µ M )

T
a

il
 D

N
A

 (
%

)

M M  c e l l s

M M  c e l l s  + A A

B 3 3 / 1 5

* * * *

0 0
5
0

5
0

0

2 0

4 0

6 0

H 2 O 2  (µ M )

T
a

il
 D

N
A

 (
%

)

B 4 5 / 1 5

**

M M  c e l l s

M M  c e l ls  + A A

0 0
5
0

5
0

0

2 0

4 0

6 0

H 2 O 2  (µ M )

T
a

il
 D

N
A

 (
%

)

B 4 6 / 1 5

M M  c e l l s

M M  c e l ls  + A A

****

A

B

C

P < 0 . 0 0 0 1

P < 0 . 0 0 0 1

P = 0 . 0 0 4 2

 

Figure 8.2. H2O2-induced DNA damage in primary melanoma cancer cells in the presence and 

absence of ascorbate. 

Primary MM tissue samples were obtained from patients B33/15 (A), B46/15 (B) and B45/15 (C), and 

processed for cell disaggregation. Cells were then transferred into Eppendorf tubes, in which they were 

treated for 2 hours with and without ascorbate. Cells were then exposed on ice to indicated concentrations 

of H2O2 for 30 minutes, and protected from light. After the cells had been washed and centrifuged, DNA 

damage was measured, by the standard ACA. Each bar represents the mean % of Tail DNA of 300 

comets ± SEM, determined from one single experiment run in triplicate. The T-test (unpaired) was used 

for statistical analysis between each group versus ascorbate untreated cells. 
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8.2.3 Induction of DNA damage by Elesclomol in primary melanoma cancer cells 

in the presence and absence of ascorbate 

Primary human melanoma tissue was also exposed to Elesclomol, in order to examine 

induced DNA damage in the presence and absence of ascorbate. Three primary 

melanoma tissue samples, identified as B57/15, B63/15 and B64/15, were obtained 

from patients who had undergone surgical removal of the melanoma lesions. B57/15 

and B64/15 melanoma samples were pigmented, and B63/15 was non-pigmented 

melanoma tissue. 

B57/15 melanoma cancer cells were exposed to a high concentration of Elesclomol 

(1mM), both with and without ascorbate. Despite the high endogenous background of 

DNA damage, the comet assay was able to detect more induced DNA damage in cells 

treated with Elesclomol, with a significant enhancing effect being observed in cells 

preloaded with ascorbate (% tail DNA: 75.35 ± 1.204 versus 63.29 ± 1.492, p<0.0001) 

(Figure 8.3).  
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Figure 8.3. Induced DNA damage in primary melanoma cancer cells treated with high 

concentration of Elesclomol in the presence and absence of ascorbate. 

Disaggregated primary melanoma cells obtained from patients, and identified as B57/15, were incubated 

with and without ascorbate for 2 hours at 37C
o
/5% CO2. After washing cells with PBS, they were then 

exposed at 37C
o
/5% CO2 to indicated concentrations of Elesclomol for 15 hours. After the cells had been 

washed and centrifuged, DNA damage was measured, by the standard ACA. Each bar represents the 

mean % of Tail DNA of 300 comets ± SEM, determined from a single experiment. The T-test (unpaired) 

was used for statistical analysis between each group versus ascorbate untreated cells. 
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The other two primary melanoma tissue samples, obtained from patients B64/15 and 

B63/15, were exposed to a lower micromolar concentration of Elesclomol (50µM), in 

the presence and absence of ascorbate. There was an obvious response by the melanoma 

cells to the test compound, particularly in the pigmented primary melanoma cells. 

Elesclomol caused DNA damage in B64/15 melanoma cells, with a significant 

enhancement effect being noted in the presence of ascorbate (% tail DNA: 37.03 ± 1.47 

versus 28.06 ± 1.192, p<0.0001) (Figure 8.4A). However, the damage that that occurred 

in (B63/15) primary melanoma cancer cells by Elesclomol in the presence of ascorbate 

was not so prominent (enhancing effect of ascorbate was small compared to the induced 

DNA damage in cells treated with Elesclomol alone) (% tail DNA: 18.94 ± 1.023 versus 

16.65 ± 0.939, p<0.1006) ( (Figure 8.4B). 
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Figure 8.4. Elesclomol-induced DNA damage in primary melanoma cancer cells in the presence and 

absence of ascorbate. 

Disaggregated primary melanoma cells obtained from patients, and identified as B64/15 (A) and B63/15 

(B), were incubated with and without ascorbate for 2 hours at 37C
o
/5% CO2. After washing cells with 

PBS, they were then exposed exposed at 37C
o
/5% CO2 to indicated concentrations of Elesclomol for 15 

hours. After the cells had been washed and centrifuged, DNA damage was measured by the standard 

ACA. Each bar represents the mean % of Tail DNA of 300 comets ± SEM, determined from a single 

experiment. The T-test (unpaired) was used for statistical analysis between each group versus ascorbate 

untreated cells. 
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8.3 Discussion 

The effect of oxidative-induced DNA damage in the presence of ascorbate in primary 

melanoma tissue was studied using the model oxidant H2O2 and the drug Elesclomol. 

Primary melanoma tissues obtained from patients were (visibly) pigmented and non-

pigmented. 

Three primary melanoma tissue samples, including B33/15 (pigmented), B45/15 (non-

pigmented) and B46/15 (pigmented), were exposed to H2O2 in the presence and absence 

of ascorbate. ACA was conducted for each sample independently. DNA damage 

induced by H2O2 in all primary melanoma cancer cells from all tissue samples was 

clearly observed, with a significantly enhanced effect noted when ascorbate was present 

(Figure 8.2A-C). 

The two pigmented primary melanoma tissue samples (B33/15 & B46/15) responded 

the most to H2O2 modulation by ascorbate. These data are consistent with the effect of 

H2O2 plus ascorbate on cultured human melanoma cells, which were observed in 

Chapters 5 and 6 of this study. The pigmented primary melanoma cells were the most 

sensitive to the modulatory effect of H2O2-induced DNA damage (Figure 8.2A & B). 

However, surprisingly, the damage induced by H2O2 alone in most of these cells 

(B33/15 and B45/15) was almost the same (Figure 8.2A & C). But in the presence of 

ascorbate the effect was enhanced for the pigmented cells (p<0.0001). This might be the 

result of higher metal content in pigmented cells as observed in pigmented melanoma 

cancer cells in Chapter 4 (Figure 4.10). More metal ions in pigmented melanoma cells, 

is expected to accelerate the Fenton reaction in the presence of ascorbate, thus 

generating more 
●
OH and inducing more DNA damage. 

Induced DNA damage was also observed in primary melanoma cells treated with 

Elesclomol, with a considerable enhancing effect noted in the presence of ascorbate. 

Similar to the effect of H2O2 on the above primary melanoma tissue samples, 

Elesclomol caused DNA damage in primary melanoma cancer cells. The first tissue 

sample was heavily pigmented melanoma cells (B57/15) and was treated with a very 

high dose of Elesclomol (1mM) in the presence and absence of ascorbate. Indeed, the 

background DNA damage in cells pre-treated with and without ascorbate was very high 

(≥50%) but inspite of this, an enhancment effect of ascorbate was observed in 

Elesclomol treated cells (Figure 8.3). The high background DNA damage may be due to 



 

224 

 

the effect of high level of endogenous ROS in these cells (as they were heavily 

pigmented and thought to have more ROS).  

A further two primary melanoma samples were exposed to lower concentration of 

Elesclomol (50µM) in the presence and absence of ascorbate. Interestingly, even at 

lower concentrations of Elesclomol, DNA damage still occurred in primary melanoma 

cells obtained from these two samples. The damage induced by Elesclomol was more 

effective in the pigmented primary melanoma cells (B64/15) (p<0.0001) (Figure 8.4A), 

than in the non-pigmented melanoma cells (B63/15) (p=0.1009) (Figure 8.4B). Again, 

this is probably due to the effect of more metal content in pigmented cells.  

Taken together, this suggests that ascorbate is able to modulate oxidative stress-

mediated DNA damage in primary human melanoma tissue, and that the melanin 

pigment levels in melanoma cancer cells sensitise these cells toward more oxidative-

induced DNA damage. 
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9 CHAPTER IX: Concluding discussion 
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9.1 Concluding discusion 

MM is one of the ten commonest cancers in the UK (Cancer Research UK, 2014d), and 

is increasingly, affecting both males and females, worldwide (WHO, 2015a). In the 

latter stages, melanoma becomes very aggressive and resistant to all current therapeutic 

modalities (Fukunaga-Kalabis and Herlyn, 2012). In recent years the BRAF inhibitors 

were developed to tackle advanced melanoma. However, these targeted agents are only 

suitable to those who have a BRAF
V600

 mutation, and unfortunately the majority of 

patients eventually develop resistance to anti-BRAF (Girotti et al., 2014). Furthermore, 

the BRAF inhibitors have potential toxicities (Sosman et al., 2012). Therefore, a better 

treatment for advanced MM is urgently required. 

Cancer cells, generally, produce higher levels of endogenous ROS than normal cells, 

with decreased expression of antioxidant enzymes including catalase (Oberley and 

Oberley, 1997, Glorieux et al., 2015); a biological feature that stimulates cell 

proliferation, and makes the tumour cell genetically unstable. Persistent oxidative stress 

promotes cancer cell adaptation that helps them to survive under oxidative 

environments (Ivanova et al., 2012). However, this represents a specific vulnerability 

that treatments can potentially be targeted (Verrax et al., 2011b). Among cancer cells, 

melanoma is unique; the biosynthesis of the pigment melanin leads to an elevated level 

of the endogenous ROS in these cells (Meyskens Jr et al., 2001, Wittgen and van 

Kempen, 2007). 

Heightened genome-instability in cancer cells suggests a model-scenario for their 

selective killing via the therapeutic delivery of defined levels of further genomic 

damage. Therefore, it has recently been proposed that adding ROS from exogenous 

sources to cancer cells could increase oxidative stress within them, resulting in a 

toxicity that overwhelms their likely limited endogenous antioxidant defences, inducing 

higher cell death rates (Trachootham et al., 2009, López-Lázaro, 2007, Glorieux et al., 

2015). It has recently been shown that melanoma cancer cells are potentially sensitive to 

agents that mediate oxidative stress (Burgeiro et al., 2013). To test this further, the 

present study proposed the modulation of induced DNA damage by modulating 

intracellular oxidative stress via ascorbate’s redox activity in melanoma cancer cells, as 

an attempt to kill these cells preferentially. 
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Vitamin C is a well-known antioxidant that also functions as a pro-oxidant in biological 

systems, modulating oxidative stress through the Fenton reaction. This has prompted 

numerous clinical and biological studies to discover possible theraputic effects of 

ascorbate on tumour tissues (Levine et al., 2009, Ullah et al., 2012, Du et al., 2010, 

Chen et al., 2005, Padayatty et al., 2006, Cieslak and Cullen, 2015). To date, these 

observations concerning the mechanism of ascorbate activity against cancer have 

encouraged clinicians to re-focus on the clinical plausibility of utilising ascorbate in 

cancer treatments (Ullah et al., 2012, Freilich et al., 2014, Mastrangelo et al., 2015). 

However, the majority of pre-clinical and in vitro studies have relied on high doses of 

ascorbate to generate H2O2 in the extracellular spaces, via a metal dependent proccess 

(Ullah et al., 2012, Chen et al., 2008, Cieslak and Cullen, 2015). 

Recycling and accumulation of ascorbate within the cells against a concentration 

gradient suggests important intracellular function of vitamin C (Duarte and Lunec, 

2005).  H2O2 is highly diffusible across cell membranes, but less reactive than other 

ROS candidates. However, when ascorbate is present inside a cell it induces redox-

active elements to generate 
●
OH from H2O2 via the Fenton reaction, which then attacks 

the DNA causing oxidative damage (Duarte and Jones, 2007). 

Studies have found ascorbate induces apoptosis, which has a negative effect on 

melanoma cancer cell proliferation (Bram et al., 1980). Reportedly, melanoma cancers 

are more susceptible to vitamin C toxicity than other cancer cells (Kang et al., 2005b), 

with a recent study demonstrating an inhibitory effect from ascorbate supplementation 

on melanoma metastasis, and reduced tumour growth in vitamin C deficient mice (Cha 

et al., 2013). Thus, it is proposed, ascorbate accelerates H2O2-induced melanoma cell 

death via the modulation of oxidative stress, with vitamin C acting as a “DNA damage 

switch” to promote cell death, notably apoptosis. 

Chapter 3 describes the first section of lab work in which the melanoma cancer cells 

were examined for endogenously damaged DNA; it was found that melanoma cells, 

particularly pigmented ones, have greater DNA damage than the “normal” HaCaT cells 

studied. Using a modified-ACA it was found that damage is oxidatively induced by 

endogenous sources of ROS. Further investigation found melanoma cancer cells, 

particularly pigmented ones, also have significantly higher amounts of endogenous 

ROS. These findings concur with those of previous studies, suggesting melanoma 

tumour cells generate greater level of endogenous H2O2 (Toyokuni et al., 1995, 
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Szatrowski and Nathan, 1991, Meyskens Jr et al., 2001). The pigment melanin has both 

beneficial and toxic effects on cells. On one hand, it protects the cells from the 

damaging effect of UV-light (Kvam and Tyrrell, 1999b). On the other hand, it has been 

reported that melanin acts as a photosensitizer by producing more ROS after UV-

radiation (Korytowski et al., 1987). Furthermore, it has been suggested that melanin in 

normal melanocytes scavenge FRs generated by cellular metabolism. But in melanoma 

cancer cells, this process is reversed because of malfunctioning melanosomes (the 

cellular organelle that synthesize and store melanin) which in turn produce high 

amounts of H2O2; this eventually causes further endogenous DNA damage in melanoma 

cancer cells (Fruehauf and Trapp, 2008). 

In the current study a positive linear relationship was demonstrated between the amount 

of endogenous ROS and endogenously damaged DNA with higher levels more obvious 

in melanoma cancer cells, particularly in the pigmented (SK23) melanoma cells, than 

that in the HaCaT cells. This observation concurs with other studies, which suggest that 

the pigment melanin generates more ROS (Wang et al., 2010). 

When the cells were investigated for intracellular catalase enzyme activity (the primary 

intracellular antioxidant enzyme, that neutralisies H2O2 to H2O plus O2), it was found 

melanoma cancer cells have lower levels of catalase enzyme activity than HaCaTs. This 

was confirmed using two different techniques. This agrees with studies suggesting 

tumour cells including melanomas, but not normal cells, have very low catalase enzyme 

activity (Offner et al., 1992, Picardo et al., 1996, Meyskens et al., 1997). Furthermore, 

the amount of endogenous ROS observed was inversely related to the intracellular level 

of catalase. This relationship has also been reported in a recent study (Song and Gao, 

2014). To further support this, it has been found that inhibition of intracellular catalase 

leads to H2O2 accumulation (Nicco et al., 2005), and recently, an inverse relationship 

has been observed between histological grades and the antioxidant level in tumour 

tissue (Verrax et al., 2011a). Consequently, a low level of catalase plus the pro-oxidant 

effect of melanin might explain the accumulation of increased amounts of endogenous 

ROS in melanoma cancer cells. Thus, in line with the current study’s hypothesis, the 

above findings indicate a possible vulnerability of melanoma cancer cells to treatment 

by a ROS-mediated approach. 

In the second section of this work in Chapter 4, a panel of melanoma cancer cell lines 

including non-pigmented (A375M & A375P), moderately pigmented (SK28) and 
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heavily pigmented (SK23) and a panel of “normal” skin cells (HDF & HaCaTs) were 

examined for their sensitivity to H2O2-induced DNA damage. During the investigation 

it became apparent that culture media has a key effect on H2O2-induced DNA damage, 

in that media with pyruvate (DMEM) quenches the effect of H2O2 by scavenging and 

preventing it from causing cellular genomic damage. This finding emphasises that the 

media effect must be taken into account when investigating oxidative mediated DNA 

damage by H2O2 (or other H2O2-inducing oxidants). 

To study the effect of H2O2 in all the test cell lines, a single non pyruvate-containing 

media was chosen when exposing the cells to H2O2, and clear dose responses were 

observed in melanoma cancer cells and the HaCaT cells. Interestingly, the sensitivity of 

melanoma cancer cells to H2O2-induced DNA damage was greater than that of the 

HaCaTs. In agreement with this data, it has been reported that melanoma cancer cells 

are more susceptible to oxidative stress induced by O2 exposure than normal 

melanocytes (Farmer et al., 2003). More interestingly, in the present study, higher levels 

of H2O2-induced DNA damage was found in pigmented melanoma cancer cells than in 

non-pigmented melanoma cancer cells.  

The level of intracellular iron ions and their role in H2O2-induced DNA damage in 

melanoma cancer cells were also examined. Pre-incubation of melanoma cancer cells 

with DFO (a strong iron chelator) significantly decreased H2O2-induced DNA damage, 

revealing H2O2-induced DNA damage as an iron dependent mechanism; this was further 

supported by previous studies (Duarte et al., 2007, Riviere et al., 2006). In the literature, 

it is reported that, unlike normal cells, cancer cells have higher levels of metal ions 

including iron (Kontek et al., 2013). In addition, the level of total intracellular iron ions 

(examined in this present study) was higher in pigmented (SK23) melanoma cancer 

cells than in the non-pigmented cells (Chapter 4). A high level of intracellular iron ions 

in pigmented cells are most likely causative of the generation of higher endogenous 

ROS in these cells as reported in Chapter 3. This may also further explain why 

pigmented melanoma cells are more sensitive to H2O2 than non-pigmented cells 

(Chapter 4). 

A key part of this project was to investigate the effect of ascorbate on H2O2-induced 

DNA damage/cell killing in melanoma cancer cells and “normal” skin cells. The work 

of Chapter 5, was to examine the effect of ascorbate on H2O2-induced damage in the 

studied cells. As predicted, there was a clear pro-oxidant impact of ascorbate on H2O2-
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induced DNA damage. This effect was confirmed when the damage to DNA bases was 

explored using a modified-ACA; ODBLs, validated markers of oxidative stress (Cooke 

et al., 2003), were clearly found enhanced in melanoma cancer cells exposed to H2O2 

plus ascorbate. 

In this study, the sensitivity of melanoma cancer cells to H2O2-induced DNA damage 

was significantly increased by ascorbate, when used at a concentration equivalent to 

plasma levels (Padayatty et al., 2004, Woollard et al., 2002, Choi et al., 2004, Levine et 

al., 2011) achievable after supplementation orally (Levine et al., 2011). The highest 

effect was observed in pigmented melanoma cancer cells, with the HaCaTs and HDF 

cells being the least sensitive to H2O2 and its modulation by ascorbate. 

This suggests intracellular ascorbate in the ascorbate-pre-treated cells accelerated the 

Fenton reaction by recycling and regenerating Fe
2+ 

ions, so generating more 
●
OH from 

H2O2, which in turn attack the DNA inducing more damage, such as strand breakage 

and ODBLs. The role of intracellular ascorbate in Fenton reactions that stimulate 

formation of 
●
OH has previously been reported when rat brain tissue was exposed to a 

mixture of ascorbate and iron ions (Chakraborty et al., 2001) and is consistent with 

reports from other studies which found that ascorbate enhances the genomic damage 

caused by H2O2 (Kontek et al., 2013, Duarte and Jones, 2007). 

Other published reports regarding the pro-oxidant effect of ascorbate on oxidative 

mediated DNA damage assessed by standard ACA show contrary data. Arranz et al. 

(2007) reported that ascorbate, via scavenging, has a protective effect against H2O2-

induced DNA damage in hepatoma cancer cells (Arranz et al., 2007). However, in their 

study hepatoma cancer cells were treated with H2O2 prepared in DMEM media for only 

for 5-10 minutes at 37
o
C, 5% CO2 and then exposed them to 1-10µM ascorbate for 30 

minute; so the pro-oxidant effect of ascorbate would not have been detected. Azqueta et 

al., (2013) also reported no gross effect from ascorbate in HeLa tumour cells, even at 

levels of 200µM, nor induced any H2O2-induced DNA damage (Azqueta et al., 2013). 

In their study HeLa cells were treated with ascorbate for 30 minutes and then exposed 

them, for only 5 minutes, to H2O2 but in DMEM media.The treatment protocol of these 

studies was different to the protocol used in the current study (see section 2.3, in 

Chapter 2). Herein, cells were exposed to a higher concentration of ascorbate (100µM) 

and for 2 hours at 37
o
C then they were exposed, for 30 minutes on ice, protected from 

the light, to H2O2 prepared in a serum and pyruvate-free media. Also a single cell 
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culture media (A375M-media) has been used for all cell lines for cell exposure to H2O2 

to minimise any media dependent effect, and all cells were pre-incubated with ascorbate 

prior to exposure to H2O2. 

Moreover, according to the literature, the effect of ascorbate on H2O2-induced DNA 

damage varies between different cell types. One study found that in cultured normal 

human lymphocytes, ascorbate has an inhibitory effect against H2O2-induced DNA 

damage (Yen et al., 2002) and others reported a protective effect of ascorbate on H2O2-

induced DNA damage in normal human cells. For instance, Siddique et al (2009) used 

high levels of H2O2 (100-200µM) to induce DNA damage in lymphocytic cells in the 

presence of ascorbate, reporting a protective effect of ascorbate against damage induced 

oxidatively by H2O2. The data of the current study demonstrates an obvious enhancing 

effect of ascorbate on the level of H2O2-induced DNA damage in melanoma cells 

whereas the HaCaTs and HDF cells were the least affected. This is probably due to 

effective an antioxidant system in normal human cells that keep the cellular oxidative 

stress status balanced. The role of intracellular antioxidants in normal cells against H2O2 

was also previously reported; in 1994, Ward reported that H2O2 targets cellular 

compartments in normal cells, but antioxidants, such as catalase, limit its effects 

preventing it from inducing more DNA damage (Ward, 1994). To further support this, 

more recently, it has  been found that knocking-down catalase in human tumour cells 

can sensitize these cells to H2O2 (Klingelhoeffer et al., 2012). This data agrees with 

very recent findings which have found an inhibitory effect of ascorbate on cytotoxicity 

induced by ozone in normal human keratinocytes (Valacchi et al., 2015). 

DNA damage caused by 
●
OH attack not only involves SSBs and ODBLs, but can also 

generate DSBs (Driessens et al., 2009). When examining melanoma cancer cells and 

HaCaT cells for the effect of ascorbate on H2O2-induced DSBs, an enhancing effect 

from ascorbate was observed on H2O2-induced DSBs, as measured by γ-H2AX 

immunoassay in all melanoma cancer cells. Similar to the effect of ascorbate on H2O2-

induced SSBs in melanoma cancer cells, the number of DSBs induced by H2O2 and 

enhanced by ascorbate were greatest in melanoma cells, particularly in pigmented cells. 

Of all of the lesions induced by oxidation, those constituting bistrand clustered DNA 

lesions are the most refractory to repair (Sutherland et al., 2002, Hada and Sutherland, 

2006). This class of lesion is a challenge for the DNA repair mechanism, because the 

damage is located close on the opposing strands, within a few helical turns of the DNA 
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(Sutherland et al., 2002). Thus, clustered DNA damage, also referred to a multiply 

damaged sites (MDS), are more relevant biologically for the induction of cell death 

(Ward, 1994, Ward, 1988, Valko et al., 2006). The current study also investigated the 

efficacy of radiation and H2O2 to induce MDS in melanoma and HaCaT cells. Indeed, 

ionising radiation induced a much higher ratio of DSB:SSB than H2O2. The relative 

number of γ-H2AX foci measured in the cells exposed to radiation was higher than that 

in the same cells when treated with H2O2. Moreover, the relative number of SSBs 

induced by radiation was lower than the SSBs, in cells treated with H2O2; suggesting 

radiation provokes more complex MDS. This finding is in agreement with a recent 

study in which relatively higher numbers of DSBs compared to SSBs were reported in 

rat thyroid cells treated with ionising radiation compared to that induced by H2O2 in 

these cells (Driessens et al., 2009). 

The DNA damage complexity was predicted to occur in melanoma cancer cells 

following exposure to H2O2 in the presence of ascorbate. Acceleration of the Fenton 

reaction by ascorbate was proposed to generate greater number of local 
●
OH from H2O2, 

which in turn would attack local sites of the DNA molecule, causing a greater number 

of DSBs relatively to SSBs. However, when the investigation was conducted in 

melanoma cancer cells, the enhancing effect of ascorbate on the number of H2O2-

induced DSBs was found to be in proportion to the enhancing effect of ascorbate on the 

level of H2O2-induced SSBs. DNA damage induced by H2O2 depends on the presence of 

redox active metals ions on the DNA molecule. Genomic damage induced by a Fenton-

mediated mechanism occurs at the site of 
●
OH production  (Lenton et al., 1999). This is 

because the 
●
OH formed by the Fenton reactions are highly reactive and do not migrate 

far from the site of their formation (Lenton et al., 1999). However, to account for the 

noted proportional increase in both SSBs and DSBs mediated by ascorbate, one possible 

explanation is that whilst either Fe
2+

 or Fe
3+

 binds to the DNA, the other partner is 

unbound and so free to migrate. This will lead to the formation of dispersed 
●
OH 

causing simple damage rather than complex damage (Figure 5.22). 

The other goal of this study was to evaluate the effect of ascorbate on H2O2-induced cell 

death. Evidence suggests DNA is one of the main targets of H2O2-induced cell killing 

(Samuni et al., 2001) and strong evidence suggests that H2O2 induces cell killing via 

induction of metal-dependent DNA damage; inhibition of H2O2-induced cell killing can 
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be successfully initiated by metal chelating agents such as DFO (Samuni et al., 2001, 

Davies, 1999). 

In the present study, cell viability, annexin V/PI staining, clonogenic assay and caspase-

3/7 expression were all used to assess H2O2-induced cell death in the presence and 

absence of ascorbate. Interestingly, in all assays ascorbate enhanced the effect of H2O2-

induced cell death in melanoma cancer cells, whereas in HaCaT cells ascorbate only 

weakly enhanced H2O2-induced cell killing/apoptosis and, indeed, for clonogenic assay 

the effect was noted to be protective rather than enhancing (The enhanced effect of 

ascorbate on H2O2-induced cell killing in melanoma cancer cells was more than 2-fold 

higher than that in the HaCaTs) (see Chapter 6). This may indicate that in normal cells, 

ascorbate functions as an antioxidant rather than as a pro-oxidant. To further support 

this, it has also been shown that ascorbate at “pharmacological doses” induce toxicity in 

cancer cells (by delivering H2O2 through ascorbate autooxidation to tumour cells) but 

not in normal cells (Chen et al., 2008), with a high level of intracellular catalase being 

thought to be one of the potent factors that protect these normal cells from the 

exogenous oxidative stress and its modulation by ascorbate. A very recent study 

involving B16 murine melanoma cancer cells has shown data indicating that treatment 

of cells with catalase almost completely abolish the killing effect of the exogenous H2O2 

(Serrano et al., 2015). Also a recent study using a mouse model to test the effect of 

antioxidant supplementations on MM cancer cells found evidence indicating that NAC 

increases metastasis of melanoma cells (Le Gal et al., 2015). This suggests that the 

effective antioxidants such as NAC inhibit the endogenous ROS to a certain level so 

favouring for cell survival and metastasis. Indeed, the abolishing effects of NAC on the 

intracellular ROS in melanoma cancer cells has been clearly observed in the current 

study (see Chapter 7). However, pre-treating melanoma cancer cells with ascorbate 

enhanced the oxidative damage in these cells, and it has been reported that ascorbate 

supplementation has inhibitory effects on melanoma metastasis and tumour growth in 

vitamin C deficient mice (Cha et al., 2013). 

The data reported in Chapter 5 and Chapter 6 suggests that the effect of ascorbate on 

H2O2-induced cell killing is positively related with the effect of ascorbate on H2O2-

induced DNA damage in the studied cells; with melanoma cell killing, as measured by 

clonogenic assay, correlating with oxidatively induced DNA damage enhanced by 

ascorbate. From such observations emerges the answer to the study’s hypothesis 
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claiming that ascorbate within melanoma cancer cells renders these cells more 

susceptible to H2O2-mediated cell damage inducing greater death in these cells. This 

observation is highly relavent, as the project’s findings clearly illustrate the intracellular 

pro-oxidant function of ascorbate on the induction of melanoma DNA damage and in 

promoting cell killing. 

Chemical agents including BSO and Elesclomol were tested to induce intracellular 

oxidative stress in melanoma cancer cells, instead of the model oxidant H2O2. This 

aimed to test the pro-oxidant effect of ascorbate on the modulation of oxidative stress 

within melanoma cancer cells mediated by clinically relavent agents rather than the 

model oxidant. The attempt to induce more intracellular ROS via the two agents in 

melanoma cancer cells was successful. More DNA damage was also observed by the 

standard ACA in melanoma cancer cells treated with BSO and Elesclomol; with a 

significant enhancing effect from ascorbate on the level of DNA damage induced, 

particularly in the pigmented melanoma cancer cells (SK23). Other melanoma cancer 

cells were resistant to Elesclomol induced DNA damage, possibly due to the noted 

lower level of metal ions. The modified-ACA detected additional ODBLs in melanoma 

cancer cells treated with Elesclomol plus ascorbate, indicating the effect was 

authentically oxidative. Melanoma cells (SK23) were also examined for apoptotic cell 

death using annexin V/PI and by measuring caspase-3/7 expression, after cell exposure 

to Elesclomol in the presence and absence of ascorbate; apoptosis was enhanced in 

melanoma cancer cells exposed to Elescloml combined with ascorbate. This suggests 

that oxidative mediated therapies plus ascorbate could synergistically kill melanoma 

cancer cells via modulation of oxidative stress within the treated cells (see Chapter 7). 

In the final part of the current work, an assessment of the effect of intracellular 

oxidative stress and its modulation by ascorbate was undertaken using clinical samples 

(primary melanoma tumours tissues). A standard-ACA was used to test genomic 

damage after exposing the primary melanoma cells to either H2O2 or Elesclomol, both 

in the presence and absence of ascorbate. The enhancement effect of ascorbate on H2O2-

induced DNA damage observed in primary melanoma cancer cells was similar to that 

noted in previously using the established melanoma cell lines. A key finding was that 

pigmented primary melanoma tissues were more sensitive than non-pigmented primary 

melanoma tissues to the effects of oxidants (H2O2 and Elesclomol) plus ascorbate. The 

above observations are of possible importance clinically; the primary melanoma tissues, 
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representing a primary ex-vivo system, respond positively to oxidatively-mediated DNA 

damage and its modulation via ascorbate. The noted data also confirms that the 

pigmented primary melanoma tumour cells are again more sensitive to the ROS-

mediated therapeutic approach (see Chapter 8). 

To sum up and conclude, all the above evidence provided by this study indicates that 

H2O2-induced oxidative DNA damage and cell killing in melanoma cancer cells is 

enhanced in the presence of ascorbate, and that the pigmented melanoma cells are the 

most affected. The oxidant and antioxidant imbalance in melanoma cancer cells allows 

the selective for treatment of melanoma cancer cells to ROS-mediated therapy and its 

modulation by ascorbate; making this cancer type vulnerable and appropriate for a 

potentially ROS-mediated therapeutic approach. 

This project provides further new information regarding the intracellular oxidative stress 

mechanism, and its modulation by ascorbate in melanoma cancer, contributing to a 

better basic understanding of oxidative stress in this tumour model. This study also 

shows the sensitivity of primary melanoma tissue to the combinatory effect of ascorbate 

with the oxidative stress mediated by a model oxidant (H2O2) or novel therapeutic 

oxidants (e.g. Elesclomol). The benefits of the study primarily relate to cancer treatment 

and the possibility of using ascorbate as a combination therapy to treat melanoma. 

  



 

236 

 

9.2 Future studies 

This project involved human melanoma cancer cells including the melanoma model cell 

lines plus immortalised normal skin cells and also human primary melanoma tissues. 

The intracellular pro-oxidant action of ascorbate on the level of oxidative-mediated 

DNA damage and cell killing in melanoma cancer cells has clearly been observed. This 

suggested that ascorbate treatment in melanoma cancer cells could increase tumour cell 

sensitivity toward H2O2-mediated drugs. 

For induction of intracellular oxidative stress, BSO and Elesclomol were used. It may 

be better to use different types of oxidative mediated drugs or means of H2O2-delivering 

systems to study the effect of ascorbate. 

A very recent study, showed evidence indicating an enhancement effect in 

radiosensitivity of pancreatic cancer cells by using pharmacological doses of ascorbate 

(Du et al., 2015). It has been suggested that ionising radiation stimulate cancer cells to 

generate more intracellular ROS (Leach et al., 2001, Claro et al., 2014). Thus, it is also 

may be recommended to investigate the use of physiological concentrations of ascorbate 

in combination with ionising radiation to kill melanoma cancer cells. 

To further validate the pro-oxidant effect of ascorbate on oxidative damage, cells can be 

either pre-treated with ascorbate or other antioxidants such as NAC prior to exposing 

them to H2O2. Consequently, the ACA can be conducted to assess the induced DNA 

damage in treated cells. This might differentiate the role of different antioxidants in 

tumour cells. 

This project can also be further developed to investigate the pro-oxidant effect of 

ascorbate on MM tumour and its metastasis using transgenic mouse models with 

melanoma (Milagre et al., 2010). Here, the animals can be supplemented with vitamin 

C, and the animals then will be treated with oxidants. 
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 Conference Abstracts 

1- Hishyar Najeeb, Matthew W Stuttard, Karen J Bowman, Rachel Haywood and 

George DD Jones. “The role of Ascorbate in Oxidative Stress in Malignant 

Melanoma Cancer Cells” (Poster). 34th EORTC-PAMM – BACR Winter 

Meeting, 23rd–26th January 2013. National Museum Cardiff, Wales, U.K. 

 

2- Hishyar Najeeb, Karen J Bowman, Jesvin J Samuel, Rachel Haywood, 

Salvador Macip, George DD Jones. “Modulation of intracellular oxidative stress 

via ascorbate: A possible mechanism to kill melanoma cancer cells!” (Poster). 

The third special conference on Advances in Cancer Drug Discovery. BACR. 

30
th

 March-1
st
 April 2014. Homerton College, Cambridge, UK. 

 

3- Hishyar Najeeb, Karen J Bowman, Jesvin J Samuel, Rachel Haywood, 

Salvador Macip, George DD Jones. “Modulation of intracellular oxidative stress 

via ascorbate: A possible mechanism to kill melanoma cancer cells!” (Poster). 

ELTU Research Festival held on Wednesday 19th February in Fraser Noble 

Hall. University of Leicester, Leicester, UK. “Awarded for a best presentation 

among the international students”. 

 

4- Hishyar Najeeb, Karen Bowman, George Jones. “Redox modulation of 

oxidatively-induced DNA damage by ascorbate selectively enhances DNA 

damage formation in melanoma cancer-cells and enhances cell-killing” (Oral 

presentation). 41
st
 Annual Meeting of the Radiation Research Society 

(ERR2014). 14
th

 – 19
th

 September 2014. Rhodes, Greece. 

 

5- Hishyar Najeeb, Karen Bowman, George Jones. “Redox modulation of 

oxidatively-induced DNA damage by ascorbate selectively enhances DNA 

damage formation in melanoma cancer-cells and enhances cell-killing” (Poster). 

2014 NCRI Cancer Conference. 2 - 5 November 2014. The BT Convention 

Centre, Liverpool, UK. 

 

6- Hishyar Najeeb, Karen Bowman, George Jones. “Redox modulation of 

oxidatively-induced DNA damage by ascorbate selectively enhances DNA 

damage formation in melanoma cancer-cells and enhances cell-killing”(Oral 

presentation).15
th 

 International Congress of Radiation Research (ICRR 2015), 

Kyoto, Japan. 

 

7- Hishyar A Najeeb, Victor Alfred, Charlotte Lee, Soteroula Panayiotou, Michael 

Weinfeld, Karen J Bowman & George DD Jones. “Redox modulation of 

oxidative and radiation-induced DNA strand break damage” (Oral presentation). 

61
st
 Annual Meeting of the Radiation Research Society. September 19th-22nd, 

2015, Weston, FL, USA.   
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M. Escorsa, Hishyar Najeeb, George D. D. Jones, Nickolai Barlev, Eran 

Tauber, and Salvador Macip1,2*.BTK phosphorylates p53 to regulate 

senescence and ageing  (Submitted). 

  



 

239 

 

References 

AGAR, N. & YOUNG, A. R. 2005. Melanogenesis: a photoprotective response to DNA 

damage? Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis. 571(1): p. 121-132. 

AHMAD, K. A., ISKANDAR, K. B., HIRPARA, J. L., CLEMENT, M.-V. & 

PERVAIZ, S. 2004. Hydrogen peroxide-mediated cytosolic acidification is a 

signal for mitochondrial translocation of Bax during drug-induced apoptosis of 

tumor cells. Cancer Research. 64(21): p. 7867-7878. 

AHMED, K. B. R. & DAVIES, M. A. 2011. New Molecular Targets for the Systemic 

Therapy of Melanoma. INTECH Open Access Publisher. 

AHNSTRÖM, G. 1988. Techniques to measure DNA single-strand breaks in cells: a 

review. International journal of radiation biology. 54(5): p. 695-707. 

ALAM, M. & RATNER, D. 2001. Cutaneous squamous-cell carcinoma. New England 

Journal of Medicine. 344(13): p. 975-983. 

ALEXANDRA, E., STRÖM, K. & COTGREAVE, I. A. 1995. The uptake of ascorbic 

acid into human umbilical vein endothelial cells and its effect on oxidant insult. 

Biochemical pharmacology. 50(9): p. 1339-1346. 

ALTIERI, F., GRILLO, C., MACERONI, M. & CHICHIARELLI, S. 2008. DNA 

damage and repair: from molecular mechanisms to health implications. 

Antioxidants & redox signaling. 2008. 10(5): p. 891-938. 

AMERICAN CANCER SOCIETY. 2015. What are the survival rates for melanoma 

skin cancer, by stage [Online]. Available: 

http://www.cancer.org/cancer/skincancer-melanoma/detailedguide/melanoma-

skin-cancer-survival-rates [Accessed 19/04 2015]. 

AMES, B. N., SHIGENAGA, M. K. & HAGEN, T. M. 1993. Oxidants, antioxidants, 

and the degenerative diseases of aging. Proceedings of the National Academy of 

Sciences, 90(17): p. 7915-7922. 

ANDERSON, C. P., TSAI, J. M., MEEK, W. E., LIU, R.-M., TANG, Y., FORMAN, H. 

J. & REYNOLDS, C. P. 1999. Depletion of glutathione by buthionine 

sulfoximine is cytotoxic for human neuroblastoma cell lines via apoptosis. 

Experimental cell research, 246, 183-192. 

ANTHONY, H. & SCHORAH, C. 1982. Severe hypovitaminosis C in lung-cancer 

patients: the utilization of vitamin C in surgical repair and lymphocyte-related 

host resistance. British Journal of Cancer. 46(3): p. 354-367. 

ANTUNES, F. & CADENAS, E. 2001. Cellular titration of apoptosis with steady state 

concentrations of H 2 O 2: submicromolar levels of H2O2 induce apoptosis 

through Fenton chemistry independent of the cellular thiol state. Free Radical 

Biology and Medicine. 30(9): p. 1008-1018. 

ANTUNES, F., CADENAS, E. & BRUNK, U. 2001. Apoptosis induced by exposure to 

a low steady-state concentration of H2O2 is a consequence of lysosomal rupture. 

Biochem. J,. 356: p. 549-555. 

Arias, J.C. and M.G. Jasiulionis, Melanoma: Treatments and Resistance. 2013: INTECH 

Open Access Publisher. 

http://www.cancer.org/cancer/skincancer-melanoma/detailedguide/melanoma-skin-cancer-survival-rates
http://www.cancer.org/cancer/skincancer-melanoma/detailedguide/melanoma-skin-cancer-survival-rates


 

240 

 

ARMSTRONG, J., STEINAUER, K., HORNUNG, B., IRISH, J., LECANE, P., 

BIRRELL, G., PEEHL, D. & KNOX, S. 2002. Role of glutathione depletion and 

reactive oxygen species generation in apoptotic signaling in a human B 

lymphoma cell line. Cell death and differentiation. 9(3): p. 252-263. 

ARORA, A. & SCHOLAR, E. M. 2005. Role of tyrosine kinase inhibitors in cancer 

therapy. Journal of Pharmacology and Experimental Therapeutics. 315(3): p. 

971-979. 

ARRANZ, N., HAZA, A., GARCIA, A., DELGADO, E., RAFTER, J. & MORALES, 

P. 2007. Effects of organosulfurs, isothiocyanates and vitamin C towards 

hydrogen peroxide-induced oxidative DNA damage (strand breaks and oxidized 

purines/pyrimidines) in human hepatoma cells. Chemico-Biological 

Interactions. 169(1): p. 63-71. 

ARUOMA, O., HALLIWELL, B. & DIZDAROGLU, M. 1989. Iron ion-dependent 

modification of bases in DNA by the superoxide radical-generating system 

hypoxanthine/xanthine oxidase. Journal of Biological Chemistry. 264(22): p. 

13024-13028. 

ASCIERTO, P. A., KIRKWOOD, J. M., GROB, J.-J., SIMEONE, E., GRIMALDI, A. 

M., MAIO, M., PALMIERI, G., TESTORI, A., MARINCOLA, F. M. & 

MOZZILLO, N. 2012. The role of BRAF V600 mutation in melanoma. J Transl 

Med. 10(85): p. 10.1186. 

ATKINS, M., LEE, S., FLAHERTY, L., SOSMAN, J., SONDAK, V. & KIRKWOOD, 

J. A. prospective randomized phase III trial of concurrent biochemotherapy 

(BCT) with cisplatin, vinblastine, dacarbazine (CVD), IL-2 and interferon alpha-

2b (IFN) versus CVD alone in patients with metastatic melanoma (E3695): an 

ECOG-coordinated intergroup trial.  Proc Am Soc Clin Oncol. Vol. 22. 2003. 

ATKINS, M. B., LOTZE, M. T., DUTCHER, J. P., FISHER, R. I., WEISS, G., 

MARGOLIN, K., ABRAMS, J., SZNOL, M., PARKINSON, D. & HAWKINS, 

M. 1999. High-dose recombinant interleukin 2 therapy for patients with 

metastatic melanoma: analysis of 270 patients treated between 1985 and 1993. 

Journal of Clinical Oncology. 17(7): p. 2105-2105. 

AZQUETA, A., COSTA, S., LORENZO, Y., BASTANI, N. E. & COLLINS, A. R. 

2013. Vitamin C in cultured human (HeLa) cells: lack of effect on DNA 

protection and repair. Nutrients. 5(4): p. 1200-1217. 

BAILEY, H. H., MULCAHY, R. T., TUTSCH, K. D., ARZOOMANIAN, R. Z., 

ALBERTI, D., TOMBES, M. B., WILDING, G., POMPLUN, M. & SPRIGGS, 

D. R. 1994. Phase I clinical trial of intravenous L-buthionine sulfoximine and 

melphalan: an attempt at modulation of glutathione. Journal of Clinical 

Oncology. 12(1): p. 194-205. 

BALCH, C. M., BUZAID, A. C., ATKINS, M. B., CASCINELLI, N., COIT, D. G., 

FLEMING, I. D., HOUGHTON, A., KIRKWOOD, J. M., MIHM, M. F. & 

MORTON, D. L. 2000. A new American Joint Committee on Cancer staging 

system for cutaneous melanoma. Cancer. 88(6): p. 1484-1491. 

  



 

241 

 

BALCH, C. M., BUZAID, A. C., SOONG, S.-J., ATKINS, M. B., CASCINELLI, N., 

COIT, D. G., FLEMING, I. D., GERSHENWALD, J. E., HOUGHTON, A. & 

KIRKWOOD, J. M. 2001a. Final version of the American Joint Committee on 

Cancer staging system for cutaneous melanoma. Journal of Clinical Oncology. 

19(16): p. 3622-3634. 

BALCH, C. M., GERSHENWALD, J. E., SOONG, S.-J., THOMPSON, J. F., ATKINS, 

M. B., BYRD, D. R., BUZAID, A. C., COCHRAN, A. J., COIT, D. G. & 

DING, S. 2009. Final version of 2009 AJCC melanoma staging and 

classification. Journal of Clinical Oncology. 27(36): p. 6199-6206. 

BALCH, C. M., SOONG, S.-J., GERSHENWALD, J. E., THOMPSON, J. F., 

REINTGEN, D. S., CASCINELLI, N., URIST, M., MCMASTERS, K. M., 

ROSS, M. I. & KIRKWOOD, J. M. 2001b. Prognostic factors analysis of 17,600 

melanoma patients: validation of the American Joint Committee on Cancer 

melanoma staging system. Journal of Clinical Oncology. 19(16): p. 3622-3634. 

BALCH, C. M., SOONG, S. J., ATKINS, M. B., BUZAID, A. C., CASCINELLI, N., 

COIT, D. G., FLEMING, I. D., GERSHENWALD, J. E., HOUGHTON, A. & 

KIRKWOOD, J. M. 2004. An Evidence‐based Staging System for Cutaneous 

Melanoma1. CA: A Cancer Journal for Clinicians. 54(3): p. 131-149. 

BANÁTH,J. P., KLOKOV, D., MACPHAIL, S. H., BANUELOS, C. A. & OLIVE, P. 

L. 2010. Residual γH2AX foci as an indication of lethal DNA lesions. BMC 

cancer. 10(1): p. 4. 

BARBOUTI, A., DOULIAS, P.-T., NOUSIS, L., TENOPOULOU, M. & GALARIS, D. 

2002. DNA damage and apoptosis in hydrogen peroxide-exposed Jurkat cells: 

bolus addition versus continuous generation of H2O2. Free Radical Biology and 

Medicine. 33(5): p. 691-702. 

BARBOUTI, A., DOULIAS, P.-T., ZHU, B.-Z., FREI, B. & GALARIS, D. 2001. 

Intracellular iron, but not copper, plays a critical role in hydrogen peroxide-

induced DNA damage. Free Radical Biology and Medicine. 31(4): p. 490-498. 

BEDIKIAN, A. Y., MILLWARD, M., PEHAMBERGER, H., CONRY, R., GORE, M., 

TREFZER, U., PAVLICK, A. C., DECONTI, R., HERSH, E. M. & HERSEY, 

P. 2006. Bcl-2 antisense (oblimersen sodium) plus dacarbazine in patients with 

advanced melanoma: the Oblimersen Melanoma Study Group. Journal of 

Clinical Oncology. 24(29): p. 4738-4745.. 

BEDRICK, A., RAMASWAMY, G. & TCHERTKOFF, V. 1986. Histochemical 

determination of copper, zinc, and iron in some benign and malignant tissues. 

American Journal of Clinical Pathology. 86(5): p. 637-640. 

BENADE, L., HOWARD, T. & BURK, D. 1969. Synergistic killing of Ehrlich ascites 

carcinoma cells by ascorbate and 3-amino-1, 2, 4,-triazole. Oncology,. 23(1): p. 

33-43. 

BENHUSEIN, G. M., MUTCH, E., ABURAWI, S. & WILLIAMS, F. M. 2010. 

Genotoxic effect induced by hydrogen peroxide in human hepatoma cells using 

comet assay. Libyan Journal of Medicine. 5(1). 

  



 

242 

 

BERGER, T. M., POLIDORI, M. C., DABBAGH, A., EVANS, P. J., HALLIWELL, 

B., MORROW, J. D., ROBERTS, L. J. & FREI, B. 1997. Antioxidant activity of 

vitamin C in iron-overloaded human plasma. Journal of Biological Chemistry. 

272(25): p. 15656-15660. 

BLACKMAN, R. K., CHEUNG-ONG, K., GEBBIA, M., PROIA, D. A., HE, S., 

KEPROS, J., JONNEAUX, A., MARCHETTI, P., KLUZA, J. & RAO, P. E. 

2012. Mitochondrial electron transport is the cellular target of the oncology drug 

elesclomol. PLoS One. 7(1): p. e29798. 

BLOCK, G., PATTERSON, B. & SUBAR, A. 1992. Fruit, vegetables, and cancer 

prevention: a review of the epidemiological evidence. Nutrition And Cancer. 

992. 18(1): p. 1-29. 

BOLLAG, G., HIRTH, P., TSAI, J., ZHANG, J., IBRAHIM, P. N., CHO, H., 

SPEVAK, W., ZHANG, C., ZHANG, Y. & HABETS, G. 2010. Clinical 

efficacy of a RAF inhibitor needs broad target blockade in BRAF-mutant 

melanoma. Nature. 467(7315): p. 596-599. 

BOONSTRA, J. & POST, J. A. 2004. Molecular events associated with reactive oxygen 

species and cell cycle progression in mammalian cells. Gene. 337: p. 1-13. 

BRAM, S., FROUSSARD, P., GUICHARD, M., JASMIN, C., AUGERY, Y., 

SINOUSSI-BARRE, F. & WRAY, W. 1980. Vitamin C preferential toxicity for 

malignant melanoma cells.. 

BREEN, A. P. & MURPHY, J. A. 1995. Reactions of oxyl radicals with DNA. Free 

Radical Biology and Medicine. 18(6): p. 1033-1077. 

BRESLOW, A. 1970. Thickness, cross-sectional areas and depth of invasion in the 

prognosis of cutaneous melanoma. Annals of Surgery. 172(5): p. 902. 

BRIGANTI, S. & PICARDO, M. 2003. Antioxidant activity, lipid peroxidation and skin 

diseases. What's new. Journal of the European Academy of Dermatology and 

Venereology. 17: 663-669. 

BUETTNER, G. R. & JURKIEWICZ, B. A. 1996. Catalytic metals, ascorbate and free 

radicals: combinations to avoid. Radiation Research. 145(5): p. 532-541. 

BULLIARD, J. L. 2000. Site‐specific risk of cutaneous malignant melanoma and 

pattern of Sun exposure in New Zealand. International Journal of Cancer, 

85(5): p. 627-632. 

BULLIARD, J. L., COX, B. & ELWOOD, J. M. 1997. Comparison of the site 

distribution of melanoma in New Zealand and Canada. International Journal of 

Cancer. 72(2): p. 231-235. 

BURDON, R. H. 1995. Superoxide and hydrogen peroxide in relation to mammalian 

cell proliferation. Free Radical Biology and Medicine. 18(4): p. 775-794. 

BURGEIRO, A., BENTO, A. C., GAJATE, C., OLIVEIRA, P. J. & MOLLINEDO, F. 

2013. Rapid human melanoma cell death induced by sanguinarine through 

oxidative stress. Eur J Pharmacol. 705(1-3): p. 109-18. 

BURLAKOVA, E. B., ZHIZHINA, G. P., GUREVICH, S. M., FATKULLINA, L. D., 

KOZACHENKO, A. I., NAGLER, L. G., ZAVARYKINA, T. M. & 

KASHCHEEV, V. V. 2010. Biomarkers of oxidative stress and smoking in 

cancer patients. Journal of Cancer Research and Therapeutics. 6(1): p. 47. 



 

243 

 

BYRD, K. M., WILSON, D. C., HOYLER, S. S. & PECK, G. L. 2004. Advanced 

presentation of melanoma in African Americans. Journal of the American 

Academy of Dermatology. 50(1): p. 21-24. 

CADENAS, E. & DAVIES, K. J. 2000. Mitochondrial free radical generation, oxidative 

stress, and aging. Free Radical Biology and Medicine. 2000. 29(3): p. 222-230. 

CAIRNS, R. A., HARRIS, I. S. & MAK, T. W. 2011. Regulation of cancer cell 

metabolism. Nature Reviews Cancer. 11(2): p. 85-95. 

CAMERON, E. & CAMPBELL, A. 1974. The orthomolecular treatment of cancer II. 

Clinical trial of high-dose ascorbic acid supplements in advanced human cancer. 

Chemico-biological Interactions. 9(4): p. 285-315. 

CAMERON, E. & PAULING, L. 1976. Supplemental ascorbate in the supportive 

treatment of cancer: Prolongation of survival times in terminal human cancer. 

Proceedings of the National Academy of Sciences. 73(10): p. 3685-3689. 

CAMERON, E. & PAULING, L. 1978. Supplemental ascorbate in the supportive 

treatment of cancer: reevaluation of prolongation of survival times in terminal 

human cancer. Proceedings of the National Academy of Sciences. 75(9): p. 

4538-4542. 

CAMERON, E., PAULING, L. & LEIBOVITZ, B. 1979. Ascorbic acid and cancer: a 

review. Cancer Research. 39(3): p. 663-681. 

CANCER RESEARCH UK. 2014a. Skin Cancer Incidence by Sex and UK Region 

[Online]. Available:http://www.cancerresearchuk.org/health-

professional/cancer-statistics/statistics-by-cancer-type/skin-

cancer/incidence#heading-Zero [Accessed 19/06 2015]. 

CANCER RESEARCH UK. 2014b. Skin cancer incidence statistics [Online]. 

Available:http://www.cancerresearchuk.org/cancer 

info/cancerstats/types/skin/incidence/uk-skin-cancer-incidence-statistics                                                   

[Accessed 19/04 2015]. 

CANCER RESEARCH UK. 2014c. Skin cancer statistics [Online]. Available: 

http://www.cancerresearchuk.org/cancer-info/cancerstats/types/skin/?script=true 

[Accessed 19/04 2015]. 

CANCER RESEARCH UK. 2014d. Twenty most common cancers [Online]. Available: 

http://www.cancerresearchuk.org/cancerinfo/cancerstats/incidence/commoncanc

ers/uk-cancer-incidence-statistics-for-common-cancers                      [Accessed 

19/04/ 2015]. 

CANCER RESEARCH UK. 2014e. Types of melanoma [Online]. Available: 

http://www.cancerresearchuk.org/about-cancer/type/melanoma/about/types-of-

melanoma                                                                                    [Accessed 19/06 

2015]. 

CARANTE, M., ALTIERI, S., BORTOLUSSI, S., POSTUMA, I., PROTTI, N. & 

BALLARINI, F. 2015. Modeling radiation-induced cell death: role of different 

levels of DNA damage clustering. Radiation and environmental biophysics, p. 1-

12. 

CARR,A. & FREI, B. 1999a. Does vitamin C act as a pro-oxidant under physiological 

conditions? The FASEB Journal, 13(9): p. 1007-1024. 

http://www.cancerresearchuk.org/cancer-info/cancerstats/types/skin/?script=true
http://www.cancerresearchuk.org/about-cancer/type/melanoma/about/types-of-melanoma
http://www.cancerresearchuk.org/about-cancer/type/melanoma/about/types-of-melanoma


 

244 

 

CARR,A. C. & FREI, B. 1999b. Toward a new recommended dietary allowance for 

vitamin C based on antioxidant and health effects in humans. The American 

journal of clinical nutrition, 69(6): p. 1086-1107. 

CARSON, D. A., SETO, S., WASSON, D. B. & CARRERA, C. J. 1986. DNA strand 

breaks, NAD metabolism, and programmed cell death. Experimental Cell 

Research. 164(2): p. 273-281. 

CHA, J., ROOMI, M., IVANOV, V., KALINOVSKY, T., NIEDZWIECKI, A. & 

RATH, M. 2013. Ascorbate depletion increases growth and metastasis of 

melanoma cells in vitamin C deficient mice. Exp Oncol. 2011. 33(4): p. 226-30. 

CHA, J., ROOMI, M. W., IVANOV, V., KALINOVSKY, T., NIEDZWIECKI, A. & 

RATH, M. Ascorbate supplementation inhibits growth and metastasis of B16FO 

melanoma and 4T1 breast cancer cells in vitamin C-deficient mice. International 

Journal of Oncology. 42(1): p. 55-64. 

CHAKRABORTY, H., RAY, S. N. & CHAKRABARTI, S. 2001. Lipid peroxidation 

associated protein damage in rat brain crude synaptosomal fraction mediated by 

iron and ascorbate. Neurochemistry International. 39(4): p. 311-317. 

CHANCE, B., SIES, H. & BOVERIS, A. 1979. Hydroperoxide metabolism in 

mammalian organs. Physiol Rev. 59(3): p. 527-605. 

CHANEY, S. G. & SANCAR, A. 1996. DNA repair: enzymatic mechanisms and 

relevance to drug response. Journal of the National Cancer Institute. 88: 1346-

1360. 

CHANG, H., SANDER, C. S., MÜLLER, C. S., ELSNER, P. & THIELE, J. J. 2002. 

Detection of poly (ADP-ribose) by immunocytochemistry: a sensitive new 

method for the early identification of UVB-and H2O2-induced apoptosis in 

keratinocytes. Biological Chemistry. 383(3-4): p. 703-708. 

CHANG, Y.-M., BARRETT, J. H., BISHOP, D. T., ARMSTRONG, B. K., 

BATAILLE, V., BERGMAN, W., BERWICK, M., BRACCI, P. M., ELWOOD, 

J. M. & ERNSTOFF, M. S. 2009. Sun exposure and melanoma risk at different 

latitudes: a pooled analysis of 5700 cases and 7216 controls. International 

Journal of Epidemiology. 38(3): p. 814-830. 

CHAPMAN, P. B., HAUSCHILD, A., ROBERT, C., HAANEN, J. B., ASCIERTO, P., 

LARKIN, J., DUMMER, R., GARBE, C., TESTORI, A. & MAIO, M. 2011. 

Improved survival with vemurafenib in melanoma with BRAF V600E mutation. 

New England Journal of Medicine. 364(26): p. 2507-2516. 

CHELIKANI,P., FITA, I. & LOEWEN, P. 2004. Diversity of structures and properties 

among catalases. Cellular and Molecular Life Sciences CMLS. 61(2): p. 192-

208. 

CHEN, Q., ESPEY, M. G., KRISHNA, M. C., MITCHELL, J. B., CORPE, C. P., 

BUETTNER, G. R., SHACTER, E. & LEVINE, M. 2005. Pharmacologic 

ascorbic acid concentrations selectively kill cancer cells: action as a pro-drug to 

deliver hydrogen peroxide to tissues. Proceedings of the national academy of 

sciences of the United States of America. 102(38): p. 13604-13609. 

  



 

245 

 

CHEN,Q., ESPEY, M. G., SUN, A. Y., LEE, J.-H., KRISHNA, M. C., SHACTER, E., 

CHOYKE, P. L., POOPUT, C., KIRK, K. L. & BUETTNER, G. R. 2007. 

Ascorbate in pharmacologic concentrations selectively generates ascorbate 

radical and hydrogen peroxide in extracellular fluid in vivo. Proceedings of the 

National Academy of Sciences. 104, 8749-8754. 

CHEN,Q., ESPEY, M. G., SUN, A. Y., POOPUT, C., KIRK, K. L., KRISHNA, M. C., 

KHOSH, D. B., DRISKO, J. & LEVINE, M. 2008. Pharmacologic doses of 

ascorbate act as a prooxidant and decrease growth of aggressive tumor 

xenografts in mice. Proceedings of the National Academy of Sciences. 105(32): 

p. 11105-11109. 

CHEVION, M. 1988. A site-specific mechanism for free radical induced biological 

damage: the essential role of redox-active transition metals. Free Radical 

Biology and Medicine. 5(1): p. 27-37. 

CHIANG, C., SONG, E., YANG, V. & CHAO, C. 1994. Ascorbic acid increases drug 

accumulation and reverses vincristine resistance of human non-small-cell lung-

cancer cells. Biochem. J. 301: p. 759-764. 

CHOI, S., BENZIE, I., COLLINS, A., HANNIGAN, B. & STRAIN, J. 2004. Vitamins 

C and E: acute interactive effects on biomarkers of antioxidant defence and 

oxidative stress. Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis. 551(1): p. 109-117. 

CIERLITZA, M., CHAUVISTRE, H., BOGESKI, I., ZHANG, X., HAUSCHILD, A., 

HERLYN, M., SCHADENDORF, D., VOGT, T. & ROESCH, A. 2015. 

Mitochondrial oxidative stress as a novel therapeutic target to overcome intrinsic 

drug resistance in melanoma cell subpopulations. Exp Dermatol. 24(2): p. 155-7. 

CIESLAK, J. A. & CULLEN, J. J. 2015. Treatment of Pancreatic Cancer with 

Pharmacological Ascorbate. Curr Pharm Biotechnol. 16(9): p. 759-70. 

CLARK, W. H., ELDER, D. E., GUERRY, D., EPSTEIN, M. N., GREENE, M. H. & 

VAN HORN, M. 1984. A study of tumor progression: the precursor lesions of 

superficial spreading and nodular melanoma. Human Pathology. 29(3): p. 705-

727. 

CLARK, W. H., FROM, L., BERNARDINO, E. A. & MIHM, M. C. 1984. The 

histogenesis and biologic behavior of primary human malignant melanomas of 

the skin. Cancer Research. 15(12): p. 1147-1165. 

CLARO, S., OSHIRO, M. E., MORTARA, R. A., PAREDES-GAMERO, E. J., 

PEREIRA, G. J., SMAILI, S. S. & FERREIRA, A. T. 2014. gamma-Rays-

generated ROS induce apoptosis via mitochondrial and cell cycle alteration in 

smooth muscle cells. Int J Radiat Biol. 90(10): p. 914-27. 

CLEARY, M. L., SMITH, S. D. & SKLAR, J. 1986. Cloning and structural analysis of 

cDNAs for bcl-2 and a hybrid bcl-2/immunoglobulin transcript resulting from 

the t (14; 18) translocation. Cell,. 47(1): p. 19-28. 

CLÉMENT, M.-V., RAMALINGAM, J., LONG, L. H. & HALLIWELL, B. 2001. The 

in vitro cytotoxicity of ascorbate depends on the culture medium used to 

perform the assay and involves hydrogen peroxide. Antioxidants and redox 

signaling. 3(1): p. 157-163. 



 

246 

 

COIT, D. G., ANDTBACKA, R., BICHAKJIAN, C. K., DILAWARI, R. A., DIMAIO, 

D., GUILD, V., HALPERN, A. C., HODI, F. S., KASHANI-SABET, M. & 

LANGE, J. R. 2009. Melanoma. Journal of the National Comprehensive Cancer 

Network. 7(3): p. 250-275. 

COLLINS, A. 2002. The comet assay. Principles, applications, and limitations. Methods 

in Molecular Biology (Clifton, NJ). 203: p. 163. 

COLLINS, A. R. 1999. Oxidative DNA damage, antioxidants, and cancer. Bioessays. 

21(3): p. 238-246. 

COLLINS, A. R. 2004. The comet assay for DNA damage and repair. Molecular 

Biotechnology. 26(3): p. 249-261. 

COLLINS, A. R., DUTHIE, S. J. & DOBSON, V. L. 1993. Direct enzymic detection of 

endogenous oxidative base damage in human lymphocyte DNA. 

Carcinogenesis. 14(9): p. 1733-1735. 

COMOGLIO, P. M., GIORDANO, S. & TRUSOLINO, L. 2008. Drug development of 

MET inhibitors: targeting oncogene addiction and expedience. Nature Reviews 

Drug Discovery.7(6): p. 504-516. 

COOKE, M. S., EVANS, M. D., DIZDAROGLU, M. & LUNEC, J. 2003. Oxidative 

DNA damage: mechanisms, mutation, and disease. The FASEB Journal. 17(10): 

p. 1195-1214. 

COPELAND, W. C., WACHSMAN, J. T., JOHNSON, F. & PENTA, J. S. 2002. 

Mitochondrial DNA alterations in cancer. Cancer investigation. 20(4): p. 557-

569. 

COTTER, T. G. 2009. Apoptosis and cancer: the genesis of a research field. Nature 

Reviews Cancer. 9(7): p. 501-507. 

COYLE, C. H. & KADER, K. N. 2007. Mechanisms of H2O2-induced oxidative stress 

in endothelial cells exposed to physiologic shear stress. ASAIO Journal. 53(1): 

p. 17-22. 

CREE, I. & ANDREOTTI, P. 1997. Measurement of cytotoxicity by ATP-based 

luminescence assay in primary cell cultures and cell lines. Toxicology In Vitro. 

11(5): p. 553-556. 

CROUCH, S., KOZLOWSKI, R., SLATER, K. & FLETCHER, J. 1993. The use of 

ATP bioluminescence as a measure of cell proliferation and cytotoxicity. 

Journal of immunological methods. 160(1): p. 81-88. 

CULLEN, J. J. 2010. Ascorbate induces autophagy in pancreatic cancer. Autophagy. 

6(3): p. 421-422. 

DAS, T. K., WATI, M. R. & FATIMA-SHAD, K. 2015. Oxidative Stress Gated by 

Fenton and Haber Weiss Reactions and Its Association With Alzheimer’s 

Disease. Archives of Neuroscience. 2(2). 

DAVIES, H., BIGNELL, G. R., COX, C., STEPHENS, P., EDKINS, S., CLEGG, S., 

TEAGUE, J., WOFFENDIN, H., GARNETT, M. J. & BOTTOMLEY, W. 2002. 

Mutations of the BRAF gene in human cancer. Nature. 417(6892): p. 949-954. 

DAVIES, K. J. 1999. The broad spectrum of responses to oxidants in proliferating cells: 

a new paradigm for oxidative stress. IUBMB life. 48(1): p. 41-47. 



 

247 

 

DE LA VEGA, L. P., LIESKE, J. C., MILLINER, D., GONYEA, J. & KELLY, D. G. 

2004. Urinary oxalate excretion increases in home parenteral nutrition patients 

on a higher intravenous ascorbic acid dose. Journal of Parenteral and Enteral 

Nutrition. 28(6): p. 435-438. 

DE MELO, F. H. M., MOLOGNONI, F. & JASIULIONIS, M. G. 2013. The Role of 

Oxidative Stress in Melanoma Development, Progression and Treatment, 

INTECH Open Access Publisher. 

DE VRIES, E., BRAY, F. I., COEBERGH, J. W. W. & PARKIN, D. M. 2003. 

Changing epidemiology of malignant cutaneous melanoma in Europe 1953–

1997: rising trends in incidence and mortality but recent stabilizations in western 

Europe and decreases in Scandinavia. International Journal of Cancer. 107(1): 

p. 119-126. 

DEAN, M., FOJO, T. & BATES, S. 2005. Tumour stem cells and drug resistance. 

Nature Reviews Cancer. 5(4): p. 275-284. 

DEAN, M., HAMON, Y. & CHIMINI, G. 2001. The human ATP-binding cassette 

(ABC) transporter superfamily. Journal of Lipid Research. 42(7): p. 1007-1017. 

DEAVALL, D. G., MARTIN, E. A., HORNER, J. M. & ROBERTS, R. 2012. Drug-

induced oxidative stress and toxicity. Journal of Toxicology, (2012). 

DEL VECCHIO, M., BAJETTA, E., VITALI, M., GATTINONI, L., SANTINAMI, M., 

DAPONTE, A., SERTOLI, M., QUEIROLO, P., BERNENGO, M. & 

CASCINELLI, N. Multicenter phase III randomized trial of cisplatin, vindesine 

and dacarbazine (CVD) versus CVD plus subcutaneous (sc) interleukin-2 (IL-2) 

and interferon-alpha-2b (IFN) in metastatic melanoma patients (pts).  Proc Am 

Soc Clin Oncol. Vol. 22. 2003. 

DEMELASH, A., KARLSSON, J.-O., NILSSON, M. & BJORKMAN, U. 2004. 

Selenium has a protective role in caspase-3-dependent apoptosis induced by 

H2O2 in primary cultured pig thyrocytes. European Journal of Endocrinology. 

150(6): p. 841-849. 

DENAT, L., KADEKARO, A. L., MARROT, L., LEACHMAN, S. A. & ABDEL-

MALEK, Z. A. 2014. Melanocytes as instigators and victims of oxidative stress. 

Journal of Investigative Dermatology, 134(6): p. 1512-1518. 

DEVASAGAYAM, T., TILAK, J., BOLOOR, K., SANE, K., GHASKADBI, S. & 

LELE, R. 2004. Free radicals and antioxidants in human health: current status 

and future prospects. Japi, 52: p. 794-804. 

DEWAELE, M., MAES, H. & AGOSTINIS, P. 2010. ROS-mediated mechanisms of 

autophagy stimulation and their relevance in cancer therapy. Autophagy. 6(7): p. 

838-854. 

DHOMEN, N. & MARAIS, R. 2009. BRAF signaling and targeted therapies in 

melanoma. Hematology/oncology clinics of North America. 23(3): p. 529-545. 

DICKINSON, B. C. & CHANG, C. J. 2011. Chemistry and biology of reactive oxygen 

species in signaling or stress responses. Nature Chemical Biology. 7(8): p. 504-

511. 

DICKSON,P. V. & GERSHENWALD, J. E. 2011. Staging and prognosis of cutaneous 

melanoma. Surgical Oncology Clinics of North America. 20(1): p. 1. 



 

248 

 

DIEPGEN, T. & MAHLER, V. 2002. The epidemiology of skin cancer. British Journal 

of Dermatology. 146(s61): p. 1-6. 

DIPPLE, A. 1995. DNA adducts of chemical carcinogens. Carcinogenesis. 16(3): p. 

437-441. 

DISCHE, Z. 1947. A new specific color reaction of hexuronic acids. Journal of 

Biological Chemistry. 167(1): p. 189-198. 

DIZDAROGLU, M. 1991. Chemical determination of free radical-induced damage to 

DNA. Free Radical Biology and Medicine, 285(2): p. 388-390. 

DIZDAROGLU, M., NACKERDIEN, Z., CHAO, B.-C., GAJEWSKI, E. & RAO, G. 

1991. Chemical nature of in vivo DNA base damage in hydrogen peroxide-

treated mammalian cells. Archives of Biochemistry and Biophysics. 10(3): p. 

225-242. 

DONEHOWER, L. A. & LOZANO, G. 2009. 20 years studying p53 functions in 

genetically engineered mice. Nature Reviews Cancer. 9(11): p. 831-841. 

DRIESSENS, N., VERSTEYHE, S., GHADDHAB, C., BURNIAT, A., DE DEKEN, 

X., VAN SANDE, J., DUMONT, J.-E., MIOT, F. & CORVILAIN, B. 2009. 

Hydrogen peroxide induces DNA single-and double-strand breaks in thyroid 

cells and is therefore a potential mutagen for this organ. Endocrine-Related 

Cancer. 16(3): p. 845-856. 

DU, J., CIESLAK, J. A., 3RD, WELSH, J. L., SIBENALLER, Z. A., ALLEN, B. G., 

WAGNER, B. A., KALEN, A. L., DOSKEY, C. M., STROTHER, R. K., 

BUTTON, A. M., MOTT, S. L., SMITH, B., TSAI, S., MEZHIR, J., 

GOSWAMI, P. C., SPITZ, D. R., BUETTNER, G. R. & CULLEN, J. J. 2015. 

Pharmacological Ascorbate Radiosensitizes Pancreatic Cancer. Cancer 

Research. 75(16): p. 3314-26. 

DU, J., CULLEN, J. J. & BUETTNER, G. R. 2012. Ascorbic acid: chemistry, biology 

and the treatment of cancer. Biochimica et Biophysica Acta (BBA)-Reviews on 

Cancer. 1826(2): p. 443-457. 

DU,J., MARTIN, S. M., LEVINE, M., WAGNER, B. A., BUETTNER, G. R., WANG, 

S.-H., TAGHIYEV, A. F., DU, C., KNUDSON, C. M. & CULLEN, J. J. 2010. 

Mechanisms of ascorbate-induced cytotoxicity in pancreatic cancer. Clinical 

Cancer Research. 16, 509-520. 

DUARTE, T. L., ALMEIDA, G. M. & JONES, G. D. 2007. Investigation of the role of 

extracellular H2O2 and transition metal ions in the genotoxic action of ascorbic 

acid in cell culture models. Toxicology letters. 170(1): p. 57-65. 

DUARTE, T. L. & JONES, G. D. 2007. Vitamin C modulation of H2O2-induced 

damage and iron homeostasis in human cells. Free Radical in Biolology and 

Medicine. 43(8): p. 1165-75. 

DUARTE, T. L. & LUNEC, J. 2005. Review: When is an antioxidant not an 

antioxidant? A review of novel actions and reactions of vitamin C. Free Radical 

Research. 39(7): p. 671-686. 

DUEZ, P., DEHON, G., KUMPS, A. & DUBOIS, J. 2003. Statistics of the Comet 

assay: a key to discriminate between genotoxic effects. Mutagenesis. 18(2): p. 

159-166. 



 

249 

 

DUVE, C. D. 1969. The lysosome in retrospect. Lysosomes in Biology and Pathology. 

1: p. 3-40. 

ECCLES, L. J., O’NEILL, P. & LOMAX, M. E. 2011. Delayed repair of radiation 

induced clustered DNA damage: friend or foe? Mutation Research/Fundamental 

and Molecular Mechanisms of Mutagenesis. 711(1): p. 134-141. 

EIPPER, B. A., MILGRAM, S. L., JEAN HUSTEN, E., YUN, H. Y. & MAINS, R. E. 

1993. Peptidylglycine α‐amidating monooxygenase: A multifunctional protein 

with catalytic, processing, and routing domains. Protein Science. 2(4): p. 489-

497. 

EKWUEME, D. U., GUY JR, G. P., LI, C., RIM, S. H., PARELKAR, P. & CHEN, S. 

C. 2011. The health burden and economic costs of cutaneous melanoma 

mortality by race/ethnicity–United States, 2000 to 2006. Journal of the 

American Academy of Dermatology. 65(5): p. S133. e1-S133. e12. 

EMIR, U. E., RAATZ, S., MCPHERSON, S., HODGES, J. S., TORKELSON, C., 

TAWFIK, P., WHITE, T. & TERPSTRA, M. 2011. Noninvasive quantification 

of ascorbate and glutathione concentration in the elderly human brain. NMR in 

Biomedicine. 24(7): p. 888-894. 

ENGLARD, S. & SEIFTER, S. 1986. The biochemical functions of ascorbic acid. 

Annual Review of Nutrition. 6(1): p. 365-406. 

EOT-HOULLIER, G., EON-MARCHAIS, S., GASPARUTTO, D. & SAGE, E. 2005. 

Processing of a complex multiply damaged DNA site by human cell extracts and 

purified repair proteins. Nucleic Acids Research. 33(1): p. 260-271. 

ERUSLANOV, E. & KUSMARTSEV, S. 2010. Identification of ROS using oxidized 

DCFDA and flow-cytometry. Advanced Protocols in Oxidative Stress II. 

Springer. p. 57-72. 

ESPEY,M. G., CHEN, P., CHALMERS, B., DRISKO, J., SUN, A. Y., LEVINE, M. & 

CHEN, Q. 2011. Pharmacologic ascorbate synergizes with gemcitabine in 

preclinical models of pancreatic cancer. Free Radical Biology and Medicine. 

50(11): p. 1610-1619. 

EVANS, M. D., DIZDAROGLU, M. & COOKE, M. S. 2004. Oxidative DNA damage 

and disease: induction, repair and significance. Mutation Research/Reviews in 

Mutation Research. 567(1): p. 1-61. 

FAIRBAIRN, D. W., OLIVE, P. L. & O'NEILL, K. L. 1995. The comet assay: a 

comprehensive review. Mutation Research/Reviews in Genetic Toxicology. 

339(1): p. 37-59. 

FALKSON, C. I., IBRAHIM, J., KIRKWOOD, J. M., COATES, A. S., ATKINS, M. B. 

& BLUM, R. H. 1998. Phase III trial of dacarbazine versus dacarbazine with 

interferon alpha-2b versus dacarbazine with tamoxifen versus dacarbazine with 

interferon alpha-2b and tamoxifen in patients with metastatic malignant 

melanoma: an Eastern Cooperative Oncology Group study. Journal of Clinical 

Oncology. 16(5): p. 1743-1751. 

FARMER, P. J., GIDANIAN, S., SHAHANDEH, B., DI BILIO, A. J., TOHIDIAN, N. 

& L MEYSKENS, F. 2003. Melanin as a Target for Melanoma Chemotherapy: 

Pro‐oxidant Effect of Oxygen and Metals on Melanoma Viability. Pigment Cell 

Research. 16(3): p. 273-279. 



 

250 

 

FERNANDEZ-CAPETILLO, O., LEE, A., NUSSENZWEIG, M. & NUSSENZWEIG, 

A. 2004. H2AX: the histone guardian of the genome. DNA Repair. 3(8): p. 959-

967. 

FIDLER, I. J. & SCHROIT, A. J. 1988. Recognition and destruction of neoplastic cells 

by activated macrophages: discrimination of altered self. Biochimica et 

Biophysica Acta (BBA)-Reviews on Cancer. 948(2): p. 151-173. 

FLAHERTY, K. T., INFANTE, J. R., DAUD, A., GONZALEZ, R., KEFFORD, R. F., 

SOSMAN, J., HAMID, O., SCHUCHTER, L., CEBON, J. & IBRAHIM, N. 

2012. Combined BRAF and MEK inhibition in melanoma with BRAF V600 

mutations. New England Journal of Medicine. 367(18): p. 1694-1703. 

FLAHERTY, K. T., PUZANOV, I., KIM, K. B., RIBAS, A., MCARTHUR, G. A., 

SOSMAN, J. A., O'DWYER, P. J., LEE, R. J., GRIPPO, J. F. & NOLOP, K. 

2010. Inhibition of mutated, activated BRAF in metastatic melanoma. New 

England Journal of Medicine. 363(9): p. 809-819. 

FREI, B. 1997. Vitamin C as an antiatherogen: mechanisms of action. Antioxidants in 

Health and Disease Series. p. 163-182. 

FREILICH, D., MOSKOWITZ, E., FEUER, N., CHOUDHURY, M., PHILLIPS, J. & 

KONNO, S. 2014. Possible Chemosensitizing and Potent Anticancer Effects of 

D-Fraction in Combination with Vitamin C on Three Prevalent Urologic Cancer 

Cells. Journal of Cancer Therapy. 5(14): p. 1402. 

FRIEDBERG, E. C., WALKER, G. C., SIEDE, W. & WOOD, R. D. DNA Repair and 

Mutagenesis. American Society for Microbiology Press (2005). 

FRUEHAUF, J. P. & MEYSKENS, F. L. 2007. Reactive oxygen species: a breath of 

life or death? Clinical Cancer Research. 13(3): p. 789-794. 

FRUEHAUF, J. P. & TRAPP, V. 2008. Reactive oxygen species: an Achilles' heel of 

melanoma? Expert Rev Anticancer Ther. 8(11): p. 1751-7. 

FRUEHAUF, J. P., ZONIS, S., AL-BASSAM, M., KYSHTOOBAYEVA, A., 

DASGUPTA, C., MILOVANOVIC, T., PARKER, R. J. & BUZAID, A. C. 

1998. Melanin content and downregulation of glutathione transferase contribute 

to the action of l-buthionine sulfoximine on human melanoma. Chemico-

biological Interactions. 111: p. 277-305. 

FUKUNAGA-KALABIS, M. & HERLYN, M. 2012. Beyond ABC: another mechanism 

of drug resistance in melanoma side population. Journal of Investigative 

Dermatology. 132(10): p. 2317-2319. 

FURUKAWA, F., HUFF, J. C., LYONS, M. B., WESTON, W. L. & NORRIS, D. A. 

1988. Characterization and practical benefits of keratinocytes cultured in 

strontium-containing serum-free medium. Journal of Investigative Dermatology. 

90(5): p. 690-696. 

GADJEVA, V., DIMOV, A. & GEORGIEVA, N. 2008. Influence of therapy on the 

antioxidant status in patients with melanoma. Journal of Clinical Pharmacy and 

Therapeutics. 33(2): p. 179-185. 

GANDINI, S., SERA, F., CATTARUZZA, M. S., PASQUINI, P., PICCONI, O., 

BOYLE, P. & MELCHI, C. F. 2005. Meta-analysis of risk factors for cutaneous 

melanoma: II. Sun exposure. European Journal of Cancer. 41(1): p. 45-60. 



 

251 

 

GARBE, C., EIGENTLER, T. K., KEILHOLZ, U., HAUSCHILD, A. & KIRKWOOD, 

J. M. 2011. Systematic review of medical treatment in melanoma: current status 

and future prospects. The Oncologist. 16(1): p. 5-24. 

GARBE, C., PERIS, K., HAUSCHILD, A., SAIAG, P., MIDDLETON, M., SPATZ, 

A., GROB, J.-J., MALVEHY, J., NEWTON-BISHOP, J. & STRATIGOS, A. 

2010. Diagnosis and treatment of melanoma: European consensus-based 

interdisciplinary guideline. European Journal of Cancer. 46(2): p. 270-283. 

GARBE, C., TERHEYDEN, P., KEILHOLZ, U., KÖLBL, O. & HAUSCHILD, A. 

2008. Treatment of melanoma. Deutsches Arzteblatt International. 105(49): p. 

845. 

GARCIA-CALVO, M., PETERSON, E. P., RASPER, D. M., VAILLANCOURT, J. P., 

ZAMBONI, R., NICHOLSON, D. W. & THORNBERRY, N. A. 1999. 

Purification and catalytic properties of human caspase family members. Cell 

Death and Differentiation. 6(4): p. 362-369. 

GARDNER, A. M., XU, F.-H., FADY, C., JACOBY, F. J., DUFFEY, D. C., TU, Y. & 

LICHTENSTEIN, A. 1997. Apoptotic vs. nonapoptotic cytotoxicity induced by 

hydrogen peroxide. Free Radical Biology and Medicine. 22(1): p. 73-83. 

GELLIN, G. A., KOPF, A. W. & GARFINKEL, L. 1969. Malignant melanoma: a 

controlled study of possibly associated factors. Archives of dermatology, 99(1): 

p. 43. 

GERMAIN, M., HATTON, A., WILLIAMS, S., MATTHEWS, J., STONE, M., 

FISHER, J. & INGHAM, E. 2003. Comparison of the cytotoxicity of clinically 

relevant cobalt–chromium and alumina ceramic wear particles in vitro. 

Biomaterials. 24(3): p. 469-479. 

GERSHENWALD, J. E., SOONG, S.-J. & BALCH, C. M. 2010. 2010 TNM staging 

system for cutaneous melanom and beyond. Annals of surgical oncology. 17(6): 

p. 1475-1477. 

GEY, K. F. 1998. Vitamins E plus C and interacting conutrients required for optimal 

health. Biofactors. 7(1): p. 113-174. 

GHARDI, M., MOREELS, M., CHATELAIN, B., CHATELAIN, C. & BAATOUT, S. 

2012. Radiation-induced double strand breaks and subsequent apoptotic DNA 

fragmentation in human peripheral blood mononuclear cells. International 

Journal of Molecular Medicine. 29(5): p. 769-780. 

GIBELLINI, L., PINTI, M., NASI, M., DE BIASI, S., ROAT, E., BERTONCELLI, L. 

& COSSARIZZA, A. 2010. Interfering with ROS metabolism in cancer cells: 

the potential role of quercetin. Cancers. 2(2): p. 1288-1311. 

GIBNEY, G. T., MESSINA, J. L., FEDORENKO, I. V., SONDAK, V. K. & 

SMALLEY, K. S. 2013. Paradoxical oncogenesis—the long-term effects of 

BRAF inhibition in melanoma. Nature reviews Clinical oncology. 10(7): p. 390-

399. 

GIDANIAN, S. & FARMER, P. J. 2002. Redox behavior of melanins: direct 

electrochemistry of dihydroxyindole-melanin and its Cu and Zn adducts. 

Journal of Inorganic Biochemistry. 89(1): p. 54-60. 

GILLET, J. P. & GOTTESMAN, M. M. 2010. Mechanisms of multidrug resistance in 

cancer. Methods Mol Biol. 596: p. 47-76. 



 

252 

 

GIROTTI, M. R., LOPES, F., PREECE, N., NICULESCU-DUVAZ, D., ZAMBON, A., 

DAVIES, L., WHITTAKER, S., SATURNO, G., VIROS, A. & PEDERSEN, M. 

2015. Paradox-Breaking RAF Inhibitors that Also Target SRC Are Effective in 

Drug-Resistant BRAF Mutant Melanoma. Cancer Cell. 8(6): p. 1140-1158. 

GIROTTI, M. R., SATURNO, G., LORIGAN, P. & MARAIS, R. 2014. No longer an 

untreatable disease: how targeted and immunotherapies have changed the 

management of melanoma patients. Molecular Oncology. 8(6): p. 1140-1158. 

GLORIEUX, C., DEJEANS, N., SID, B., BECK, R., CALDERON, P. B. & VERRAX, 

J. 2011. Catalase overexpression in mammary cancer cells leads to a less 

aggressive phenotype and an altered response to chemotherapy. Biochemical 

Pharmacology. 87: p. 84-97. 

GLORIEUX, C., ZAMOCKY, M., SANDOVAL, J. M., VERRAX, J. & CALDERON, 

P. B. 2015. Regulation of catalase expression in healthy and cancerous cells. 

Free Radic Biol Med. 82(10): p. 1384-1390. 

GODIC, A., POLJŠAK, B., ADAMIC, M. & DAHMANE, R. 2014. The role of 

antioxidants in skin cancer prevention and treatment. Oxidative Medicine and 

Cellular Longevity. 2014. 

GOKCE, G., OZSARLAK-SOZER, G., OKTAY, G., KIRKALI, G. L., JARUGA, P., 

DIZDAROGLU, M. & KERRY, Z. 2009. Glutathione depletion by buthionine 

sulfoximine induces oxidative damage to DNA in organs of rabbits in vivo. 

Biochemistry. 48(22): p. 4980-4987. 

GONZALEZ, C. A. & RIBOLI, E. 2010. Diet and cancer prevention: Contributions 

from the European Prospective Investigation into Cancer and Nutrition (EPIC) 

study. European Journal of Cancer. 46(14): p. 2555-2562. 

GONZÁLEZ, M. J., MIRANDA-MASSARI, J. R., MORA, E. M., GUZMÁN, A., 

RIORDAN, N. H., RIORDAN, H. D., CASCIARI, J. J., JACKSON, J. A. & 

ROMÁN-FRANCO, A. 2005. Orthomolecular oncology review: ascorbic acid 

and cancer 25 years later. Integrative Cancer Therapies. 4(1): p. 32-44. 

GONZALEZ, R., LAWSON, D., WEBER, R., HUTCHINS, L., ANDERSON, C., 

WILLIAMS, K., KONG, S., JACOBSON, E. & O'DAY, S. Phase II trial of 

elesclomol (formerly STA-4783) and paclitaxel in stage IV metastatic melanoma 

(MM): subgroup analysis by prior chemotherapy.  ASCO Annual Meeting 

Proceedings. 2008. 9036. 

GOODSELL, D. S. 2001. The molecular perspective: ultraviolet light and pyrimidine 

dimers. The Oncologist. 6(3): p. 298-299. 

GRAY-SCHOPFER, V., WELLBROCK, C. & MARAIS, R. 2007. Melanoma biology 

and new targeted therapy. Nature. 445(7130): p. 851-857. 

GRIFFITH, O. 1982. Mechanism of action, metabolism, and toxicity of buthionine 

sulfoximine and its higher homologs, potent inhibitors of glutathione synthesis. 

Journal of Biological Chemistry. 257(22): p. 13704-13712. 

GRIFFITHS, H. & LUNEC, J. 2001. Ascorbic acid in the 21st century–more than a 

simple antioxidant. Environmental toxicology and pharmacology, 10(4): p. 173-

182. 

  



 

253 

 

GRIMSEY, N. L., MOODLEY, K. S., GLASS, M. & GRAHAM, E. S. 2012. Sensitive 

and accurate quantification of human leukocyte migration using high-content 

Discovery-1 imaging system and ATPlite assay. Journal of Biomolecular 

Screening. 17(3): p. 386-393. 

GUIDARELLI, A., DE SANCTIS, R., CELLINI, B., FIORANI, M., DACHA, M. & 

CANTONI, O. 2001. Intracellular ascorbic acid enhances the DNA single-strand 

breakage and toxicity induced by peroxynitrite in U937 cells. Biochem. J. 356: 

p. 509-513. 

GUIDARELLI, A., FIORANI, M. & CANTONI, O. 2004. Enhancing effects of 

intracellular ascorbic acid on peroxynitrite-induced U937 cell death are 

mediated by mitochondrial events resulting in enhanced sensitivity to 

peroxynitrite-dependent inhibition of complex III and formation of hydrogen 

peroxide. Biochem. J. 378: p. 959-966. 

GULSTON, M., FULFORD, J., JENNER, T., DE LARA, C. & O’NEILL, P. 2002. 

Clustered DNA damage induced by γ radiation in human fibroblasts (HF19), 

hamster (V79‐4) cells and plasmid DNA is revealed as Fpg and Nth sensitive 

sites. Nucleic Acids Research. 30(15): p. 3464-3472. 

GUTTERIDGE, J. & HALLIWELL, B. 1999. Free radicals in biology and medicine. 

Oxford University Press. New York. 

GUY JR, G. P., EKWUEME, D. U., TANGKA, F. K. & RICHARDSON, L. C. 2012. 

Melanoma treatment costs: a systematic review of the literature, 1990–2011. 

American Journal of Preventive Medicine, 43(5): p. 537-545. 

HADA, M. & SUTHERLAND, B. M. 2006. Spectrum of complex DNA damages 

depends on the incident radiation. Radiation Research. 165(2): p. 223-230. 

HALL, H. I., MILLER, D. R., ROGERS, J. D. & BEWERSE, B. 1999. Update on the 

incidence and mortality from melanoma in the United States. Journal of the 

American Academy of Dermatology. 540(1): p. 3-6. 

HALLIWELL, B. 1996. Commentary: Vitamin C: Antioxidant or Pro-Oxidant In Vivo? 

Free Radical Research. 25(5): p. 439-454. 

HALLIWELL, B. 2003. Oxidative stress in cell culture: an under-appreciated problem? 

FEBS Letters. 540(1): p. 3-6. 

HALLIWELL, B. 2013. The antioxidant paradox: less paradoxical now? British Journal 

of Clinical Pharmacology. 75(3): p. 637-644. 

HALLIWELL, B. & ARUOMA, O. I. 1991. DNA damage by oxygen-derived species 

Its mechanism and measurement in mammalian systems. FEBS Letters. 281(1): 

p. 9-19. 

HALLIWELL, B. & GUTTERIDGE, J. 1985. The importance of free radicals and 

catalytic metal ions in human diseases. Molecular Aspects of Medicine. 8(2): p. 

89-193. 

HALLIWELL, B. & GUTTERIDGE, J. 1986. Oxygen free radicals and iron in relation 

to biology and medicine: some problems and concepts. Archives of Biochemistry 

and Biophysics. 246(2): p. 501-514. 



 

254 

 

HAN, D., WILLIAMS, E. & CADENAS, E. 2001. Mitochondrial respiratory chain-

dependent generation of superoxide anion and its release into the intermembrane 

space. Biochem. J. 353: p. 411-416 

HANCOCK, J., DESIKAN, R. & NEILL, S. 2001. Role of reactive oxygen species in 

cell signalling pathways. Biochemical Society Transactions. 29(2): p. 345-349. 

HARRIS, H. R., ORSINI, N. & WOLK, A. 2014. Vitamin C and survival among 

women with breast cancer: A Meta-analysis. European Journal of Cancer. 

50(7): p. 1223-1231. 

HARRISON, L., HATAHET, Z. & WALLACE, S. S. 1999. In vitro repair of synthetic 

ionizing radiation-induced multiply damaged DNA sites. Journal of Molecular 

Biology. 290(3): p. 667-684. 

HASEGAWA, T. 2010. Tyrosinase-expressing neuronal cell line as in vitro model of 

Parkinson’s disease. International Journal of Molecular Sciences. 11(3): p. 

1082-1089. 

HASINOFF, B. B., YADAV, A. A., PATEL, D. & WU, X. 2014. The cytotoxicity of 

the anticancer drug elesclomol is due to oxidative stress indirectly mediated 

through its complex with Cu(II). J Inorg Biochem. 137: p. 22-30. 

HAUSCHILD, A., EGGERMONT, A., JACOBSON, E. & O'DAY, S. Phase III, 

randomized, double-blind study of elesclomol and paclitaxel versus paclitaxel 

alone in stage IV metastatic melanoma (MM).  ASCO Annual Meeting 

Proceedings. 2009. LBA9012. 

HAUSCHILD, A., GROB, J.-J., DEMIDOV, L. V., JOUARY, T., GUTZMER, R., 

MILLWARD, M., RUTKOWSKI, P., BLANK, C. U., MILLER JR, W. H. & 

KAEMPGEN, E. 2012. Dabrafenib in BRAF-mutated metastatic melanoma: a 

multicentre, open-label, phase 3 randomised controlled trial. The Lancet. 

380(9839): p. 358-365. 

HAYDEN, M. R. & TYAGI, S. C. 2002. Intimal redox stress: Accelerated 

atherosclerosis in metabolic syndrome and type 2 diabetes mellitus. 

Atheroscleropathy. Cardiovascular Diabetology. 002. 1(1): p. 3. 

HEAD, K. 1998. Ascorbic acid in the prevention and treatment of cancer. Alternative 

edicine review: A Journal of Clinical Therapeutic. 3(3): p. 174-186. 

HEANEY, M. L., GARDNER, J. R., KARASAVVAS, N., GOLDE, D. W., 

SCHEINBERG, D. A., SMITH, E. A. & O'CONNOR, O. A. 2008. Vitamin C 

antagonizes the cytotoxic effects of antineoplastic drugs. Cancer Research. 

68(19): p. 8031-8038. 

HECHT, S. S. 1997. Approaches to cancer prevention based on an understanding of N-

nitrosamine carcinogenesis. Experimental Biology and Medicine. 216(2): p. 181-

191. 

HELD, P. 2010. An Introduction to Reactive Oxygen Species. BioTek White Paper. 

HELLMAN, L. & BURNS, J. 1958. Metabolism of L-ascorbic acid-1-C14 in man. 

Journal of Biological Chemistry. 230(2): p. 923-930. 

HELMBACH, H., ROSSMANN, E., KERN, M. A. & SCHADENDORF, D. 2001. 

Drug‐resistance in human melanoma. International Journal of Cancer. 93, 617-

622. 



 

255 

 

HEMNANI, T. & PARIHAR, M. 1998. Reactive oxygen species and oxidative DNA 

damage. Indian Journal of Physiology and Pharmacology. 93(5): p. 617-622. 

HENLE, E. S. & LINN, S. 1997. Formation, prevention, and repair of DNA damage by 

iron/hydrogen peroxide. Journal of Biological Chemistry. 272(31): p. 19095-

19098. 

HENNER, W., RODRIGUEZ, L., HECHT, S. & HASELTINE, W. 1983. gamma Ray 

induced deoxyribonucleic acid strand breaks. 3'Glycolate termini. Journal of 

Biological Chemistry. 258(2): p. 711-713. 

HENZLER, T. & STEUDLE, E. 2000. Transport and metabolic degradation of 

hydrogen peroxide in Chara corallina: model calculations and measurements 

with the pressure probe suggest transport of H2O2 across water channels. 

Journal of Experimental Botany. 51(353): p. 2053-2066. 

HERSHKOVITZ, L., SCHACHTER, J., TREVES, A. J. & BESSER, M. J. 2010. Focus 

on adoptive T cell transfer trials in melanoma. Clinical and Developmental 

Immunology, 2010. 

HIGUCHI, Y. 2004. Glutathione depletion‐induced chromosomal DNA fragmentation 

associated with apoptosis and necrosis. Journal of cellular and molecular 

medicine. 8(4): p. 455-464. 

HINGORANI, A. D. 2003. Endothelial nitric oxide synthase polymorphisms and 

hypertension. Current Hypertension Reports. 5(1): p. 19-25. 

HLAVATÁ, L., AGUILANIU, H., PICHOVÁ, A. & NYSTRÖM, T. 2003. The 

oncogenicRAS2val19 mutation locks respiration, independently of PKA, in a 

mode prone to generate ROS. The EMBO Journal. 22(13): p. 3337-3345. 

HO, V. C. & SOBER, A. J. 1990. Therapy for cutaneous melanoma: an update. Journal 

of the American Academy of Dermatology. 22(2): p. 159-176. 

HOEIJMAKERS, J. 2001. DNA repair mechanisms. Maturitas. 38(1): p. 17-22. 

HOLMAN, R. 1957. A method of destroying a malignant rat tumour in vivo. Nature. 

179: p. 1033. 

HOMSI, J., KASHANI-SABET, M., MESSINA, J. L. & DAUD, A. 2005. Cutaneous 

melanoma: prognostic factors. Cancer Control. 12(4): p. 223. 

HONDA, M., YAMADA, Y., TOMONAGA, M., ICHINOSE, H. & KAMIHIRA, S. 

2000. Correlation of urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG), a 

biomarker of oxidative DNA damage, and clinical features of hematological 

disorders: a pilot study. Leukemia Research. 24(6): p. 461-468. 

HOOGDUIJN, M., CEMELI, E., ROSS, K., ANDERSON, D., THODY, A. & WOOD, 

J. 2004. Melanin protects melanocytes and keratinocytes against H2O2-induced 

DNA strand breaks through its ability to bind Ca2+. Experimental Cell 

Research. 294(1): p. 60-67. 

HORNIG, D. 1975. Distribution of ascorbic acid, metabolites and analogues in man and 

animals. Annals of the New York Academy of Sciences. 258(1): p. 103-118. 

HUANG, P., FENG, L., OLDHAM, E. A., KEATING, M. J. & PLUNKETT, W. 2000. 

Superoxide dismutase as a target for the selective killing of cancer cells. Nature. 

407(6802): p. 390-395. 



 

256 

 

ICHIHASHI, N. & KITAJIMA, Y. 2001. Chemotherapy induces or increases 

expression of multidrug resistance‐associated protein in malignant melanoma 

cells. British Journal of Dermatology. 144(4): p. 745-750. 

IGNEY, F. H. & KRAMMER, P. H. 2002. Death and anti-death: tumour resistance to 

apoptosis. Nature Reviews Cancer. 2(4): p. 277-288. 

IMLAY, J. A. & LINN, S. 1988. DNA damage and oxygen radical toxicity. Science. 

240(4857): p. 1302-1309. 

NATIONAL CANCER INTELLIGENCE NETWORK. 2013. Mortality, Incidence and 

gender-Malignant 

Melanoma[Online].Available:http://www.ncin.org.uk/publications/data_briefing

s/mortality_incidence_and_gender_malignant_melanoma                   [Accessed 

19/06 2015]. 

IVANOVA, D., BAKALOVA, R., LAZAROVA, D., GADJEVA, V. & ZHELEV, Z. 

2012. The impact of reactive oxygen species on anticancer therapeutic strategies. 

Advances in clinical and experimental medicine: official organ Wroclaw 

Medical University. 22(6): p. 899-908. 

IWASE, T., TAJIMA, A., SUGIMOTO, S., OKUDA, K.-I., HIRONAKA, I., 

KAMATA, Y., TAKADA, K. & MIZUNOE, Y. 2013. A Simple Assay for 

Measuring Catalase Activity: A Visual Approach. Scientific reports. 3. 

JACKSON, A. L. & LOEB, L. A. 2001. The contribution of endogenous sources of 

DNA damage to the multiple mutations in cancer. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis. 477(1): p. 

7-21. 

JACOB, R. A. & SOTOUDEH, G. 2002. Vitamin C function and status in chronic 

disease. Nutrition in Clinical Care. 5(2): p. 66-74. 

JANEWAY, H. H. 1909. A contribution to the knowledge of the early stages of 

epithelioma of the skin. Journal of Cancer Research and Clinical Oncology. 

8(3): p. 403-435. 

JANG, S. & ATKINS, M. B. 2013. Which drug, and when, for patients with BRAF-

mutant melanoma? The Lancet Oncology. 14(2): p. e60-e69. 

JANSSEN, Y., VAN HOUTEN, B., BORM, P. & MOSSMAN, B. 1993. Cell and tissue 

responses to oxidative damage. Laboratory investigation; A Journal of 

Technical Methods and Pathology. 69, 261-274. 

JARUGA, P. & DIZDAROGLU, M. 1996. Repair of products of oxidative DNA base 

damage in human cells. Nucleic Acids Research. 24(8): p. 1389-1394. 

JEKIMOVS, C., BOLDERSON, E., SURAWEERA, A., ADAMS, M., O’BYRNE, K. 

J. & RICHARD, D. J. 2014. Chemotherapeutic compounds targeting the DNA 

double-strand break repair pathways: the good, the bad, and the promising. 

Frontiers in Oncology. 4. 

JEON, S. H., PARK, J.-H. & CHANG, S.-G. 2007. Expression of antioxidant enzymes 

(catalase, superoxide dismutase, and glutathione peroxidase) in human bladder 

cancer. Korean Journal of Urology. 48(9): p. 921-926. 

JHAPPAN, C., NOONAN, F. P. & MERLINO, G. 2003. Ultraviolet radiation and 

cutaneous malignant melanoma. Oncogene. 22(20): p. 3099-3112. 

http://www.ncin.org.uk/publications/data_briefings/mortality_incidence_and_gender_malignant_melanoma
http://www.ncin.org.uk/publications/data_briefings/mortality_incidence_and_gender_malignant_melanoma


 

257 

 

JIN, G.-F., HURST, J. S. & GODLEY, B. F. 2001. Hydrogen peroxide stimulates 

apoptosis in cultured human retinal pigment epithelial cells. Current Eye 

Research, 22(3): p. 165-173. 

KABLE, E. P., FAVIER, D. & PARSONS, P. G. 1989. Sensitivity of human melanoma 

cells to L-dopa and DL-buthionine (S, R)-sulfoximine. Cancer Research. 49(9): 

p. 2327-2331. 

KACZARA, P., SARNA, T. & BURKE, J. M. 2010. Dynamics of H 2 O 2 availability 

to ARPE-19 cultures in models of oxidative stress. Free Radical Biology and 

Medicine. 48(8): p. 1064-1070. 

KANG, J. C., WANEK, L. A., ESSNER, R., FARIES, M. B., FOSHAG, L. J. & 

MORTON, D. L. 2005a. Sentinel lymphadenectomy does not increase the 

incidence of in-transit metastases in primary melanoma. Journal of Clinical 

Oncology. 23(21): p. 4764-4770. 

KANG, J. S., CHO, D., KIM, Y. I., HAHM, E., KIM, Y. S., JIN, S. N., KIM, H. N., 

KIM, D., HUR, D. & PARK, H. 2005b. Sodium ascorbate (vitamin C) induces 

apoptosis in melanoma cells via the down‐regulation of transferrin receptor 

dependent iron uptake. Journal of Cellular Physiology. 204(1): p. 192-197. 

KANNAN, K. & JAIN, S. K. 2000. Oxidative stress and apoptosis. Pathophysiology, 

7(3): p. 153-163. 

KANNO, S., SHOUJI, A., ASOU, K. & ISHIKAWA, M. 2003. Effects of naringin on 

hydrogen peroxide-induced cytotoxicity and apoptosis in P388 cells. J 

Pharmacol Sci. 92(2): p. 166-70. 

KATO, M., TAKEDA, K., KAWAMOTO, Y., IWASHITA, T., AKHAND, A. A., 

SENGA, T., YAMAMOTO, M., SOBUE, G., HAMAGUCHI, M. & 

TAKAHASHI, M. 2002. Repair by Src kinase of function-impaired RET with 

multiple endocrine neoplasia type 2A mutation with substitutions of tyrosines in 

the COOH-terminal kinase domain for phenylalanine. Cancer Research. 62(8): 

p. 2414-2422. 

KATO, M. & WICKNER, W. 2003. Vam10p defines a Sec18p-independent step of 

priming that allows yeast vacuole tethering. Proceedings of the National 

Academy of Sciences, 100(11): p. 6398-6403. 

KAWANISHI, S., HIRAKU, Y., PINLAOR, S. & MA, N. 2006. Oxidative and nitrative 

DNA damage in animals and patients with inflammatory diseases in relation to 

inflammation-related carcinogenesis. Biological chemistry, 387(4): p. 365-372. 

KEILHOLZ, U., PUNT, C., GORE, M., SUCIU, S., KRUIT, W., PATEL, P., 

LIENARD, D., THOMAS, J., LEHMANN, F. & EGGERMONT, A. 

Dacarbazine, cisplatin and IFN-a2b with or without IL-2 in advanced melanoma: 

Final analysis of EORTC randomized phase III trial 18951.  Proc Am Soc Clin 

Oncol. 2003. 2848a. 

KHAW, K.-T., BINGHAM, S., WELCH, A., LUBEN, R., WAREHAM, N., OAKES, 

S. & DAY, N. 2001. Relation between plasma ascorbic acid and mortality in 

men and women in EPIC-Norfolk prospective study: a prospective population 

study. The Lancet. 357(9257): p. 657-663. 



 

258 

 

KIM, M. H., CHUNG, J., CHUNG, S. M., KWAG, N. H. & YOO, J. S. 2003. 

Hydrogen peroxide-induced cell death in a human retinal pigment epithelial cell 

line, ARPE-19. Korean Journal of Ophthalmology. 17(1): p. 19-28. 

KIPP, C. & YOUNG, A. R. 1999. The Soluble Eumelanin Precursor 5, 6‐
Dihydroxyindole‐2‐carboxylic Acid Enhances Oxidative Damage in Human 

Keratinocyte DNA after UVA Irradiation‡. Photochemistry and photobiology. 

70(2): p. 191-198. 

KIRKWOOD, J. M., IBRAHIM, J., LAWSON, D. H., ATKINS, M. B., AGARWALA, 

S. S., COLLINS, K., MASCARI, R., MORRISSEY, D. M. & CHAPMAN, P. B. 

2001. High-dose interferon alfa-2b does not diminish antibody response to GM2 

vaccination in patients with resected melanoma: results of the Multicenter 

Eastern Cooperative Oncology Group Phase II Trial E2696. Journal of Clinical 

Oncology. 19(5): p. 1430-1436. 

KIRKWOOD, J. M., STRAWDERMAN, M. H., ERNSTOFF, M. S., SMITH, T. J., 

BORDEN, E. C. & BLUM, R. H. 1996. Interferon alfa-2b adjuvant therapy of 

high-risk resected cutaneous melanoma: the Eastern Cooperative Oncology 

Group Trial EST 1684. Journal of Clinical Oncology. 14(1): p. 7-17. 

KIRSHNER, J. R., HE, S., BALASUBRAMANYAM, V., KEPROS, J., YANG, C.-Y., 

ZHANG, M., DU, Z., BARSOUM, J. & BERTIN, J. 2008. Elesclomol induces 

cancer cell apoptosis through oxidative stress. Molecular Cancer Therapeutics. 

7(8): p. 2319-2327. 

KLENNER, F. R. 1949. The treatment of poliomyelitis and other virus diseases with 

vitamin C. Southern Medicine and Surgery. 111(7): p. 209. 

KLINGELHOEFFER, C., KÄMMERER, U., KOOSPAL, M., MÜHLING, B., 

SCHNEIDER, M., KAPP, M., KÜBLER, A., GERMER, C.-T. & OTTO, C. 

2012. Natural resistance to ascorbic acid induced oxidative stress is mainly 

mediated by catalase activity in human cancer cells and catalase-silencing 

sensitizes to oxidative stress. BMC Complementary and Alternative Medicine. 

12(1): p. 61. 

KOBAYASHI, N., MURAMATSU, T., YAMASHINA, Y., SHIRAI, T., OHNISHI, T. 

& MORI, T. 1993. Melanin reduces ultraviolet-induced DNA damage formation 

and killing rate in cultured human melanoma cells. Journal of Investigative 

Dermatology. 101(5): p. 685-689. 

KOCH, A., WILD, P., KREUTZ, M., BOSSERHOFF, A. & HELLERBRAND, C. 

2013. Glucose transporter isoform 1 (GLUT1) expression enhances formation 

and growth of hepatic metastases. Zeitschrift für Gastroenterologie. 51(01): p. 

P_4_30. 

KONSTANTINOV, A., PESKIN, A., POPOVA, E. Y., KHOMUTOV, G. & RUUGE, 

E. 1987. Superoxide generation by the respiratory chain of tumor mitochondria. 

Biochimica et Biophysica Acta (BBA)-Bioenergetics. 894(1): p. 1-10. 

KONTEK, R., KONTEK, B. & GRZEGORCZYK, K. 2013. Basic research Vitamin C 

modulates DNA damage induced by hydrogen peroxide in human colorectal 

adenocarcinoma cell lines (HT29) estimated by comet assay in vitro. Archives of 

Medical Science. 9(6): p. 1006-12. 



 

259 

 

KORN, E. L., LIU, P.-Y., LEE, S. J., CHAPMAN, J.-A. W., NIEDZWIECKI, D., 

SUMAN, V. J., MOON, J., SONDAK, V. K., ATKINS, M. B. & 

EISENHAUER, E. A. 2008. Meta-analysis of phase II cooperative group trials 

in metastatic stage IV melanoma to determine progression-free and overall 

survival benchmarks for future phase II trials. Journal of Clinical Oncology. 

26(4): p. 527-534. 

KORYTOWSKI, W., PILAS, B., SARNA, T. & KALYANARAMAN, B. 1987. 

Photoinduced generation of hydrogen peroxide and hydroxyl radicals in 

melanins. Photochem Photobiol. 45(2): p. 185-90. 

KRAMER, B. C., YABUT, J. A., CHEONG, J., JNOBAPTISTE, R., ROBAKIS, T., 

OLANOW, C. W. & MYTILINEOU, C. 2004. Toxicity of glutathione depletion 

in mesencephalic cultures: a role for arachidonic acid and its lipoxygenase 

metabolites. European Journal of Neuroscience. 19(2): p. 280-286. 

KRUEGER, A., BAUMANN, S., KRAMMER, P. H. & KIRCHHOFF, S. 2001. 

FLICE-inhibitory proteins: regulators of death receptor-mediated apoptosis. 

Molecular and Cellular Biology. 21(24): p. 8247-8254. 

KRYSTON, T. B., GEORGIEV, A. B., PISSIS, P. & GEORGAKILAS, A. G. 2011. 

Role of oxidative stress and DNA damage in human carcinogenesis. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis. 711(1): p. 

193-201. 

KUBICA, A. W. & BREWER, J. D. Melanoma in immunosuppressed patients.  Mayo 

Clinic Proceedings. 2012. Elsevier. 991-1003. 

KUIPER, C., MOLENAAR, I. G., DACHS, G. U., CURRIE, M. J., SYKES, P. H. & 

VISSERS, M. C. 2010. Low ascorbate levels are associated with increased 

hypoxia-inducible factor-1 activity and an aggressive tumor phenotype in 

endometrial cancer. Cancer Research. 70(14): p. 5749-5758. 

KUMARAVEL, T. & JHA, A. N. 2006. Reliable Comet assay measurements for 

detecting DNA damage induced by ionising radiation and chemicals. Mutation 

Research/Genetic Toxicology and Environmental Mutagenesis. 605(1): p. 7-16. 

KURBACHER, C. M., WAGNER, U., KOLSTER, B., ANDREOTTI, P. E., KREBS, 

D. & BRUCKNER, H. W. 1996. Ascorbic acid (vitamin C) improves the 

antineoplastic activity of doxorubicin, cisplatin, and paclitaxel in human breast 

carcinoma cells in vitro. Cancer Letters. 103(2): p. 183-189. 

KVAM, E. & TYRRELL, R. M. 1999. The role of melanin in the induction of oxidative 

DNA base damage by ultraviolet A irradiation of DNA or melanoma cells. 

Journal of Investigative Dermatology. 113(2): p. 209-13. 

KWONG, L. N., COSTELLO, J. C., LIU, H., JIANG, S., HELMS, T. L., 

LANGSDORF, A. E., JAKUBOSKY, D., GENOVESE, G., MULLER, F. L. & 

JEONG, J. H. 2012. Oncogenic NRAS signaling differentially regulates survival 

and proliferation in melanoma. Nature Medicine. 18(10): p. 1503-1510. 

LAGE, H., CHRISTMANN, M., KERN, M. A., DIETEL, M., PICK, M., KAINA, B. & 

SCHADENDORF, D. 1999. Expression of DNA repair proteins hMSH2, 

hMSH6, hMLH1, O6‐methylguanine‐DNA methyltransferase and N‐
methylpurine‐DNA glycosylase in melanoma cells with acquired drug 

resistance. International Journal of Cancer. 80(5): p. 744-750. 



 

260 

 

LAURENT, A., NICCO, C., CHÉREAU, C., GOULVESTRE, C., ALEXANDRE, J., 

ALVES, A., LÉVY, E., GOLDWASSER, F., PANIS, Y. & SOUBRANE, O. 

2005. Controlling tumor growth by modulating endogenous production of 

reactive oxygen species. Cancer Research. 65(3): p. 948-956. 

LE GAL, K., IBRAHIM, M. X., WIEL, C., SAYIN, V. I., AKULA, M. K., 

KARLSSON, C., DALIN, M. G., AKYÜREK, L. M., LINDAHL, P. & 

NILSSON, J. 2015. Antioxidants can increase melanoma metastasis in mice. 

Science Translational Medicine. 7(308): p. 308re8-308re8. 

LEACH, J. K., VAN TUYLE, G., LIN, P.-S., SCHMIDT-ULLRICH, R. & 

MIKKELSEN, R. B. 2001. Ionizing radiation-induced, mitochondria-dependent 

generation of reactive oxygen/nitrogen. Cancer Research. 61(10): p. 3894-3901. 

LECCIA, M. T., YAAR, M., ALLEN, N., GLEASON, M. & GILCHREST, B. 2001. 

Solar simulated irradiation modulates gene expression and activity of 

antioxidant enzymes in cultured human dermal fibroblasts. Experimental 

Dermatology. 10: 272-279. 

LEE, Y. J. & SHACTER, E. 1999. Oxidative stress inhibits apoptosis in human 

lymphoma cells. J Biol Chem. 10(4): p. 272-279. 

LEGHA, S. S., RING, S., ETON, O., BEDIKIAN, A., BUZAID, A. C., PLAGER, C. & 

PAPADOPOULOS, N. 1998. Development of a biochemotherapy regimen with 

concurrent administration of cisplatin, vinblastine, dacarbazine, interferon alfa, 

and interleukin-2 for patients with metastatic melanoma. Journal of Clinical 

Oncology. 16(5): p. 1752-1759. 

LEITER, U. & GARBE, C. 2008. Epidemiology of melanoma and nonmelanoma skin 

cancer—the role of sunlight. Sunlight, vitamin D and skin cancer. Springer. p. 

89-103. 

LEITER, U., SCHMID, R. M., KASKEL, P., PETER, R. U. & KRÄHN, G. 2000. 

Antiapoptotic bcl-2 and bcl-xL in advanced malignant melanoma. Archives of 

Dermatological Research. 292(5): p. 225-232. 

LENTON, K. J., THERRIAULT, H., FÜLÖP, T., PAYETTE, H. & WAGNER, J. R. 

1999. Glutathione and ascorbate are negatively correlated with oxidative DNA 

damage in human lymphocytes. Carcinogenesis. 20(4): p. 607-613. 

LEVINE, M., DHARIWAL, K., WASHKO, P., WELCH, R., WANG, Y., 

CANTILENA, C. & YU, R. 1992. Ascorbic acid and reaction kinetics in situ: a 

new approach to vitamin requirements. Journal of Nutritional Science and 

Vitaminology. p. 169. 

LEVINE, M., ESPEY, M. G. & CHEN, Q. 2009. Losing and finding a way at C: new 

promise for pharmacologic ascorbate in cancer treatment. Free Radical Biology 

and Medicine. 47(1): p. 27. 

LEVINE, M. & HARTZELL, W. 1987. Ascorbic Acid: The Concept of Optimum 

Requirementsa. Annals of the New York Academy of Sciences. 498(1): p. 424-

444. 

LEVINE, M., PADAYATTY, S. J. & ESPEY, M. G. 2011. Vitamin C: a concentration-

function approach yields pharmacology and therapeutic discoveries. Advances in 

Nutrition: An International Review Journal. 2(2): p. 78-88. 



 

261 

 

LI, J., HUANG, C. Y., ZHENG, R. L., CUI, K. R. & LI, J. F. 2000. Hydrogen peroxide 

induces apoptosis in human hepatoma cells and alters cell redox status. Cell 

Biology International. 24(1): p. 9-23. 

LI, Y. & SCHELLHORN, H. E. 2007. New developments and novel therapeutic 

perspectives for vitamin C. The Journal of Nutrition. 137(10): p. 2171-2184. 

LIAO, W., MCNUTT, M. A. & ZHU, W.-G. 2009. The comet assay: a sensitive method 

for detecting DNA damage in individual cells. Methods. 48(1): p. 46-53. 

LIM, S. D., SUN, C., LAMBETH, J. D., MARSHALL, F., AMIN, M., CHUNG, L., 

PETROS, J. A. & ARNOLD, R. S. 2005. Increased Nox1 and hydrogen 

peroxide in prostate cancer. The Prostate. 62(2): p. 200-207. 

LIPS, J. & KAINA, B. 2001. DNA double-strand breaks trigger apoptosis in p53-

deficient fibroblasts. Carcinogenesis. 22(4): p. 579-585. 

LIIAKIS, G. 1991. The role of DNA double strand breaks in lonizing radiation‐induced 

killing of eukaryotic cells. Bioessays. 13(12): p. 641-648. 

LLOYD, D. R. & PHILLIPS, D. H. 1999. Oxidative DNA damage mediated by copper 

(II), iron (II) and nickel (II) Fenton reactions: evidence for site-specific 

mechanisms in the formation of double-strand breaks, 8-

hydroxydeoxyguanosine and putative intrastrand cross-links. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis. 424(1): p. 

23-36. 

LLOYD, D. R., PHILLIPS, D. H. & CARMICHAEL, P. L. 1997. Generation of 

putative intrastrand cross-links and strand breaks in DNA by transition metal 

ion-mediated oxygen radical attack. Chemical Research In Toxicology. 10(4): p. 

393-400. 

LÖBRICH, M., RIEF, N., KÜHNE, M., HECKMANN, M., FLECKENSTEIN, J., 

RÜBE, C. & UDER, M. 2005. In vivo formation and repair of DNA double-

strand breaks after computed tomography examinations. Proceedings of the 

National Academy of Sciences of the United States of America. 9(4): p. 662-669. 

LÖBRICH, M., SHIBATA, A., BEUCHER, A., FISHER, A., ENSMINGER, M., 

GOODARZI, A. A., BARTON, O. & JEGGO, P. A. 2010. γH2AX foci analysis 

for monitoring DNA double-strand break repair: strengths, limitations and 

optimization. Cell Cycle. 102(25): p. 8984-8989. 

LOEB, L. A., JAMES, E. A., WALTERSDORPH, A. M. & KLEBANOFF, S. J. 1988. 

Mutagenesis by the autoxidation of iron with isolated DNA. Proceedings of the 

National Academy of Sciences. 85(11): p. 3918-3922. 

LOFT, S. & POULSEN, H. E. 1996. Cancer risk and oxidative DNA damage in man. 

Journal of Molecular Medicine. 74(6): p. 297-312. 

LOFT, S., VISTISEN, K., EWERTZ, M., TJØNNELAND, A., OVERVAD, K. & 

POULSEN, H. E. 1992. Oxidative DNA damage estimated by 8-

hydroxydeoxyguanosine excretion in humans: influence of smoking, gender and 

body mass index. Carcinogenesis. 13(12): p. 2241-2247. 

LONG, G. V., MENZIES, A. M., NAGRIAL, A. M., HAYDU, L. E., HAMILTON, A. 

L., MANN, G. J., HUGHES, T. M., THOMPSON, J. F., SCOLYER, R. A. & 

KEFFORD, R. F. 2011. Prognostic and clinicopathologic associations of 

oncogenic BRAF in metastatic melanoma. J Clin Oncol. 29(10): p. 1239-46. 



 

262 

 

LONG, L. H. & HALLIWELL, B. 2009. Artefacts in cell culture: pyruvate as a 

scavenger of hydrogen peroxide generated by ascorbate or epigallocatechin 

gallate in cell culture media. Biochemical and Biophysical Research 

Communications. 388(4): p. 700-704. 

LÓPEZ-LÁZARO, M. 2007. Dual role of hydrogen peroxide in cancer: possible 

relevance to cancer chemoprevention and therapy. Cancer Letters. 252(1): p. 1-

8. 

LOVLY, C. M., DAHLMAN, K. B., FOHN, L. E., SU, Z., DIAS-SANTAGATA, D., 

HICKS, D. J., HUCKS, D., BERRY, E., TERRY, C. & DUKE, M. 2012. 

Routine multiplex mutational profiling of melanomas enables enrollment in 

genotype-driven therapeutic trials. PloS one. 7(4): p. e35309. 

LOWE, S. W., RULEY, H. E., JACKS, T. & HOUSMAN, D. E. 1993. p53-dependent 

apoptosis modulates the cytotoxicity of anticancer agents. Cell. 74(6): p. 957-

967. 

LUCAS, R., MCMICHAEL, T., SMITH, W. & ARMSTRONG, B. K. 2006. Solar 

ultraviolet radiation: global burden of disease from solar ultraviolet radiation. 

World Health Organization. 

LUTSENKO, E. A., CÁRCAMO, J. M. & GOLDE, D. W. 2002. Vitamin C prevents 

DNA mutation induced by oxidative stress. Journal of Biological Chemistry. 

277(19): p. 16895-16899 

MA, J., ZHANG, Z., LI, S., CHEN, X. & WANG, S. 2015. Intracranial amelanotic 

melanoma: a case report with literature review. World Journal of Surgical 

Oncology. 13(1): p. 182. 

MA, S., EGYHAZI, S., UENO, T., LINDHOLM, C., KREKLAU, E., STIERNER, U., 

RINGBORG, U. & HANSSON, J. 2003. O6-methylguanine-DNA-

methyltransferase expression and gene polymorphisms in relation to 

chemotherapeutic response in metastatic melanoma. British Journal of Cancer. 

89(8): p. 1517-1523 

MA, W., WESTMORELAND, J. W., GORDENIN, D. A. & RESNICK, M. A. 2011. 

Alkylation base damage is converted into repairable double-strand breaks and 

complex intermediates in G2 cells lacking AP endonuclease. PLoS Genet. 7(4): 

p. e1002059-e1002059. 

MA, Y., CHAPMAN, J., LEVINE, M., POLIREDDY, K., DRISKO, J. & CHEN, Q. 

High-dose parenteral ascorbate enhanced chemosensitivity of ovarian cancer and 

reduced toxicity of chemotherapy. Science Translational Medicine. 6.222 

(2014): 222ra18-222ra18. 

MACKIE, R., BRAY, C., VESTEY, J., DOHERTY, V., EVANS, A., THOMSON, D. 

& NICOLSON, M. 2007. Melanoma incidence and mortality in Scotland 1979–

2003. British Journal of Cancer, 96(11): p. 1772-1777. 

MACKIE, R., HAUSCHILD, A. & EGGERMONT, A. 2009. Epidemiology of invasive 

cutaneous melanoma. Annals of Oncology. 20(suppl 6): p. vi1-vi7. 

MACKIE, R. M., BRAY, C. A., HOLE, D. J., MORRIS, A., NICOLSON, M., EVANS, 

A., DOHERTY, V. & VESTEY, J. 2002. Incidence of and survival from 

malignant melanoma in Scotland: an epidemiological study. The Lancet. 

360(9333): p. 587-591. 



 

263 

 

MAEDA, H., HORI, S., OHIZUMI, H., SEGAWA, T., KAKEHI, Y., OGAWA, O. & 

KAKIZUKA, A. 2004. Effective treatment of advanced solid tumors by the 

combination of arsenic trioxide and L-buthionine-sulfoximine. Cell Death 

Differ. 11(7): p. 737-46. 

MAGDA, D. & MILLER, R. A. Motexafin gadolinium: a novel redox active drug for 

cancer therapy.  Seminars In Cancer Biology. 2006. Elsevier. 466-476. 

MAH, L., EL-OSTA, A. & KARAGIANNIS, T. 2010. γH2AX: a sensitive molecular 

marker of DNA damage and repair. Leukemia. 24(4): p. 679-686. 

MAHER, P. & HANNEKEN, A. 2005. The molecular basis of oxidative stress-induced 

cell death in an immortalized retinal ganglion cell line. Investigative 

Ophthalmology & Visual Science. 46(2): p. 749-757. 

MANDL, J., SZARKA, A. & BANHEGYI, G. 2009. Vitamin C: update on physiology 

and pharmacology. British Journal of Pharmacology. 157(7): p. 1097-1110. 

MARGHOOB, A. A., KOENIG, K., BITTENCOURT, F. V., KOPF, A. W. & BART, 

R. S. 2000. Breslow thickness and Clark level in melanoma. Cancer. 88(3): p. 

589-595. 

MARSDEN, J., NEWTON‐BISHOP, J., BURROWS, L., COOK, M., CORRIE, P., 

COX, N., GORE, M., LORIGAN, P., MACKIE, R. & NATHAN, P. 2010. 

Revised UK guidelines for the management of cutaneous melanoma 2010. 

British Journal of Dermatology. 163(2): p. 238-256. 

MASSEY, L. K., LIEBMAN, M. & KYNAST-GALES, S. A. 2005. Ascorbate 

increases human oxaluria and kidney stone risk. The Journal of Nutrition. 

135(7): p. 1673-1677. 

MASTRANGELO, D., MASSAI, L., COCO, F. L., NOGUERA, N. I., BORGIA, L., 

FIORITONI, G., BERARDI, A., IACONE, A., MUSCETTOLA, M. & PELOSI, 

E. 2015. Cytotoxic effects of high concentrations of sodium ascorbate on human 

myeloid cell lines. Annals of Hematology. p. 1-10. 

MATSUI, A., IKEDA, T., ENOMOTO, K., HOSODA, K., NAKASHIMA, H., OMAE, 

K., WATANABE, M., HIBI, T. & KITAJIMA, M. 2000. Increased formation of 

oxidative DNA damage, 8-hydroxy-2′-deoxyguanosine, in human breast cancer 

tissue and its relationship to GSTP1 and COMT genotypes. Cancer Letters. 

151(1): p. 87-95. 

MAXWELL, C. & ROSKELLEY, C. 2014. Genomic Instability and Cancer 

Metastasis: Mechanisms, Emerging Themes, and Novel Therapeutic Strategies. 

Vol. 20. 2014: Springer. 

MAY, J. M. 1998. Ascorbate function and metabolism in the human erythrocyte. Front 

Biosci. 3: p. d1-d10. 

MAY, J. M. 1999. Is ascorbic acid an antioxidant for the plasma membrane? The 

FASEB Journal. 13(9): p. 995-1006. 

MAYLAND, C. R., BENNETT, M. I. & ALLAN, K. 2005. Vitamin C deficiency in 

cancer patients. Palliative Medicine. 19(1): p. 17-20. 

  



 

264 

 

MCARDLE, F., RHODES, L., PARSLEW, R., JACK, C., FRIEDMANN, P. & 

JACKSON, M. 2002. UVR-induced oxidative stress in human skin in vivo: 

effects of oral vitamin C supplementation. Free Radical Biology and Medicine. 

33(10): p. 1355-1362. 

MCCLAY, E. F., MASTRANGELO, M. J., BELLET, R. E. & BERD, D. 1987. 

Combination chemotherapy and hormonal therapy in the treatment of malignant 

melanoma. Cancer Treatment Reports. 71(5): p. 465-469. 

MCCORMICK, W. 1952. Ascorbic acid as a chemotherapeutic agent. Archives of 

Pediatrics. 69: p. 151-155. 

MCCORMICK, W. 1954. Cancer: the preconditioning factor in pathogenesis; a new 

etiologic approach. Archives of Pediatrics. 71(10): p. 313-322. 

MCMASTERS, K. M., REINTGEN, D. S., ROSS, M. I., GERSHENWALD, J. E., 

EDWARDS, M. J., SOBER, A., FENSKE, N., GLASS, F., BALCH, C. M. & 

COIT, D. G. 2001. Sentinel lymph node biopsy for melanoma: controversy 

despite widespread agreement. Journal of Clinical Oncology. 19(11): p. 2851-

2855. 

ARIZONA ADVANCED MEDICINE,. 2015. Melanoma staging [Online]. Available: 

http://arizonaadvancedmedicine.com/melanoma-skin-cancer/ [Accessed 08/09/ 

2015]. 

MEIER, F., SCHITTEK, B., BUSCH, S., GARBE, C., SMALLEY, K., 

SATYAMOORTHY, K., LI, G. & HERLYN, M. 2005. The Ras/Raf/MEK/ERK 

and PI3K/AKT signaling pathways present molecular targets for the effective 

treatment of advanced melanoma. Frontiers in Bioscience. 10(3): p. 2986-3001. 

MEISTER, A. & ANDERSON, M. E. 1983. Glutathione. Annual Review of 

Biochemistry. 52(1): p. 711-760. 

MENDIVIL-PEREZ, M., VELEZ-PARDO, C. & JIMENEZ-DEL-RIO, M. 2015. 

Doxorubicin induces apoptosis in Jurkat cells by mitochondria-dependent and 

mitochondria-independent mechanisms under normoxic and hypoxic conditions. 

Anticancer Drugs. 26(6): p. 583-98. 

MENEGHINI, R. 1997. Iron homeostasis, oxidative stress, and DNA damage. Free 

Radical Biology and Medicine. 23(5): p. 783-792. 

MENZIES, A. M., HAYDU, L. E., CARLINO, M. S., AZER, M. W., CARR, P. J., 

KEFFORD, R. F. & LONG, G. V. 2014. Inter-and Intra-Patient Heterogeneity 

of Response and Progression to Targeted Therapy in Metastatic Melanoma. 

PLoS ONE. 9(1): p. e85004. 

MEYSKENS, F. L., CHAU, H., TOHIDIAN, N. & BUCKMEIER, J. 1997. Luminol‐
Enhanced Chemiluminescent Response of Human Melanocytes and Melanoma 

Cells to Hydrogen Peroxide Stress. Pigment Cell Research. 10(3): p. 184-189. 

MEYSKENS, F. L., FARMER, P. J. & ANTON-CULVER, H. 2004. Etiologic 

Pathogenesis of Melanoma A Unifying Hypothesis for the Missing Attributable 

Risk. Clinical Cancer Research. 10(8): p. 2581-2583. 

MEYSKENS JR, F. L., FARMER, P. & FRUEHAUF, J. P. 2001. Redox regulation in 

human melanocytes and melanoma. Pigment Cell Research. 14(3): p. 148-154 

http://arizonaadvancedmedicine.com/melanoma-skin-cancer/


 

265 

 

MILAGRE, C., DHOMEN, N., GEYER, F. C., HAYWARD, R., LAMBROS, M., 

REIS-FILHO, J. S. & MARAIS, R. A mouse model of melanoma driven by 

oncogenic KRAS. Cancer Research. 70.13 (2010): 5549-5557. 

MIDDLETON, M. R., GROB, J., AARONSON, N., FIERLBECK, G., TILGEN, W., 

SEITER, S., GORE, M., AAMDAL, S., CEBON, J. & COATES, A. 2000. 

Randomized phase III study of temozolomide versus dacarbazine in the 

treatment of patients with advanced metastatic malignant melanoma. Journal of 

Clinical Oncology. 18(1): p. 158-158. 

MILLER, D. M., BUETTNER, G. R. & AUST, S. D. 1990. Transition metals as 

catalysts of “autoxidation” reactions. Free Radical Biology and Medicine, 8(1): 

p. 95-108. 

MISHINA, N. M., TYURIN-KUZMIN, P. A., MARKVICHEVA, K. N., 

VOROTNIKOV, A. V., TKACHUK, V. A., LAKETA, V., SCHULTZ, C., 

LUKYANOV, S. & BELOUSOV, V. V. 2011. Does cellular hydrogen peroxide 

diffuse or act locally? Antioxidants & Redox Signaling. 14(1): p. 1-7. 

MITTLER, R. 2002. Oxidative stress, antioxidants and stress tolerance. Trends in Plant 

Science. 7(9): p. 405-410. 

MOCHIZUKI, T., TSUKAMOTO, E., KUGE, Y., KANEGAE, K., ZHAO, S., 

HIKOSAKA, K., HOSOKAWA, M., KOHANAWA, M. & TAMAKI, N. 2001. 

FDG uptake and glucose transporter subtype expressions in experimental tumor 

and inflammation models. Journal of Nuclear Medicine. 42(10): p. 1551-1555. 

MOOBERRY, S. L. 2003. Mechanism of action of 2-methoxyestradiol: new 

developments. Drug Resistance Updates. 6(6): p. 355-361. 

MURTAS, D., PIRAS, F., MINERBA, L., UGALDE, J., FLORIS, C., MAXIA, C., 

DEMURTAS, P., PERRA, M. T. & SIRIGU, P. 2010. Nuclear 8-hydroxy-2'-

deoxyguanosine as survival biomarker in patients with cutaneous melanoma. 

Oncology Reports. 23(2): p. 329-335. 

MUSARRAT, J., AREZINA-WILSON, J. & WANI, A. 1996. Prognostic and 

aetiological relevance of 8-hydroxyguanosine in human breast carcinogenesis. 

European Journal of Cancer. 32(7): p. 1209-1214. 

MYTAR, B., SIEDLAR, M., WOLOSZYN, M., RUGGIERO, I., PRYJMA, J. & 

ZEMBALA, M. 1999. Induction of reactive oxygen intermediates in human 

monocytes by tumour cells and their role in spontaneous monocyte cytotoxicity. 

British Journal of Cancer. 79(5-6): p. 737. 

NAGAI, M., VO, N. H., SHIN OGAWA, L., CHIMMANAMADA, D., INOUE, T., 

CHU, J., BEAUDETTE-ZLATANOVA, B. C., LU, R., BLACKMAN, R. K., 

BARSOUM, J., KOYA, K. & WADA, Y. 2012. The oncology drug elesclomol 

selectively transports copper to the mitochondria to induce oxidative stress in 

cancer cells. Free Radical of Biology and Medicine. 52(10): p. 2142-50. 

NAIDU, K. A. 2003. Vitamin C in human health and disease is still a mystery? An 

overview. Nutrition Journal. 2(1): p. 7. 

NAKAMURA, J., PURVIS, E. R. & SWENBERG, J. A. 2003. Micromolar 

concentrations of hydrogen peroxide induce oxidative DNA lesions more 

efficiently than millimolar concentrations in mammalian cells. Nucleic Acids 

Research. 31(6): p. 1790-1795. 



 

266 

 

NALDI, L., LORENZO IMBERTI, G., PARAZZINI, F., GALLUS, S. & LA 

VECCHIA, C. 2000. Pigmentary traits, modalities of sun reaction, history of 

sunburns, and melanocytic nevi as risk factors for cutaneous malignant 

melanoma in the Italian population. Cancer. 88(12): p. 2703-2710. 

NARAYANAN, D. L., SALADI, R. N. & FOX, J. L. 2010. Review: Ultraviolet 

radiation and skin cancer. International Journal of Dermatology. 49(9): p. 978-

986. 

NEGRE-SALVAYRE, A., AUGÉ, N., DUVAL, C., ROBBESYN, F., THIERS, J.-C., 

NAZZAL, D., BENOIST, H. & SALVAYRE, R. 2002. [5] Detection of 

intracellular reactive oxygen species in cultured cells using fluorescent probes. 

Methods in Enzymology. 352: p. 62-71. 

NICCO, C., LAURENT, A., CHEREAU, C., WEILL, B. & BATTEUX, F. 2005. 

Differential modulation of normal and tumor cell proliferation by reactive 

oxygen species. Biomedicine & Pharmacotherapy. 59(4): p. 169-174. 

NICOTERA, P. & MELINO, G. 2004. Regulation of the apoptosis–necrosis switch. 

Oncogene. 23(16): p. 2757-2765. 

NIKITAKI, Z., GEORGAKILAS, A. G. & RAVANAT, J.-L. 2015. Stress-induced 

DNA Damage biomarkers: Applications and limitations. Frontiers in Chemistry. 

3: p. 35. 

NISHIKIMI, M., FUKUYAMA, R., MINOSHIMA, S., SHIMIZU, N. & YAGI, K. 

1994. Cloning and chromosomal mapping of the human nonfunctional gene for 

L-gulono-gamma-lactone oxidase, the enzyme for L-ascorbic acid biosynthesis 

missing in man. Journal of Biological Chemistry. 269(18): p. 13685-13688. 

NISHIKIMI, M., KOSHIZAKA, T., OZAWA, T. & YAGI, K. 1988. Occurrence in 

humans and guinea pigs of the gene related to their missing enzyme L-gulono-γ-

lactone oxidase. Archives of Biochemistry and Biophysics. 267(2): p. 842-846. 

NOGUEIRA-PEDRO, A., CESÁRIO, T. A. M., DIAS, C. C., ORIGASSA, C. S. T., 

EÇA, L. P. M., PAREDES-GAMERO, E. J. & FERREIRA, A. T. 2013. 

Hydrogen peroxide (H2O2) induces leukemic but not normal hematopoietic cell 

death in a dose-dependent manner. Cancer Cell International. 13.1 (2013): p.1-9 

NÚÑEZ, M. C. 1994. Ascorbic acid in the plasma and blood cells of women with breast 

cancer. The effect of the consumption of food with an elevated content of this 

vitamin. Nutricion Hospitalaria. 10(6): p. 368-372. 

O'DAY, S., GONZALEZ, R., LAWSON, D., WEBER, R., HUTCHINS, L., 

ANDERSON, C., HADDAD, J., KONG, S., WILLIAMS, A. & JACOBSON, E. 

2009. Phase II, randomized, controlled, double-blinded trial of weekly 

elesclomol plus paclitaxel versus paclitaxel alone for stage IV metastatic 

melanoma. Journal of Clinical Oncology. 27(32): p. 5452-5458. 

O'DAY, S. J., EGGERMONT, A. M., CHIARION-SILENI, V., KEFFORD, R., GROB, 

J. J., MORTIER, L., ROBERT, C., SCHACHTER, J., TESTORI, A. & 

MACKIEWICZ, J. 2013. Final results of phase III SYMMETRY study: 

randomized, double-blind trial of elesclomol plus paclitaxel versus paclitaxel 

alone as treatment for chemotherapy-naive patients with advanced melanoma. 

Journal of Clinical Oncology. 31(9): p. 1211-8. 



 

267 

 

O'DONOVAN, P., PERRETT, C. M., ZHANG, X., MONTANER, B., XU, Y.-Z., 

HARWOOD, C. A., MCGREGOR, J. M., WALKER, S. L., HANAOKA, F. & 

KARRAN, P. 2005. Azathioprine and UVA light generate mutagenic oxidative 

DNA damage. Science. 309(5742): p. 1871-1874. 

O'DWYER, P., HAMILTON, T., YOUNG, R., LACRETA, F., CARP, N., TEW, K., 

PADAVIC, K., COMIS, R. & OZOLS, R. 1992. Depletion of glutathione in 

normal and malignant human cells in vivo by buthionine sulfoximine: clinical 

and biochemical results. Journal of the National Cancer Institute. 84(4): p. 264-

267. 

OBERLEY, T. & OBERLEY, L. 1997. Antioxidant enzyme levels in cancer. 

OBERLEY, T., SEMPF, J. & OBERLEY, L. 1996. lmmunogold analysis of antioxidant 

enzymes in common renal cancers. 

OFFNER, F., WIRTZ, H. C., SCHIEFER, J., BIGALKE, I., KLOSTERHALFEN, B., 

BITTINGER, F., MITTERMAYER, C. & KIRKPATRICK, C. 1992. Interaction 

of human malignant melanoma (ST-ML-12) tumor spheroids with endothelial 

cell monolayers. Damage to endothelium by oxygen-derived free radicals. The 

American Journal of Pathology. 141(3): p. 601. 

OHNO, S., OHNO, Y., SUZUKI, N., SOMA, G.-I. & INOUE, M. 2009. High-dose 

vitamin C (ascorbic acid) therapy in the treatment of patients with advanced 

cancer. Anticancer Research. 29(3): p. 809-815. 

OIKAWA, S. & KAWANISHI, S. 1998. Distinct mechanisms of site-specific DNA 

damage induced by endogenous reductants in the presence of iron (III) and 

copper (II). Biochimica et Biophysica Acta (BBA)-Gene Structure and 

Expression. 1399(1): p. 19-30. 

OLINSKI, R., ZASTAWNY, T. H., FOKSINSKI, M., BARECKI, A. & 

DIZDAROGLU, M. 1995. DNA base modifications and antioxidant enzyme 

activities in human benign prostatic hyperplasia. Free Radical Biology and 

Medicine. 18(4): p. 807-813. 

OLIVE, P. L. 1992. DNA organization affects cellular radiosensitivity and detection of 

initial DNA strand breaks. International Rournal of Radiation Biology. 62(4): p. 

389-396. 

OTT, M., GOGVADZE, V., ORRENIUS, S. & ZHIVOTOVSKY, B. 2007. 

Mitochondria, oxidative stress and cell death. Apoptosis. 12(5): p. 913-922. 

PACKER, L. 1997. Vitamin C in health and disease. Vol. 4. 1997: CRC Press. 

PADAYATTY, S. J., KATZ, A., WANG, Y., ECK, P., KWON, O., LEE, J.-H., CHEN, 

S., CORPE, C., DUTTA, A. & DUTTA, S. K. 2003. Vitamin C as an 

antioxidant: evaluation of its role in disease prevention. Journal of the American 

College of Nutrition. 22(1): p. 18-35. 

PADAYATTY, S. J., RIORDAN, H. D., HEWITT, S. M., KATZ, A., HOFFER, L. J. & 

LEVINE, M. 2006. Intravenously administered vitamin C as cancer therapy: 

three cases. Canadian Medical Association Journal. 174(7): p. 937-942. 

PADAYATTY, S. J., SUN, A. Y., CHEN, Q., ESPEY, M. G., DRISKO, J. & LEVINE, 

M. 2010. Vitamin C: intravenous use by complementary and alternative 

medicine practitioners and adverse effects. PLoS One. 5(7): p. e11414. 



 

268 

 

PADAYATTY, S. J., SUN, H., WANG, Y., RIORDAN, H. D., HEWITT, S. M., 

KATZ, A., WESLEY, R. A. & LEVINE, M. 2004. Vitamin C pharmacokinetics: 

implications for oral and intravenous use. Annals of Internal Medicine. 140(7): 

p. 533-537. 

PALMIERI, G., ROZZO, C., GENTILCORE, G. & ASCIERTO, P. A. 2012. Melanoma 

pathophysiology and drug targets. Emerging Therapeutics for Melanoma. 

London, Future Medicine LTD. p. 6-17. 

PAN, C., KUMAR, C., BOHL, S., KLINGMUELLER, U. & MANN, M. 2009. 

Comparative proteomic phenotyping of cell lines and primary cells to assess 

preservation of cell type-specific functions. Molecular & Cellular Proteomics. 

8(3): p. 443-450. 

PANIERI, E., GOGVADZE, V., NORBERG, E., VENKATESH, R., ORRENIUS, S. & 

ZHIVOTOVSKY, B. 2013. Reactive oxygen species generated in different 

compartments induce cell death, survival, or senescence. Free Radical Biology 

and Medicine. 57: p. 176-187. 

PARK, S., YOU, X. & IMLAY, J. A. 2005. Substantial DNA damage from 

submicromolar intracellular hydrogen peroxide detected in Hpx-mutants of 

Escherichia coli. Proceedings of the National Academy of Sciences of the United 

States of America. 102(26): p. 9317-9322. 

PARKIN, D. M., BRAY, F., FERLAY, J. & PISANI, P. 2001. Estimating the world 

cancer burden: Globocan 2000. International Journal of Cancer. 94(2): p. 153-

156. 

PARKIN, D. M., FERLAY, J., CURADO, M. P., BRAY, F., EDWARDS, B., SHIN, H. 

R. & FORMAN, D. 2010. Fifty years of cancer incidence: CI5 I–IX. 

International Journal of Cancer. 127(12): p. 2918-2927. 

PAULING, L. 1971. Vitamin C and the common cold. Canadian Medical Association 

Journal. 105, 448. 

PAUWELS, B., KORST, A. E., DE POOTER, C. M., PATTYN, G. G., 

LAMBRECHTS, H. A., BAAY, M. F., LARDON, F. & VERMORKEN, J. B. 

2003. Comparison of the sulforhodamine B assay and the clonogenic assay for 

in vitro chemoradiation studies. Cancer Chemotherapy and Pharmacology. 

51(3): p. 221-226. 

PELICANO, H., CARNEY, D. & HUANG, P. 2004. ROS stress in cancer cells and 

therapeutic implications. Drug Resistance Updates. 7(2): p. 97-110. 

PENCE, B. C. & NAYLOR, M. F. 1990. Effects of single-dose ultraviolet radiation on 

skin superoxide dismutase, catalase, and xanthine oxidase in hairless mice. 

Journal of investigative dermatology. 95(2): p. 213-216. 

PERLIS, C. & HERLYN, M. 2004. Recent advances in melanoma biology. The 

oncologist. 9(2): p. 182-187. 

PETERSEN, A. B., GNIADECKI, R., VICANOVA, J., THORN, T. & WULF, H. C. 

2000. Hydrogen peroxide is responsible for UVA-induced DNA damage 

measured by alkaline comet assay in HaCaT keratinocytes. Journal of 

Photochemistry and Photobiology B: Biology. 59(1): p. 123-131. 

PETRO, A., SCHWARTZ, J. & JOHNSON, T. 2004. Current melanoma staging. 

Clinics in dermatology. 22(3): p. 223-227. 



 

269 

 

PFLAUM, M., KIELBASSA, C., GARMYN, M. & EPE, B. 1998. Oxidative DNA 

damage induced by visible light in mammalian cells: extent, inhibition by 

antioxidants and genotoxic effects. Mutation Research/DNA Repair. 408(2): p. 

137-146. 

PHILLIPS, H. 1973. Dye exclusion tests for cell viability. Tissue culture: methods and 

applications. p. 406-408. 

PICARDO, M., GRAMMATICO, P., ROCCELLA, F., ROCCELLA, M., 

GRANDINETTI, M., DEL PORTO, G. & PASSI, S. 1996. Imbalance in the 

antioxidant pool in melanoma cells and normal melanocytes from patients with 

melanoma. Journal of Investigative Dermatology. 107(3): p. 322-326. 

PIERCE, G. B., PARCHMENT, R. E. & LEWELLYN, A. L. 1991. Hydrogen peroxide 

as a mediator of programmed cell death in the blastocyst. Differentiation. 46(3): 

p. 181-186. 

PODMORE, I. D., GRIFFITHS, H. R., HERBERT, K. E., MISTRY, N., MISTRY, P. & 

LUNEC, J. 1998. Vitamin C exhibits pro-oxidant properties. Nature. 392(6676): 

p. 559-559. 

POLEFKA, T. G., MEYER, T. A., AGIN, P. P. & BIANCHINI, R. J. 2012. Cutaneous 

oxidative stress. Journal of Cosmetic Dermatology. 11(1): p. 55-64. 

PROCKOP, J. 1995. Collagens: molecular biology, diseases, and potentials for therapy. 

Annual Review of Biochemistry. 64(1): p. 403-434. 

PUXEDDU, E., DURANTE, C., AVENIA, N., FILETTI, S. & RUSSO, D. 2008. 

Clinical implications of BRAF mutation in thyroid carcinoma. Trends in 

Endocrinology & Metabolism. 19(4): p. 138-145. 

RANDERATH, K., RANDERATH, E., SMITH, C. V. & CHANG, J. 1996. Structural 

origins of bulky oxidative DNA adducts (type II I-compounds) as deduced by 

oxidation of oligonucleotides of known sequence. Chemical Research in 

Toxicology. 9(1): p. 247-254. 

RANZATO, E., BIFFO, S. & BURLANDO, B. 2011. Selective ascorbate toxicity in 

malignant mesothelioma: a redox Trojan mechanism. American journal of 

respiratory cell and molecular biology. 44(1): p. 108-117. 

RAVANAT, J., BRETON, J., DOUKI, T., GASPARUTTO, D., GRAND, A., 

RACHIDI, W. & SAUVAIGO, S. 2014. Radiation-mediated formation of 

complex damage to DNA: a chemical aspect overview. The British journal of 

radiology, 87(1035): p. 20130715. 

RAWAL, M., SCHROEDER, S. R., WAGNER, B. A., CUSHING, C. M., WELSH, J. 

L., BUTTON, A. M., DU, J., SIBENALLER, Z. A., BUETTNER, G. R. & 

CULLEN, J. J. 2013. Manganoporphyrins increase ascorbate-induced 

cytotoxicity by enhancing H2O2 generation. Cancer Research. 73(16): p. 5232-

5241. 

REDDY, V. G., KHANNA, N. & SINGH, N. 2001. Vitamin C augments 

chemotherapeutic response of cervical carcinoma HeLa cells by stabilizing P53. 

Biochemical and Biophysical Research Communications. 282(2): p. 409-415. 

  



 

270 

 

REED, K. B., BREWER, J. D., LOHSE, C. M., BRINGE, K. E., PRUITT, C. N. & 

GIBSON, L. E. Increasing incidence of melanoma among young adults: an 

epidemiological study in Olmsted County, Minnesota.  Mayo Clinic Proceedings 

(2012). Elsevier. 328-334. 

REES, D., KELSEY, H. & RICHARDS, J. 1993. Acute haemolysis induced by high 

dose ascorbic acid in glucose-6-phosphate dehydrogenase deficiency. BMJ: 

British Medical Journal, 306(6881): p. 841. 

REGAD, T. 2013. Molecular and cellular pathogenesis of melanoma initiation and 

progression. Cellular and Molecular Life Sciences. p. 1-11. 

RELIENE, R. & SCHIESTL, R. H. 2006. Glutathione depletion by buthionine 

sulfoximine induces DNA deletions in mice. Carcinogenesis. 27(2): p. 240-244. 

RIBALLO, E., KÜHNE, M., RIEF, N., DOHERTY, A., SMITH, G. C., RECIO, M. A.-

J., REIS, C., DAHM, K., FRICKE, A. & KREMPLER, A. 2004. A pathway of 

double-strand break rejoining dependent upon ATM, Artemis, and proteins 

locating to γ-H2AX foci. Molecular Cell. 16(5): p. 715-724. 

RICHTER, C., GOGVADZE, V., LAFFRANCHI, R., SCHLAPBACH, R., 

SCHWEIZER, M., SUTER, M., WALTER, P. & YAFFEE, M. 1995. Oxidants 

in mitochondria: from physiology to diseases. Biochimica et Biophysica Acta 

(BBA)-Molecular Basis of Disease. 1271(1): p. 67-74. 

RILEY, P. 1997. Melanin. The international journal of biochemistry & cell biology. 

39(1): p. 44-84. 

RIVIERE, J., RAVANAT, J. L. & WAGNER, J. R. 2006. Ascorbate and H2O2 induced 

oxidative DNA damage in Jurkat cells. Free Radicals in Biololgy and Medicine. 

40(12): p. 2071-9. 

ROGAKOU, E. P., BOON, C., REDON, C. & BONNER, W. M. 1999. Megabase 

chromatin domains involved in DNA double-strand breaks in vivo. The Journal 

of Cell Biology. 146(5): p. 905-916. 

ROOS, W. P. & KAINA, B. 2006. DNA damage-induced cell death by apoptosis. 

Trends in Molecular Medicine. 12(9): p. 440-450. 

ROSE, R. C. 1988. Transport of ascorbic acid and other water-soluble vitamins. 

Biochimica et Biophysica Acta (BBA)-Reviews on Biomembranes. 947(2): p. 

335-366. 

ROSENBERG, S. A., LOTZE, M. T., MUUL, L. M., LEITMAN, S., CHANG, A. E., 

ETTINGHAUSEN, S. E., MATORY, Y. L., SKIBBER, J. M., SHILONI, E. & 

VETTO, J. T. 1985. Observations on the systemic administration of autologous 

lymphokine-activated killer cells and recombinant interleukin-2 to patients with 

metastatic cancer. The New England Journal of Medicine. 313(23): p. 1485-

1492. 

RÜNGER, T. M., EMMERT, S., SCHADENDORF, D., DIEM, C., EPE, B. & 

HELLFRITSCH, D. 2000. Alterations of DNA repair in melanoma cell lines 

resistant to cisplatin, fotemustine, or etoposide. Journal of Investigative 

Dermatology. 114(1): p. 34-39. 

  



 

271 

 

RUSTHOVEN, J. J., QUIRT, I. C., ISCOE, N. A., MCCULLOCH, P. B., JAMES, K. 

W., LOHMANN, R. C., JENSEN, J., BURDETTE-RADOUX, S., 

BODURTHA, A. J. & SILVER, H. 1996. Randomized, double-blind, placebo-

controlled trial comparing the response rates of carmustine, dacarbazine, and 

cisplatin with and without tamoxifen in patients with metastatic melanoma. 

National Cancer Institute of Canada Clinical Trials Group. Journal of Clinical 

Oncology. 14(7): p. 2083-2090. 

SAMUNI, A., DEGRAFF, W., KRISHNA, M. & MITCHELL, J. 2001. Cellular sites of 

H 2 O 2-induced damage and their protection by nitroxides. Biochimica et 

Biophysica Acta (BBA)-General Subjects. 1525(1): p. 70-76. 

SANDER, C., HAMM, F., ELSNER, P. & THIELE, J. 2003. Oxidative stress in 

malignant melanoma and non‐melanoma skin cancer. British Journal of 

Dermatology. 148(5): p. 913-922. 

SANE, A.-T., CANTIN, A. M., PAQUETTE, B. & WAGNER, J. R. 2004. Ascorbate 

modulation of H2O2 and camptothecin-induced cell death in Jurkat cells. 

Cancer Chemotherapy and Pharmacology. 54(4): p. 315-321. 

SARANGARAJAN, R. & APTE, S. P. 2006. The polymerization of melanin: a poorly 

understood phenomenon with egregious biological implications. Melanoma 

Research. 16(1): p. 3-10. 

SARZANINI, C., MENTASTI, E., ABOLLINO, O., FASANO, M. & AIME, S. 1992. 

Metal ion content in Sepia officinalis melanin. Marine Chemistry. 39(4): p. 243-

250. 

SATO, K., ITO, K., KOHARA, H., YAMAGUCHI, Y., ADACHI, K. & ENDO, H. 

1992. Negative regulation of catalase gene expression in hepatoma cells. 

Molecular and Cellular Biology. 12(6): p. 2525-2533. 

SATOH, K. & SAKAGAMI, H. 1996. Effect of metal ions on radical intensity and 

cytotoxic activity of ascorbate. Anticancer Research. 17(2A): p. 1125-1129. 

SAXMAN, S., MEYERS, M., CHAPMAN, P., DESTRO, A., PANAGEAS, K., BEGG, 

C., MONACO, F., AGARWALA, S., SCHUCHTER, L. & ERNSTOFF, M. A 

phase III multicenter randomized trial of DTIC, cisplatin, BCNU and tamoxifen 

versus DTIC alone in patients with metastatic melanoma.  Proc Am Soc Clin 

Oncol. Vol. 18. 1999. 

SCHLEICH, T., RODEMEISTER, S., VENTURELLI, S., SINNBERG, T., GARBE, C. 

& BUSCH, C. 2013. Decreased plasma ascorbate levels in stage IV melanoma 

patients. Metabolism and Nutrition in Oncology. 1.01 (2013): e2-e6.  

SCHNELLDORFER, T., GANSAUGE, S., GANSAUGE, F., SCHLOSSER, S., 

BEGER, H. G. & NUSSLER, A. K. 2000. Glutathione depletion causes cell 

growth inhibition and enhanced apoptosis in pancreatic cancer cells. Cancer. 

89(7): p. 1440-1447. 

SCHRAUFSTÄTTER, I., HYSLOP, P. A., JACKSON, J. H. & COCHRANE, C. G. 

1988. Oxidant-induced DNA damage of target cells. Journal of Clinical 

Investigation. 82(3): p. 1040. 

  



 

272 

 

SCHRAUFSTATTER, I. U., HYSLOP, P. A., HINSHAW, D. B., SPRAGG, R. G., 

SKLAR, L. A. & COCHRANE, C. G. 1986. Hydrogen peroxide-induced injury 

of cells and its prevention by inhibitors of poly (ADP-ribose) polymerase. 

Proceedings of the National Academy of Sciences. 83(13): p. 4908-4912. 

SCHUMACKER, P. T. 2006. Reactive oxygen species in cancer cells: live by the 

sword, die by the sword. Cancer Cell. 10(3): p. 175-176. 

SCOTT, S. P. & PANDITA, T. K. 2006. The cellular control of DNA double‐strand 

breaks. Journal of Cellular Biochemistry, 99(6): p. 1463-1475. 

SEQUIST, L. V., VON PAWEL, J., GARMEY, E. G., AKERLEY, W. L., BRUGGER, 

W., FERRARI, D., CHEN, Y., COSTA, D. B., GERBER, D. E. & ORLOV, S. 

2011. Randomized phase II study of erlotinib plus tivantinib versus erlotinib 

plus placebo in previously treated non–small-cell lung cancer. Journal of 

Clinical Oncology. (2011): JCO-2010. 

SERRANO, O. K., PARROW, N. L., VIOLET, P.-C., YANG, J., ZORNJAK, J., 

BASSEVILLE, A. & LEVINE, M. Antitumor effect of pharmacologic ascorbate 

in the B16 murine melanoma model. Free Radical Biology and Medicine. 

87(2015): p.193-203. 

SHAPIRO, S. S. & SALIOU, C. 2001. Role of vitamins in skin care. Nutrition. 17(10): 

p. 839-844. 

SHI, H., HUGO, W., KONG, X., HONG, A., KOYA, R. C., MORICEAU, G., 

CHODON, T., GUO, R., JOHNSON, D. B. & DAHLMAN, K. B. 2014. 

Acquired resistance and clonal evolution in melanoma during BRAF inhibitor 

therapy. Cancer Discovery. 4(1): p. 80-93. 

SHINDO, Y., WITT, E. & PACKER, L. 1993. Antioxidant defense mechanisms in 

murine epidermis and dermis and their responses to ultraviolet light. Journal of 

Investigative Dermatology. 100(3): p. 260-265. 

Siddique, Y.H., T. Beg, and M. Afzal, Protective effect of ascorbic acid against 

oxidative damage induced by hydrogen peroxide in cultured human peripheral 

blood lymphocytes. 2009. Indian Journal of Clinical Biochemistry. 24(3): p. 

294-300. 

SIES, H. 1994. Strategies of antioxidant defense. EJB Reviews 1993. Springer. p. 101-

107. 

SIMIC, M. G. & JOVANOVIC, S. V. 1986. Free radical mechanisms of DNA base 

damage. Mechanisms of DNA Damage and Repair. Springer US. 1986. p. 39-49.  

SIMON, H. U., HAJ-YEHIA, A. & LEVI-SCHAFFER, F. 2000. Role of reactive 

oxygen species (ROS) in apoptosis induction. Apoptosis. 5(5): p. 415-8. 

SINGH, N. P., MCCOY, M. T., TICE, R. R. & SCHNEIDER, E. L. 1988. A simple 

technique for quantitation of low levels of DNA damage in individual cells. 

Experimental Cell Research. 175(1): p. 184-191. 

SKINCANCERFOUNDATION. 2015. Skin Cancer Facts [Online]. Available: 

http://www.skincancer.org/skin-cancer-information/skin-cancer-facts#melanoma       

[Accessed 19/06 2015]. 

  

http://www.skincancer.org/skin-cancer-information/skin-cancer-facts#melanoma


 

273 

 

SMIT, N. P., VAN NIEUWPOORT, F. A., MARROT, L., OUT, C., POORTHUIS, B., 

VAN PELT, H., MEUNIER, J. R. & PAVEL, S. 2008. Increased Melanogenesis 

is a Risk Factor for Oxidative DNA Damage—Study on Cultured Melanocytes 

and Atypical Nevus Cells†. Photochemistry and Photobiology. 84(3): p. 550-

555. 

SOENGAS, M. S. & LOWE, S. W. 2003. Apoptosis and melanoma chemoresistance. 

Oncogene. 22(20): p. 3138-3151. 

SOLIT, D. & SAWYERS, C. L. 2010. Drug discovery: how melanomas bypass new 

therapy. Nature. 468(7326): p. 902-903 

SONG, J. L. & GAO, Y. 2014. Protective Effects of Lindera coreana on UVB-induced 

Oxidative Stress in Human HaCaT Keratinocytes. Iran J Pharm Res. 13(4): p. 

1369-78. 

SONNTAG, C. The chemical basis of radiation biology. Taylor & Francis 

London.1987.  

SOSMAN, J. A., KIM, K. B., SCHUCHTER, L., GONZALEZ, R., PAVLICK, A. C., 

WEBER, J. S., MCARTHUR, G. A., HUTSON, T. E., MOSCHOS, S. J. & 

FLAHERTY, K. T. 2012. Survival in BRAF V600–mutant advanced melanoma 

treated with vemurafenib. New England Journal of Medicine. 366(8): p. 707-

714. 

SOUTHORN, P. A. & POWIS, G. Free radicals in medicine. I. Chemical nature and 

biologic reactions.  Mayo Clinic Proceedings, 1988. Elsevier. 381-389. 

SPATZ, A., COOK, M., ELDER, D., PIEPKORN, M., RUITER, D. & BARNHILL, R. 

2003. Interobserver reproducibility of ulceration assessment in primary 

cutaneous melanomas. European Journal of Cancer. 39(13): p. 1861-1865. 

SPEIT, G., SCHÜTZ, P., BONZHEIM, I., TRENZ, K. & HOFFMANN, H. 2004. 

Sensitivity of the FPG protein towards alkylation damage in the comet assay. 

Toxicology letters, 146(2): p. 151-158. 

SPENCER, R. P. & BOW, T. M. 1964. In vitro transport of radiolabeled vitamins by 

the small intestine. Journal of Nuclear Medicine. 5(4): p. 251-258. 

SPIELHOLZ, C., GOLDE, D. W., HOUGHTON, A. N., NUALART, F. & VERA, J. C. 

1997. Increased facilitated transport of dehydroascorbic acid without changes in 

sodium-dependent ascorbate transport in human melanoma cells. Cancer 

Research. 57(12): p. 2529-2537. 

STANG, A., STAUSBERG, J., BOEDEKER, W., KEREK‐BODDEN, H. & JÖCKEL, 

K. H. 2008. Nationwide hospitalization costs of skin melanoma and non‐
melanoma skin cancer in Germany. Journal of the European Academy of 

Dermatology and Venereology. 22(1): p. 65-72. 

STASZEWSKI, O., NIKOLOVA, T. & KAINA, B. 2008. Kinetics of γ‐H2AX focus 

formation upon treatment of cells with UV light and alkylating agents. 

Environmental and Molecular Mutagenesis. 49(9): p. 734-740. 

STEINMETZ, K. A. & POTTER, J. D. 1996. Vegetables, fruit, and cancer prevention: a 

review. Journal of the American Dietetic Association. 96(10): p. 1027-1039. 

STEPIEN, K. 2010. The role of melanocytes in protection against photooxidative stress 

Krystyna Stepien. Postepy Biochem. 56(3): p. 290-7. 



 

274 

 

STICK, H., KARIM, J., KOROPATNICK, J. & LO, L. Mutagaenic action of ascorbic 

acid. Nature. 260 (1976): p. 722-724.  

STOHS, S. & BAGCHI, D. 1995. Oxidative mechanisms in the toxicity of metal ions. 

Free Radical Biology and Medicine. 18(2): p. 321-336. 

SULLIVAN, N. J., TOBER, K. L., BURNS, E. M., SCHICK, J. S., RIGGENBACH, J. 

A., MACE, T. A., BILL, M. A., YOUNG, G. S., OBERYSZYN, T. M. & 

LESINSKI, G. B. 2012. UV Light B–Mediated Inhibition of Skin Catalase 

Activity Promotes Gr-1&plus; CD11b&plus; Myeloid Cell Expansion. Journal 

of Investigative Dermatology. 132: p. 695-702. 

SUN, G., HU, W., ZHANG, J. & JING, S. 2012. Study on effect of BSO on esophageal 

cancer cell line TE-1. The Chinese-German Journal of Clinical Oncology. 

11(11): p. 638-643. 

SUTHERLAND, B. M., BENNETT, P. V., SUTHERLAND, J. C. & LAVAL, J. 

Clustered DNA damages induced by x rays in human cells. 2002, Vol. 157, No. 

6, pp. 611-616. 

SVETLOVA, M., SOLOVJEVA, L. & TOMILIN, N. 2010. Mechanism of elimination 

of phosphorylated histone H2AX from chromatin after repair of DNA double-

strand breaks. Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis. 685(1): p. 54-60. 

SWALWELL, H., LATIMER, J., HAYWOOD, R. M. & BIRCH-MACHIN, M. A. 

2012. Investigating the role of melanin in UVA/UVB-and hydrogen peroxide-

induced cellular and mitochondrial ROS production and mitochondrial DNA 

damage in human melanoma cells. Free Radical Biology and Medicine. 52(3): p. 

626-634. 

SWEETMAN, S., STRAIN, J. & MCKELVEY‐MARTIN, V. Effect of antioxidant 

vitamin supplementation on DNA damage and repair in human lymphoblastoid 

cells. Tylor francis online. Vol. 27 (1997). 

SYKES, J., MCCORMACK, F. & O'BRIEN, T. 1978. A preliminary study of the 

superoxide dismutase content of some human tumors. Cancer Research. 38(9): 

p. 2759-2762. 

SZATROWSKI, T. P. & NATHAN, C. F. 1991. Production of large amounts of 

hydrogen peroxide by human tumor cells. Cancer Research. 51(3): p. 794-798. 

SZENT-GYÖRGYI, A. 1928. Observations on the function of peroxidase systems and 

the chemistry of the adrenal cortex: Description of a new carbohydrate 

derivative. Biochemical Journal. 22(6): p. 1387. 

SZETO, Y.-T. & BENZIE, I. F. 2002. Effects of dietary antioxidants on human DNA ex 

vivo. Free Radical Research. 36(1): p. 113-118. 

SZNOL, M. & PARKINSON, D. R. 1994. Clinical applications of IL-2. Oncology 

(Williston Park, NY). 8(6): p. 61-7. 

SZPOGANICZ, B., GIDANIAN, S., KONG, P. & FARMER, P. 2002. Metal binding 

by melanins: studies of colloidal dihydroxyindole-melanin, and its complexation 

by Cu (II) and Zn (II) ions. Journal of Inorganic Biochemistry. 89(1): p. 45-53. 

  



 

275 

 

SZYMCZYK, K., KERR, B., FREEMAN, T., ADAMS, C. & STEINBECK, M. 2006. 

Involvement of hydrogen peroxide in the differentiation and apoptosis of 

preosteoclastic cells exposed to arsenite. Biochemical Pharmacology. 72(6): p. 

761-769. 

TAGDE, A., SINGH, H., KANG, M. & REYNOLDS, C. 2014. The glutathione 

synthesis inhibitor buthionine sulfoximine synergistically enhanced melphalan 

activity against preclinical models of multiple myeloma. Blood Cancer Journal. 

4(7): p. e229. 

TAKAHASHI, A. & OHNISHI, T. 2005. Does γH2AX foci formation depend on the 

presence of DNA double strand breaks? Cancer Letters. 229(2): p. 171-179. 

TAKEDA, M., SHIRATO, I., KOBAYASHI, M. & ENDOU, H. 1999. Hydrogen 

peroxide induces necrosis, apoptosis, oncosis and apoptotic oncosis of mouse 

terminal proximal straight tubule cells. Nephron. 81(2): p. 234-238. 

TAPER, H. S., KEYEUX, A. & ROBERFROID, M. 1995. Potentiation of radiotherapy 

by nontoxic pretreatment with combined vitamins C and K3 in mice bearing 

solid transplantable tumor. Anticancer Research. 16(1): p. 499-503. 

TARHINI, A. A. & AGARWALA, S. S. 2006. Cutaneous melanoma: available therapy 

for metastatic disease. Dermatologic Therapy. 19(1): p. 19-25. 

 TERMINI, J. 2000. Hydroperoxide-induced DNA damage and mutations. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis. 450(1): p. 

107-124. 

TERPSTRA, M., UGURBIL, K. & TKAC, I. 2010. Noninvasive quantification of 

human brain ascorbate concentration using 1H NMR spectroscopy at 7 T. NMR 

in biomedicine, 450(1): p. 107-124. 

THAKUR, M. D., SALANGSANG, F., LANDMAN, A. S., SELLERS, W. R., PRYER, 

N. K., LEVESQUE, M. P., DUMMER, R., MCMAHON, M. & STUART, D. D. 

2013. Modelling vemurafenib resistance in melanoma reveals a strategy to 

forestall drug resistance. Nature, 494(7436): p. 251-255. 

THIELE, J. J., PODDA, M. & PACKER, L. 1997. Tropospheric ozone: an emerging 

environmental stress to skin. Biological Chemistry. 378(11): p. 1299-1306. 

THOMAS, J. M., NEWTON-BISHOP, J., A'HERN, R., COOMBES, G., TIMMONS, 

M., EVANS, J., COOK, M., THEAKER, J., FALLOWFIELD, M. & O'NEILL, 

T. 2004. Excision margins in high-risk malignant melanoma. New England 

Journal of Medicine. 350(8): p. 757-766. 

THOMAS, N. E. 2006. BRAF somatic mutations in malignant melanoma and 

melanocytic naevi. Melanoma Research. 16(2): p. 97-103. 

THOMPSON, C. B. 1995. Apoptosis in the pathogenesis and treatment of disease. 

Science. 267(5203): p. 1456-62. 

THOMPSON, J. F., SCOLYER, R. A. & KEFFORD, R. F. 2005. Cutaneous melanoma. 

The Lancet, 365(9460): p. 687-701. 

  



 

276 

 

THOMPSON, J. F., SOONG, S.-J., BALCH, C. M., GERSHENWALD, J. E., DING, 

S., COIT, D. G., FLAHERTY, K. T., GIMOTTY, P. A., JOHNSON, T. & 

JOHNSON, M. M. 2011. Prognostic significance of mitotic rate in localized 

primary cutaneous melanoma: an analysis of patients in the multi-institutional 

American Joint Committee on Cancer melanoma staging database. Journal of 

Clinical Oncology. 29(16): p. 2199-2205. 

THRALL, B. D. & MEADOWS, G. G. 1991. Effect of L-DOPA methylester and 

glutathione depletion on murine B16BL6 melanoma growth in vitro. Journal of 

Investigative Dermatology. 97(6): p. 1073-1077. 

TIAN, L., SHI, M. M. & FORMAN, H. J. 1997. Increased transcription of the 

regulatory subunit of γ-glutamylcysteine synthetase in rat lung epithelial L2 

cells exposed to oxidative stress or glutathione depletion. Archives of 

Biochemistry and Biophysics. 342(1): p. 126-133. 

TICE, R., AGURELL, E., ANDERSON, D., BURLINSON, B., HARTMANN, A., 

KOBAYASHI, H., MIYAMAE, Y., ROJAS, E., RYU, J. & SASAKI, Y. 2000. 

Single cell gel/comet assay: guidelines for in vitro and in vivo genetic 

toxicology testing. Environmental and Molecular Mutagenesis. 35(3): p. 206-

221. 

TOLBERT, B., DOWNING, M., CARLSON, R., KNIGHT, M. & BAKER, E. 1975. 

Chemistry and Metabolism of Ascorbic Acid and Ascorbate Sulfate. Annals of 

the New York Academy of Sciences. 258(1): p. 48-69. 

TOYOKUNI, S., OKAMOTO, K., YODOI, J. & HIAI, H. 1995. Persistent oxidative 

stress in cancer. FEBS Letters. 358(1): p. 1-3. 

TRACHOOTHAM, D., ALEXANDRE, J. & HUANG, P. 2009. Targeting cancer cells 

by ROS-mediated mechanisms: a radical therapeutic approach? Nature Reviews 

Drug discovery. 8(7): p. 579-591. 

TRACHOOTHAM, D., ZHOU, Y., ZHANG, H., DEMIZU, Y., CHEN, Z., 

PELICANO, H., CHIAO, P. J., ACHANTA, G., ARLINGHAUS, R. B. & LIU, 

J. 2006. Selective killing of oncogenically transformed cells through a ROS-

mediated mechanism by β-phenylethyl isothiocyanate. Cancer Cell. 10(3): p. 

241-252. 

TRON, V., KRAJEWSKI, S., KLEIN-PARKER, H., LI, G., HO, V. & REED, J. 1995. 

Immunohistochemical analysis of Bcl-2 protein regulation in cutaneous 

melanoma. The American Journal of Pathology. 146(3): p. 643. 

TSUKAGUCHI, H., TOKUI, T., MACKENZIE, B., BERGER, U. V., CHEN, X.-Z., 

WANG, Y., BRUBAKER, R. F. & HEDIGER, M. A. 1999. A family of 

mammalian Na&plus;-dependent L-ascorbic acid transporters. Nature. 

399(6731): p. 70-75. 

TUCKER, M. A. & GOLDSTEIN, A. M. 2003. Melanoma etiology: where are we? 

Oncogene. 22(20): p. 3042-3052. 

UDENFRIEND, S., CLARK, C. T., AXELROD, J. & BRODIE, B. B. 1954. Ascorbic 

acid in aromatic hydroxylation I. A model system for aromatic hydroxylation. 

Journal of Biological Chemistry. 208(2): p. 731-740. 



 

277 

 

ULLAH, M., H BHAT, S., HUSSAIN, E., ABU-DUHIER, F., AHMAD, A. & M 

HADI, S. 2012. Ascorbic acid in cancer chemoprevention: translational 

perspectives and efficacy. Current Drug Targets. 13(14): p. 1757-1771. 

VALACCHI, G., STICOZZI, C., BELMONTE, G., CERVELLATI, F., DEMAUDE, J., 

CHEN, N., KROL, Y. & ORESAJO, C. 2015. Vitamin C Compound Mixtures 

Prevent Ozone-Induced Oxidative Damage in Human Keratinocytes as Initial 

Assessment of Pollution Protection. Plos one. 10(8): p. e0131097. 

VALKO, M., LEIBFRITZ, D., MONCOL, J., CRONIN, M. T., MAZUR, M. & 

TELSER, J. 2007. Free radicals and antioxidants in normal physiological 

functions and human disease. The International Journal of Biochemistry & Cell 

Biology. 39(1): p. 44-84. 

VALKO, M., RHODES, C., MONCOL, J., IZAKOVIC, M. & MAZUR, M. 2006. Free 

radicals, metals and antioxidants in oxidative stress-induced cancer. Chemico-

Biological Interactions. 160(1): p. 1-40. 

VALVERDE, P., MANNING, P., TODD, C., MCNEIL, C. & THODY, A. 1996. 

Tyrosinase may protect human melanocytes from the cytotoxic effects of the 

superoxide an ion. Experimental dermatology. 5(5): p. 247-253. 

VERRAX, J., BECK, R., DEJEANS, N., GLORIEUX, C., SID, B., PEDROSA, R. C., 

BENITES, J., VASQUEZ, D., VALDERRAMA, J. A. & CALDERON, P. B. 

2011a. Redox-active quinones and ascorbate: an innovative cancer therapy that 

exploits the vulnerability of cancer cells to oxidative stress. Anticancer Agents 

Med Chem. 11.2 (2011): p. 213-221. 

VERRAX, J., CADROBBI, J., MARQUES, C., TAPER, H., HABRAKEN, Y., 

PIETTE, J. & CALDERON, P. B. 2004. Ascorbate potentiates the cytotoxicity 

of menadione leading to an oxidative stress that kills cancer cells by a non-

apoptotic caspase-3 independent form of cell death. Apoptosis. 9(2): p. 223-233. 

VERRAX, J. & CALDERON, P. B. 2009. Pharmacologic concentrations of ascorbate 

are achieved by parenteral administration and exhibit antitumoral effects. Free 

Radical Biology and Medicine. 47(1): p. 32-40. 

VERRAX, J., DEJEANS, N., SID, B., GLORIEUX, C. & CALDERON, P. B. 2011b. 

Intracellular ATP levels determine cell death fate of cancer cells exposed to both 

standard and redox chemotherapeutic agents. Biochemical Pharmacology. 

82(11): p. 1540-1548. 

VERRAX, J., PEDROSA, R. C., BECK, R., DEJEANS, N., TAPER, H. & 

CALDERON, P. B. 2009. In situ modulation of oxidative stress: a novel and 

efficient strategy to kill cancer cells. Current medicinal chemistry, 16(15): p. 

1821-1830. 

VISSERS, M., GUNNINGHAM, S. P., MORRISON, M. J., DACHS, G. U. & 

CURRIE, M. J. 2007. Modulation of hypoxia-inducible factor-1 alpha in 

cultured primary cells by intracellular ascorbate. Free Radical Biology and 

Medicine, 42(6): p. 765-772. 

VON SONNTAG, C. The chemical basis of radiation biology. 1987. Taylor & Francis 

London. 

  



 

278 

 

VOSHAVAR, C., SHAH, M., XU, L. & DUTTA, A. K. 2015. Assessment of Protective 

Role of Multifunctional Dopamine Agonist D-512 Against Oxidative Stress 

Produced by Depletion of Glutathione in PC12 Cells: Implication in 

Neuroprotective Therapy for Parkinson's Disease. Neurotoxicity Research. 28.4 

(2015): 302-318. 

VOUSDEN, K. H. & PRIVES, C. 2009. Blinded by the light: the growing complexity 

of p53. Cell. 137(3): p. 413-431. 

WADDELL, W. R. & GERNER, R. E. 1980. Indomethacin and ascorbate inhibit 

desmoid tumors. Journal of Surgical Oncology. 15(1): p. 85-90. 

WAGNER, B. A., EVIG, C. B., RESZKA, K. J., BUETTNER, G. R. & BURNS, C. P. 

2005. Doxorubicin increases intracellular hydrogen peroxide in PC3 prostate 

cancer cells. Archives of Biochemistry and Biophysics. 440(2): p. 181-190. 

WAGNER, J. R., HU, C.-C. & AMES, B. N. 1992. Endogenous oxidative damage of 

deoxycytidine in DNA. Proceedings of the National Academy of Sciences. 

89(8): p. 3380-3384. 

WALLACE, S. S. 1988. AP endonucleases and DNA glycosylases that recognize 

oxidative DNA damage. Environmental Mutagenesis. 12(4): p. 431-477. 

WANG, H.-T., CHOI, B. & TANG, M.-S. 2010. Melanocytes are deficient in repair of 

oxidative DNA damage and UV-induced photoproducts. Proceedings of the 

National Academy of Sciences. 107(27): p. 12180-12185. 

WARD, E. M., BURNETT, C. A., RUDER, A. & DAVIS-KING, K. 1997. Industries 

and cancer. Cancer Causes & Control. 8(3): p. 356-370. 

WARD, I. M. & CHEN, J. 2001. Histone H2AX is phosphorylated in an ATR-

dependent manner in response to replicational stress. Journal of Biological 

Chemistry. 276(51): p. 47759-47762. 

WARD, J. 1988. DNA damage produced by ionizing radiation in mammalian cells: 

identities, mechanisms of formation, and reparability. Progress in Nucleic Acid 

Research and Molecular Biology. 276(51): p. 47759-47762. 

WARD, J. 1994. The complexity of DNA damage: relevance to biological 

consequences. International Journal of Radiation Biology. 66. p. 427-432. 

WASIERSKA-GADEK, J. & MAURER, M. 2011. Promotion of apoptosis in cancer 

cells by selective purine-derived pharmacological CDK inhibitors: one outcome, 

many mechanisms. Current pharmaceutical design. 17(3): p. 256-271. 

WASSMANN, S., WASSMANN, K. & NICKENIG, G. 2004. Modulation of oxidant 

and antioxidant enzyme expression and function in vascular cells. Hypertension. 

44(4): p. 381-386. 

WATSON, R. R., ZIBADI, S. & PREEDY, V. R. 2010. Dietary Components and 

Immune Function. Springer Science & Business Media, 2010. 

WEBER, P., BENDICH, A. & SCHALCH, W. 1995. Vitamin C and human health--a 

review of recent data relevant to human requirements. International Journal for 

Vitamin and Nutrition Research. 66(1): p. 19-30. 

WEITZMAN, S. A., TURK, P. W., MILKOWSKI, D. H. & KOZLOWSKI, K. 1994. 

Free radical adducts induce alterations in DNA cytosine methylation. 

Proceedings of the National Academy of Sciences. 91(4): p. 1261-1264. 



 

279 

 

WELCH, R. W., WANG, Y., CROSSMAN, A., PARK, J. B., KIRK, K. L. & LEVINE, 

M. 1995. Accumulation of vitamin C (ascorbate) and its oxidized metabolite 

dehydroascorbic acid occurs by separate mechanisms. Journal of Biological 

Chemistry. 270(21): p. 12584-12592. 

WELLBROCK, C. & HURLSTONE, A. 2010. BRAF as therapeutic target in 

melanoma. Biochemical Pharmacology. 80(5): p. 561-567. 

WENCZL, E., VAN DER SCHANS, G. P., ROZA, L., KOLB, R. M., TIMMERMAN, 

A. J., SMIT, N., PAVEL, S. & SCHOTHORST, A. A. 1998. (Pheo) melanin 

photosensitizes UVA-induced DNA damage in cultured human melanocytes. 

The Journal of Investigative Dermatology. 111(4): p. 678-682. 

WHITEMAN, D. C. & GREEN, A. C. 1999. Melanoma and sun exposure: where are 

we now? International Journal of Dermatology. 38(7): p. 481-489. 

WHITTEMORE, E., LOO, D., WATT, J. & COTMANS, C. 1995. A detailed analysis 

of hydrogen peroxide-induced cell death in primary neuronal culture. 

Neuroscience. 67(4): p. 921-932. 

WHITTEMORE, E. R., LOO, D. T. & COTMAN, C. W. 1994. Exposure to hydrogen 

peroxide induces cell death via apoptosis in cultured rat cortical neurons. 

Neuroreport. 5(12): p. 1485-8. 

WHO. 2015a. Health Effect of UV Radiation [Online]. Available: 

http://www.who.int/uv/health/uv_health2/en/index1.html [Accessed 19/06 

2015]. 

WHO. 2015b. How common is skin cancer? [Online]. Available: 

http://www.who.int/uv/faq/skincancer/en/index1.html [Accessed 19/06 2015]. 

WILLIAMS, M. & OUHTIT, A. 2005. Towards a better understanding of the molecular 

mechanisms involved in sunlight-induced melanoma. Bio Med Research 

International. 2005(1): p. 57-61. 

WITTGEN, H. G. & VAN KEMPEN, L. C. 2007. Reactive oxygen species in 

melanoma and its therapeutic implications. Melanoma Research. 17(6): p. 400-

409. 

WOO, J. M., SHIN, D.-Y., LEE, S. J., JOE, Y., ZHENG, M., YIM, J. H., 

CALLAWAY, Z. & CHUNG, H. T. 2012. Curcumin protects retinal pigment 

epithelial cells against oxidative stress via induction of heme oxygenase-1 

expression and reduction of reactive oxygen. Molecular Vision. 18: p. 901. 

WOOLLARD, K. J., LORYMAN, C. J., MEREDITH, E., BEVAN, R., SHAW, J. A., 

LUNEC, J. & GRIFFITHS, H. R. 2002. Effects of oral vitamin C on monocyte: 

endothelial cell adhesion in healthy subjects. Biochemical and Biophysical 

Research Communications. 294(5): p. 1161-1168. 

WU, L. L., CHIOU, C.-C., CHANG, P.-Y. & WU, J. T. 2004. Urinary 8-OHdG: a 

marker of oxidative stress to DNA and a risk factor for cancer, atherosclerosis 

and diabetics. Clinica Chimica Acta. 339(1): p. 1-9. 

YANG, L., ZHENG, X. L., SUN, H., ZHONG, Y. J., WANG, Q., HE, H. N., SHI, X. 

W., ZHOU, B., LI, J. K. & LIN, Y. 2011. Catalase suppression‐mediated H2O2 

accumulation in cancer cells by wogonin effectively blocks tumor necrosis 

factor‐induced NF‐κB activation and sensitizes apoptosis. Cancer Science. 

102(4): p. 870-876. 

http://www.who.int/uv/health/uv_health2/en/index1.html
http://www.who.int/uv/faq/skincancer/en/index1.html


 

280 

 

YE, X., FELS, D., DEDEUGD, C., DEWHIRST, M. W., LEONG, K. & BATINIC-

HABERLE, I. The in vitro cytotoxic effects of Mn (III) 

alkylpyridylporphyrin/ascorbate system on four tumor cell lines.  Free Radical 

Biology and Medicine, 2009. ELSEVIER SCIENCE INC 360 PARK AVE 

SOUTH, NEW YORK, NY 10010-1710 USA, S136-S136. 

YEN, G.-C., DUH, P.-D. & TSAI, H.-L. 2002. Antioxidant and pro-oxidant properties 

of ascorbic acid and gallic acid. Food Chemistry. 79(3): p. 307-313. 

YIN, Z., IVANOV, V. N., HABELHAH, H., TEW, K. & RONAI, Z. E. 2000. 

Glutathione S-transferase p elicits protection against H2O2-induced cell death 

via coordinated regulation of stress kinases. Cancer Research. 60(15): p. 4053-

4057. 

YOUNG, C. & RUSHTON, L. Occupational cancer in Britain. British Journal of 

Cancer. 2012. 107: p. S71-S75. 

YOUNG, S. E., MARTINEZ, S. R. & ESSNER, R. 2006. The role of surgery in 

treatment of stage IV melanoma. J Surg Oncol. 94(4): p. 344-51. 

ZAINOL, M., STOUTE, J., ALMEIDA, G. M., RAPP, A., BOWMAN, K. J. & JONES, 

G. D. Introducing a true internal standard for the Comet assay to minimize intra-

and inter-experiment variability in measures of DNA damage and repair. Nucleic 

Acids Research. (2009). 10.1093. gkp826. 

ZELKO, I. N., MARIANI, T. J. & FOLZ, R. J. 2002. Superoxide dismutase multigene 

family: a comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-

SOD (SOD3) gene structures, evolution, and expression. Free Radical Biology 

and Medicine. 33(3): p. 337-349. 

ZHANG, H., LIU, Y.-Y., JIANG, Q., LI, K.-R., ZHAO, Y.-X., CAO, C. & YAO, J. 

2014. Salvianolic acid A protects RPE cells against oxidative stress through 

activation of Nrf2/HO-1 signaling. Free Radical Biology and Medicine. 69: p. 

219-228. 

ZHANG, K., MACK, P. & WONG, K. 1998. Glutathione-related mechanisms in 

cellular resistance to anticancer drugs. International Journal of Oncology. 12(4): 

p. 871-953. 

ZHOU, P. 2011. DNA damage, signaling and repair: Protecting genomic integrity and 

reducing the risk of human disease. Chinese Science Bulletin. 56(30): p. 3119-

3121. 

ZIEBA, M., SUWALSKI, M., KWIATKOWSKA, S., PIASECKA, G., 

GRZELEWSKA–RZYMOWSKA, I., STOLAREK, R. & NOWAK, D. 2000. 

Comparison of hydrogen peroxide generation and the content of lipid 

peroxidation products in lung cancer tissue and pulmonary parenchyma. 

Respiratory Medicine. 94(8): p. 800-805. 

 


