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Summary 

 

Nowdays there is a plethora of evidence for H2O2-mediated oxidative stress in the 

epidermis as well as in the system in patients with vitiligo (for review see 

(Schallreuter, Bahadoran et al. 2008). Xanthine dehydrogenase / xanthine oxidase 

(XDH / XO) catalyses the oxidative hydroxylation of hypoxanthine to xanthine 

followed by xanthine to uric acid, the last two steps in purine degradation pathway. 

Under oxidative conditions, XDH is converted to XO. The reactions catalysed by this 

enzyme generate H2O2 and O2
•-, yielding in the presence of ROS accumulation, 

allantoin from uric acid. Therefore XO has been considered a major biologic source of 

oxygen-derived free radicals in many organs. The presence of XO in the human 

epidermis has not been shown so far. In this study several techniques were utilised to 

nail the presence and activity of XO in epidermal melanocytes and keratinocytes.   

The enzyme is regulated by H2O2 in a concentration dependent manner, where 

concentrations of 10-6M upregulate activity. Importantly, the results showed that the 

activity of XO is little affected by H2O2 in the mM range. H2O2-mediated oxidation of 

tryptophan and methionine residues in the sequence of XO yields only subtle 

alterations in the enzyme active site. These findings are in agreement with enzyme 

kinetics in the presence of 10-3M H2O2. Since uric acid is the end product of XO 

activity and this can be oxidised to allantoin by H2O2, we wanted to know whether 

allantoin is formed in the epidermis of patients with vitiligo. In order to address this 

issue, we utilised HPLC/mass spectrometry analysis. Analysis of epidermal cell 

extracts from suction blister tissue identified the presence of allantoin in patients with 

acute vitiligo, while this product was absent in healthy controls. In conclusion, our 

results provide evidence for functioning epidermal XO in the human epidermis which 
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can be a major source for the production of H2O2 contributing to oxidative stress in 

vitiligo. 

In addition, this thesis also demonstrates for the first time the presence of XO in 

melanosomes, and we showed that both 7BH4 and 7-biopterin inhibit XO activity in a 

concentration dependent manner. Moreover, XO has the potential to bind to 6/7BH4 

and 6/7-biopterin from the pterin/tyrosinase inhibitor complex. This discovery adds 

another receptor independent mechanism for regulation of tyrosinase within the 

melanocyte similar to α/β-MSH as shown earlier (Moore, Wood et al. 1999; Spencer, 

Chavan et al. 2005).  

 

Since the entire epidermis of patients with vitiligo is under H2O2-mediated oxidative 

stress, oxidative DNA damage would be highly expected. This thesis shows for the 

first time that epidermal 8-oxoG levels as well as plasma level of this oxidised DNA 

base are significantly increased in patients compared to healthy controls. We have 

shown that epidermal cells from patients with vitiligo respond to oxidative DNA 

damage via the overexpression of p21 and Gadd45α leading to a functioning 

increased short-patch base-excision repair (BER), while increased apoptosis can be 

ruled out due to lower caspase 3 and cytochrome c response compared to healthy 

controls. Our results show that patients develop effective DNA repair machinery via 

hOgg1, APE1 and DNA polymeraseβ. Taking into consideration that these patients do 

not have an increased prevalence for solar-induced skin cancers, our data suggest that 

BER is a major player in the hierarchy to combat H2O2-mediated oxidative stress 

preventing ROS-induced tumourigenesis in the epidermis of these patients.  
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1.0  INTRODUCTION 

 

1.1  The human skin 

 

1.1.1  Structure 

The human integumentary system including skin and its appendages is the largest and 

heaviest organ of the body with thickness ranging from 1.5 to 4 mm. The size of the 

skin is around 2 m2 in area constituting almost 6% of the total body weight (5 to 6 

kg). It is made up of different layers of tissues guarding underlying muscles and 

organs. The importance of this organ in retaining normal homeostasis can be pointed 

out through its multiple functions. The skin plays the first line of defense against 

external pathogens, mechanical injuries and dehydration. It is also involved in 

insulation and temperature regulation of the body, reception of environmental 

messages through a variety of nerve endings, provision of a waterproof barrier, 

excretion via sweat glands, and protection via absorption of ultraviolet radiation 

(UVR) by the pigmentary system. Moreover, the skin contains an immuno-regulatory 

network and this organ plays an important role in psycho-emotion (Holbrook and 

Wolff 1993; Gartner 2001; Elias 2005; Tobin 2006). 

Histologically, human skin consists of two tissue types. The external layer is a 

stratified non-vascularised epidermis with an underlying basement membrane and the 

internal connective tissue layer, the dermis. Both epidermis and dermis collaborate 

with each other to maintain the properties of both tissues. Below these layers lies the 

hypodermis or subcutis (subcutaneous adipose layer), which is usually not classified 

as a layer of skin (Holbrook and Wolff 1993; Gartner 2001; Tobin 2006).  
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1.1.2  The epidermis 

The epidermis, the outer layer of the skin which is continuously being cornified and 

rejuvenated in 28-30 days cycle, is made up of an ectodermally derived (Weiss and 

Zelickson 1975) stratified squamous keratinised epithelium with an underlying basal 

lamina, approximately 0.4 mm (eyelids) to 1.5 mm (palms and soles) thick (Holbrook 

and Wolff 1993). Keratinocytes in different stages and positions form the majority of 

cells, constituting the epidermis. Melanocytes, Langerhans cells and Merkel cells are 

other cells present at different levels. The basement membrane separates the 

epidermis from the dermis (Holbrook and Wolff 1993; Gartner 2001). Due to cell 

differentiation of keratinocytes five morphologically distinct strata are identified 

(Holbrook and Wolff 1993; Gartner 2001). 

 

1.1.2.1  Stratum basale 

The stratum basale (or synonym stratum germinativum) is directly over the basement 

membrane of the epidermis immediately above the dermis. This layer consists of a 

single layer of undifferentiated mitotically active, tall, cuboidal columnar epithelial 

cells with a large nucleus. Their cytoplasm can contain pigmented melanosomes 

transferred from neighbouring melanocytes. The keratin filaments are formed into 

fine bundles in the vicinity of the nucleus. This layer is responsible for proliferation 

by generating new cells. With the beginning of differentiation, the stratum spinosum 

is formed (Holbrook and Wolff 1993; Gartner 2001).  

 

 

 

 



 27 

1.1.2.2  Stratum spinosum 

The stratum spinosum consists of polyhedral KCs and it is located above the stratum 

basale. The cytoplasm of the cells in this layer of the epidermis contains the same 

cellular organelles as the cells in the basale layer as well as a rounded nucleus. 

Moreover, large bundles of intermediate filaments (cytokeratin) compared to cells in 

the stratum basale exist in their cytoplasm (Holbrook and Wolff 1993; Gartner 2001). 

 

1.1.2.3  Stratum granulosum 

This stratum consists of 1-2 rows of flattened keratinocytes which are still 

metabolically active and they still have a nucleus. Their cytoplasm is characterised by 

large and irregularly shaped keratinohylin granules in which bundles of keratin 

filaments pass through. Programmed destruction of these cells yields differentiated 

cornified cells accompanied by the loss of the nucleus as well as other cellular 

organelles except keratin filaments (Holbrook and Wolff 1993; Gartner 2001).   

 

1.1.2.4  Stratum lucidum 

This layer is present only in thick skin (palms and soles), consisting of a thin layer of 

flattened cells sitting above the stratum granulosum. The cells in this layer lack 

cytoplasmic organelles and nuclei, but they contain densely packed keratin filaments 

(Gartner 2001). 
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1.1.2.5  Stratum corneum 

This layer is the most superficial layer of the skin and is composed of several layers of 

flattened and keratinised (cornified) cells without nuclei and organelles but filled with 

keratin filaments. This layer of the epidermis provides mechanical protection to the 

skin and plays a major role as barrier (Holbrook and Wolff 1993; Gartner 2001; Elias 

2005).  
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1.1.3  The keratinocyte  

Keratinocytes are derived from the superficial ectoderm. They form the largest 

population of cells present in the epidermis. These cells all contain keratin filaments 

in their cytoplasm giving structure and forming desmosomes (desmosomal junctions) 

with neighbouring cells (Koch and Roop 2004). Keratinocytes are continuously 

keratinised, turning over and finally sloughing off from the surface of the epidermis 

(Gartner 2001). Therefore they need to be renewed. As a result, they are highly 

mitotically active in the basal layer of the epidermis. The epidermal turnover takes 

approximately 28-30 days. The keratin pairs in the cells indicate the position of the 

cells in epidermis and also their status of differentiation. There are different keratins 

expressed in different layers of the epidermis. Keratin 5 and 14 are expressed in the 

stratum basale whereas keratin 1 and 10 exist in suprabasal layers (Koch and Roop 

2004). Keratinocytes, both differentiated and undifferentiated, release numerous 

factors which could stimulate the melanocyte in a paracrine fashion by binding to 

their respective receptors on the melanocyte membrane leading in turn to changes in 

melanocyte proliferation, differentiation, dendritogenesis and melanin synthesis 

(Prunieras 1969; Yaar and Gilchrest 1991; Yaar, Grossman et al. 1991; Yada, Higuchi 

et al. 1991; Imokawa, Yada et al. 1992; Schallreuter, Wood et al. 1992; Imokawa, 

Yada et al. 1996; Abdel-Naser 1999; Imokawa 2004; Hirobe 2005; Schallreuter, 

Kothari et al. 2007). 
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1.1.4  The melanocyte 

Melanocytes are the pigment synthesising cells, giving the skin its colour. These 

dendritic cells are derived from melanoblasts originating from the neural crest 

(Cramer 1991). Melanocytes reside in the stratum basale among the other cells with 

the average density of 1000 to 2000 melanocytes/cm2. Although this density varies in 

different regions of the human skin, the total number of melanocytes in different 

racial groups is somewhat constant (Thody 1993). Melanocytes are round to columnar 

cells with a pale-staining cytoplasm and an ovoid nucleus. Their elongated dendrites 

extend among neighbouring epidermal cells, facilitating the transfer of melanosomes 

(the specific organelle where melanin is synthesised) to the keratinocytes. In this way, 

melanin is distributed into the suprabasal layers of the epidermis (Holbrook and Wolff 

1993; Thody 1993; Gartner 2001). In human epidermis, approximately 36 basal and 

suprabasal keratinocytes are functioning in close working relationship with one 

melanocyte. This organisation is called “epidermal melanin unit (EMU)” (Fitzpatrick 

and Breathnach 1963; Fitzpatrick, Miyamoto et al. 1967). Both cell types are in close 

symbiotic relation during melanogenesis (Fitzpatrick and Breathnach 1963; Hadley 

and Quevedo 1966).  
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1.1.5  Langerhans cells and Merkel cells 

Langerhans cells are also dendritic cells which are primarily located in suprabasal 

layers. They originate from precursors in the bone marrow and account for 2 to 8 

percent of the epidermal cell population. These cells are a part of a mononuclear 

phagocyte system and involved in a variety of T-cell responses. Langerhans cells 

function in the immune response, they are responsible for the recognition, uptake, 

processing and presentation of foreign antigens to T-lymphocytes present in the 

lymph nodes in their vicinity. Furthermore, it has been proposed that the Langerhans 

cells, melanocytes and keratinocytes form an “epidermal tripod” which is 

characterised by functional interaction (Holbrook and Wolff 1993; Gartner 2001).     

 

Merkel cells are other dendritic cells which are scattered among the keratinocytes of 

the stratum basale. These cells are differentiated from epithelial cells in the early 

human fetus. Unmyelinated sensory nerves traverse the basal lamina to approach the 

Merkel cells, forming Merkel cell-neurite complexes which function as 

mechanoreceptors. Apart from that, the Merkel cell function is still unclear (Holbrook 

and Wolff 1993; Gartner 2001). 
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Figure 1  

The structure of human epidermis  

The picture illustrates different cell types and layers in the epidermis (modified from 

(Christophers and Braver 1987). 
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1.1.6  The dermis  

The dermis (synonym Corium) makes up the bulk of the skin and it derives from the 

mesoderm. The dermis is tightly connected to the epidermis by a basement 

membrane. The thickness of the dermis varies from 0.6mm in the eyelids to 3mm on 

the palms and soles (Gartner 2001). The dermis is composed of a combination of 

fibrous, filamentous and dense irregular collagenous connective tissues, which 

altogether support the epidermis and connect the skin to the underlying hypodermis. 

These tissues also give the skin its elasticity, flexibility and strength. The major types 

of fibrous connective tissues in the dermis are collagen and elastin. The dermis also 

contains the neural and vascular networks, lymphatic systems and its appendages 

including sebaceous and sweat glands, hair follicles and nails. The most abundant 

cells in the dermis are fibroblasts, besides macrophages and mast cells. In addition, 

blood-derived cells including plasma cells and leukocytes can enter the dermis in 

response to various stimuli. On the basis of different types of fibrous connective tissue 

organisation, cell density and nerve and vascular patterns dermis is divided into two 

layers. The upper layer adjacent to the epidermis is the papillary layer and is 

composed of small bundles of small-diameter collagen fibrils. The deeper layer is the 

reticular layer is much denser compared to the papillary layer and is made up of large 

bundles of large-diameter collagen fibrils which accounts for the most thickness of the 

dermis and also skin on the whole.  The papillary dermis has a higher metabolic 

activity compared to the reticular dermis due to its high density of mesenchymally 

derived fibroblasts which are responsible for synthesis and degradation of collagen 

and also fibrous and non-fibrous connective tissue matrix proteins. The border 

between the two regions is distinguished with a straight plane of vessels and the 

subpapillary plexus (Holbrook and Wolff 1993; Gartner 2001). 
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1.1.7  The hypodermis (subcutis) 

Conventionally, the hypodermis is the subcutaneous adipose layer underlying directly 

the dermis. It is composed of fibrous dermal connective tissue containing varying 

amounts of adipose tissue (Holbrook and Wolff 1993; Gartner 2001). 
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1.2  Skin colour 

 

1.2.1  History 

The first recorded document about a human pigmentation disorder, most likely 

vitiligo, dates back to around 2200 BC. From that time, the origins of skin and hair 

colour were an enigma and it was just with the discovery of melanocytes in the 19th 

century that this unsolved mystery was uncovered. This significant discovery allowed 

investigators to find out more about the melanocytes’ origin and development, the 

structure of melanosomes, their translocation into neighbouring keratinocytes as well 

as the epidermal melanin unit. These discoveries then justified the differences 

between human skin phototypes (Westerhof 2006). 
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1.2.2  Inherited versus induced skin colour 

The differences in human skin colour are due to variation in epidermal melanin 

synthesis which can be attributed to many factors such as climates, genetic 

architecture and also ultraviolet radiation (UVR). Thus the majority of scientists agree 

that the differences in human skin colour reflect biological adaptations to some aspect 

of the environment (Jablonski and Chaplin 2000; Barsh 2003). In principle, the human 

skin colour is genetically determined and that is generally called “constitutive skin 

colour” (Bennett and Lamoreux 2003). However, it is important to note that inherited 

skin colour can be also influenced by certain environmental factors such as long-term 

exposure to UV light. Increase in melanin formation due to external stimuli is termed 

facultative skin pigmentation (Kaidbey and Kligman 1978; Yamaguchi, Takahashi et 

al. 2006; Miyamura, Coelho et al. 2007; Yamaguchi, Brenner et al. 2007). Due to 

higher UV radiation in tropical areas dark skin has emerged to provide more 

protection against the harmful effects of UV radiation, such as sunburn and skin 

cancer (Fitzpatrick 1965). In regions with low UV exposure mostly fair skin is present 

to allow UV-induced biosynthesis of vitamin D3 to occur (Harris, Soteriades et al. 

2000; Jablonski and Chaplin 2000). Pigmentation in response to UV light is 

commonly known as tanning (Fitzpatrick, Becker et al. 1950; Eller and Gilchrest 

2000). Two different mechanisms of tanning are known: immediate tanning and 

delayed tanning. Immediate tanning can occur within minutes after exposure to UVA 

(320-400nm) and is believed to be due to oxidation and/or polymerization of existing 

melanin. Delayed tanning takes several days or longer to become apparent mirrors the 

pigmentary response to UVB (280-320nm) by the increase in de novo production of 

melanin via the melanogenic pathway (Tadokoro, Yamaguchi et al. 2005; Young 

2006; Wolber, Schlenz et al. 2008).  
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1.2.3  Classification  

Human skin colour formed the basis for 6 categories. Fitzpatrick used two parameters 

for this classification (Fitzpatrick 1988) based on the ability of skin to tan (the result 

of exposure to ultraviolet radiation) and the inherited skin colour (white, brown or 

black skin). According to this classification, skin phototype Ι is very sensitive to 

ultraviolet light, burns easily and never tans. People who have skin phototype I have 

the greatest chance of experiencing photoaging and developing skin cancer. Skin 

phototype ΙΙ is also very sensitive to ultraviolet light and burns easily but tans 

minimally. People with skin phototype II are also in the high risk category for 

photoaging and skin cancer. Skin phototype III is rather sensitive to ultraviolet light, 

burns moderately and gradually tans to light brown. People with Skin Phototype III 

also are in the high risk category for photoaging and skin cancer but are not as 

susceptible as those with types I and II. Skin Phototype IV burns minimally and 

always tans well to moderately brown. People with skin phototype IV have slightly 

less of a chance of getting photoaging and skin cancer but are still commonly 

diagnosed with these diseases. Skin Phototype V rarely burns but tans easily to dark. 

People with skin phototype V have much less of a chance to develop photoaging and 

skin cancer although it is still a possibility. And finally skin phototype VI never burns 

and always tans darkly. Individuals with this skin phototype are still susceptible to 

photoaging and skin cancer (Fitzpatrick 1988). In this context it is noteworthy that 

skin colour is not the only basis for effective UV-response. It is possible that even 

dark skin can experience sunburn. It is also possible that dark skin can be sensitive to 

sun (KUS personal communications). These observations suggest that pigment is not 

the only defence mechanism against UV radiation. 
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1.2.4  Different types of pigment 

Three different pigments contribute to skin colour; i.e. carotenoids, haemoglobins and 

melanins. Nevertheless, melanin which is present in melanocytes and keratinocytes 

accounts for most of the variation in the visual appearance of human skin (Fitzpatrick, 

Becker et al. 1950; Szabo 1954; Stamatas and Kollias 2004; Miyamura, Coelho et al. 

2007).  
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1.2.4.1  Melanin 

Melanin pigments, which are polymorphous biopolymers, are synthesised from the 

metabolism of the amino acid L-phenylalanine in melanogenesis (Schallreuter and 

Wood 1999). There are a number of different types of melanin including eumelanin, 

pheomelanin, neuromelanin, and mixed melanin pigment which differ in proportions 

and bonding patterns (Prota, Crescenzi et al. 1970; Prota and Thomson 1976; Prota 

and d'Ischia 1993; Prota 2000). Eumelanin accounts for brown/black hair whereas 

pheomelanin is in association with red/blond hair. However, only small differences in 

melanin production can remarkably affect hair colouration (Prota and Thomson 1976; 

Prota 1992; Prota 2000; Slominski, Tobin et al. 2004; Tobin 2006). Both eumelanin 

and pheomelanin exist in the human epidermis and they can be produced within the 

same melanocyte (Thody, Higgins et al. 1991; Jimbow, Lee et al. 1993; Le Pape, 

Wakamatsu et al. 2008). Neuromelanin is a dark pigment which is produced in the 

substantia nigra or dark matter of the human brain but is also present in the locus 

coeruleus of the human brain (Prota and d'Ischia 1993). The common structural 

property among all types of melanins is arrangement of repeating units linked by 

carbon-carbon bonds. Nevertheless, there are differences in their chemical, structural 

and physical properties (Prota 1992; Prota 1995; Ito 2003; Slominski, Tobin et al. 

2004). 
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1.2.4.1.1  Eumelanin 

Eumelanin is primarily formed from the metabolism of L-tyrosine which is produced  

from L-phenylalanine by intracellular phenylalanine hydroxylase (EC 1.14.16.1, 

PAH) (Schallreuter and Wood 1999). This pigment behaves like a potent anti-oxidant 

defence for melanocytes as it has semiquinone units in its structure responsible for its 

redox status with both reducing and oxidising capabilities towards oxygen radicals, 

thus protecting the cell from UV-induced oxidative damage by scavenging UV-

generated ROS (Sarna and Sealy 1984; Korytowski, Kalyanaraman et al. 1986; Wood 

and Schallreuter 1991; Tobin and Thody 1994; Prota 1995; Sarna 1998; Gutteridge 

and Halliwell 2000). Moreover, eumelanin is the most photo-protective melanin 

despite its sun protection factor (SPF) is only 1-2 (Kaidbey and Kligman 1978; Hill 

1992; Wood, Jimbow et al. 1999; Kadekaro, Kavanagh et al. 2003). Additionally, 

melanin has the ability to chelate cations; it can bind to iron and copper ions 

preventing the Haber-Weiss reaction to occur, in which metal ions react with H2O2 to 

generate OH•  radicals (Goldstein and Czapski 1986). 
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1.2.4.1.2  Pheomelanin 

Pheomelanin is yellow to reddish-brown pigment and is abundant particularly in large 

quantities in blond and red hair (Prota, Crescenzi et al. 1970; Chedekel, Smith et al. 

1978). It is formed by a deviation in the eumelanin pathway. The formation of 

pheomelanin is due to the high concentration of L-cysteine and glutathione which are 

actively transported through the melanosomal membrane. The conjugation of this 

amino acid with dopaquinone leads to the formation of cysteinyldopa which serves as 

the starting point of pheomelanogenesis (Slominski, Tobin et al. 2004). Pheomelanin 

is photo-labile with photolysis products including mostly singlet oxygen followed by 

superoxide anion (O2
•-), hydroxyl radicals (OH•) and hydrogen peroxide (H2O2) 

(Wood, Jimbow et al. 1999). Unlike eumelanin, this pigment is actually phototoxic 

rather than having a photoprotective role. Therefore, it may contribute to UV-induced 

skin damage (Thody, Higgins et al. 1991). 

 

1.2.4.1.3  Neuromelanin 

Neuromelanin is present in the substantia nigra and locus coeruleus of the human 

brain. This pigment is synthesised by polymerisation of dopamine with L-cysteine 

(Bazelon, Fenichel et al. 1967; Prota and d'Ischia 1993; d'Ischia and Prota 1997). 

 

 

 

 

 

 

 



 42 

1.3  Melanogenesis 

 

Melanogenesis (pigmentation) occurs in melanocytes within specialised intracellular 

organelles called melanosomes. This event involves a sequence of oxidoreduction 

reactions and intramolecular transformations which finally leads to the synthesis and 

deposition of melanin.  

 

1.3.1  The melanosome 

Melanosomes are lysosome-related organelles in the melanocytes in which the 

biosynthesis of melanin pigments occur. These spherical, membrane-coated vesicles 

are originated from the endoplasmic reticulum. They were first described by Seiji in 

1961 as organelles where the pigment is packaged (Seiji, Fitzpatrick et al. 1961; Seiji, 

Shimao et al. 1961; Orlow 1995; Barral and Seabra 2004). The size of melanosomes 

varies among human races and is genetically determined. Black skin contains larger 

melanosomes compared to other lightly pigmented skin. Melanosomes mature in a 

four staged process corresponding to the degree of melanisation and morphology. In 

stage Ι of eumelanogenesis melanosomes (eumelanosomes) are spherical vesicles 

containing a poorly organised internal structure. In stage ΙΙ melanosomes become 

ellipsoidal with a well developed internal structure containing organised lamellae and 

microvesicles but without melanin formation. In pheomelanosomes melanin is 

synthesised already in this stage. In stage ΙΙΙ melanisation begins on the lamellae and 

melanosomes have a well organised internal structure with the accumulation of 

melanin. Melanosomes in stage IV are completely filled with melanin (Holbrook and 

Wolff 1993; Thody 1993; Slominski, Tobin et al. 2004).  
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1.3.2  Melanosomal transfer to neighbouring keratinocytes 

Visible pigmentation requires the transfer of melanin granules from melanocytes to 

neighbouring keratinocytes; the process in which melanin pigments are dispersed 

throughout the basal and suprabasal layers. Melanosomal translocation was first 

described by Prunieras in 1969 (Prunieras 1969). Although there have been many 

attempts to study this process over the past 40 years, the exact mechanism(s) involved 

in this complex phenomenon is yet to be understood. Once fully melanised and 

matured, the melanosomes are moved from the perikaryon of the melanocytes to the 

tip of their dendrites which are in contact with associated keratinocytes in each 

epidermal melanin unit. Mammalian melanocytes contain 10nm intermediate 

filaments in their cytosol described as “microtrabeculae” (Schliwa, Euteneuer et al. 

1979) which are longitudinally located in the dendrites (cytoskeleton) and they 

specifically transfer the melanosomes from the perikaryon onto the dendrites. 

Previous reports have suggested that melanosomes move bi-directionally along the 

mentioned microtubules (Barral and Seabra 2004). Subsequently, the melanosomes 

travel from the dendrites into the keratinocytes. To date, three hypotheses have been 

suggested. Once melanosomal translocation to keratinocytes is initiated, keratinocytes 

may phagocytose the melanosome-filled dendritic tips of melanocytes (Cruickshank 

and Harcourt 1964; Mottaz and Zelickson 1967; Klaus 1969; Okazaki, Uzuka et al. 

1976; Yamamoto and Bhawan 1994). The other hypothesis is that melanosomes may 

be directly released into the keratinocytes by melanocytes via a temporary membrane 

fusion and opening a cytoplasmic channel (Garcia, Flynn et al. 1983). Another 

hypothesis is that melanocytes first discharge the melanosomes into the extracellular 

space and then keratinocytes phagocytose them (Swift 1964; Yamamoto and Bhawan 

1994). Once the translocation of matured melanosomes into keratinocytes is 
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completed, they interact with lysosomes of keratinocytes. Then while the 

keratinocytes are moving towards the skin surface, melanosomes are degraded within 

secondary lysosomes by lysosome hydrolase (Holbrook and Wolff 1993).    
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1.3.3  Melanin biosynthesis 

The biosynthesis of melanin involves a series of complex events. The velocity and 

specificity of this process are under the regulation of many enzymes including 

phenylalanine hydroxylase (EC 1.14.16.1, PAH), tyrosine hydroxylase (EC 1.14.16.2, 

TH) and tyrosinase (EC 1.14.18.1, Tyr) (Fitzpatrick, Becker et al. 1950; Lerner and 

Fitzpatrick 1950; Fitzpatrick and Lerner 1954; Fitzpatrick, Seiji et al. 1961; 

Fitzpatrick 1965; Prota and Thomson 1976). The availability of the amino acid L-

tyrosine initiates melanin biosynthesis. This amino acid can either be transported from 

the extracellular space into the melanocytes through the plasma membrane via 

facilitated diffusion rather than active transport (Schallreuter and Wood 1999) and 

further from the cytosol into the melanosomes (Potterf, Muller et al. 1996; Potterf and 

Hearing 1998), or can be formed in the melanocytes by hydroxylation of L-

phenylalanine via intracellular phenylalanine hydroxylase in the presence of the 

cofactor (6R)-L-5, 6, 7, 8 tetrahydrobiopterin (6BH4) (Kaufman 1957; Kaufman 1958; 

Kaufman 1959; Schallreuter and Wood 1999). Because L-tyrosine is highly 

demanded for melanogenesis to proceed and this demand is not fully provided by 

facilitated diffusion since its serum levels are too low (Schallreuter, Chavan et al. 

2005), thus  the amino acid L-phenylalanine is actively taken up by melanocytes from 

the extracellular space via a large neutral amino acid transporter type 1 (LAT-1) or 

type 2 (LAT-2) to be converted to L-tyrosine via intracellular PAH (Schallreuter and 

Wood 1999). Therefore L-tyrosine pool in melanocytes is mainly supplied by the 

hydroxylation of L-phenylalanine to L-tyrosine via intracellular PAH (Schallreuter 

and Wood 1999). Taken together, melanogenesis can be initiated either directly from 

the hydroxylation of intracellular L-tyrosine to L-DOPA, or from the hydroxylation of 

L-phenylalanine to L-tyrosine. L-DOPA is a precursor for the synthesis of both 
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melanins and catecholamines via separate pathways. It has been shown that both 

human melanocytes and keratinocytes hold the full capacity for catecholamine 

biosynthesis (Schallreuter, Wood et al. 1992; Gillbro, Marles et al. 2004). The type of 

melanin synthesised is determined by the enzymatic archive available for the 

melanocytes. For instance, in central nervous system, L-DOPA is either 

decarboxylated by aromatic amino acid decarboxylase (AAD) to produce 

catecholamines or oxidised to form neuromelanins (for review see (Slominski, Tobin 

et al. 2004). The hydroxylation of L-tyrosine to L-DOPA via tyrosine hydroxylase I is 

an obligatory and rate-limiting step in melanin biosynthesis (Marles, Peters et al. 

2003). L-DOPA is then oxidised to dopaquinone, the pathway which is common in 

eumelanogenesis and pheomelanogenesis (Prota 1992; Prota 2000). The formation of 

eu- or pheomelanin is directly determined by the presence/absence of cysteine which 

is actively transported through the melanosomal membrane via the cysteine/glutamate 

exchangers (Sato, Ito et al. 1987; Benathan, Virador et al. 1999; Potterf, Virador et al. 

1999). When the concentration of cysteine or glutathione is high, it is conjugated to 

dopaquinone yielding to the formation of pheomelanin (Prota 1995; Ito 2003). In 

eumelanogenesis, dopaquinone is further transformed to leukodopachrome, followed 

by a series of oxidoreduction reactions as well as polymerisation which finally leads 

to the formation of eumelanin (Pawelek 1991; Prota 1992; Ito 2003). 
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Figure 2  

Melanogenesis pathways 

The modified Raper-Mason scheme for the biosynthesis of eumelanin and pheomelanin from 

L-phenylalanine in the presence of 6BH4, PAH, TH and tyrosinase. PAH: Phenylalanine 

hydroxylase (Schallreuter and Wood 1999), TH: tyrosine hydroxylase, TYR: Tyrosinase, 

TRP1&2: Tyrosine Related Protein 1&2, 6BH4:  (6R)-L-erythro 5, 6, 7, 8 

tetrahydrobiopterin.  
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1.3.3.1  Phenylalanine hydroxylase 

Phenylalanine hydroxylase (PAH) catalyses the hydroxylation of the amino acid L-

phenylalanine to L-tyrosine. The enzyme’s activity depends on the presence of 

tetrahydrobiopterin as cofactor and molecular oxygen (dioxygen) as additional 

substrate (Kaufman 1958; Kaufman and Levenberg 1959; Teigen and Martinez 2003). 

The active site of this enzyme contains an iron atom, where it binds directly to 

dioxygen to be activated. Therefore, the transformation of the iron atom from the 

ferric form to the ferrous form is essential for the activation of the enzyme (Teigen, 

Froystein et al. 1999; Teigen and Martinez 2003). Also, activation of the enzyme 

needs pre-incubation with the substrate which enables phosphorylation of amino acid 

Serine-16 as well as tetramerisation of the protein to occur (Daubner, Hillas et al. 

1997; Miranda, Teigen et al. 2002; Miranda, Thorolfsson et al. 2004). Moreover, the 

natural cofactor tetrahydrobiopterin (6BH4) is involved in pre-reduction of the active 

site of the enzyme (Teigen and Martinez 2003). This cofactor regulates the enzyme 

activity as well as being essential in catalysis (Schallreuter, Wood et al. 1994; 

Schallreuter, Slominski et al. 1998) and recently it has been indicated that 6BH4 has a 

chaperone-like effect on PAH synthesis by protecting it from degradation via 

shielding the active site from ROS (Pey, Perez et al. 2004) and also from enzyme 

auto-activation (Thöny, Ding et al. 2004). Hence PAH is under absolute control by the 

6BH4 concentration in the cytosol of melanocytes.  
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1.3.3.2  Tyrosine hydroxylase 

Tyrosine hydroxylase is the rate-limiting enzyme in catecholamine biosynthesis 

(Nagatsu, Levitt et al. 1964). It is responsible for catalysing the hydroxylation of the 

amino acid L-tyrosine to L-DOPA which is a precursor to dopamine in the process of 

the adrenaline (epinephrine) synthesis. The same as PAH, this enzyme is iron-

containing and tetrahydrobiopterin-dependent which uses molecular oxygen to 

hydroxylate its substrate (Ellenbogen, Taylor et al. 1965; Fitzpatrick 1999; Dunkley, 

Bobrovskaya et al. 2004). In order for the enzyme to become catalytically active, in 

the presence of O2, 6BH4 reduces the iron atom from the ferric form (Fe3+) to ferrous 

form (Fe2+) in its active site. Furthermore, only recently it has been indicated that the 

phosphorylation of TH at Serine-40 increases the enzyme’s activity in vitro, in situ 

and in vivo (Dunkley, Bobrovskaya et al. 2004). It has been reported that the human 

epidermis express only a functioning TH isoform I, while the other isoforms are 

absent (Marles, Peters et al. 2003). The enzyme is sitting site by site with tyrosinase. 

TH I activity has been identified in melanosomes. Since tyrosinase requires L-DOPA 

for activation, it has been proposed that TH I activity is tightly coupled to tyrosinase 

in melanosomes to initiate melanogenesis (Marles, Peters et al. 2003).   
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1.3.3.3  Tyrosinase    

 

Mammalian tyrosinase is a melanosomal membrane bound and copper-containing 

enzyme which holds a central position in melanin biosynthesis (Lerner, Fitzpatrick et 

al. 1948; Fitzpatrick, Becker et al. 1950; Wang and Hebert 2006). This enzyme was 

discovered for the first time by Bourquelot and Bertrand in 1896 (Raper and Wormall 

1923), but it was Raper who discovered that melanin is formed from L-tyrosine via 

tyrosinase (Raper and Wormall 1923; Happold and Raper 1925; Raper and Wormall 

1925; Raper 1926; Raper 1927). This enzyme which is found in epidermal 

melanocytes as well as the pigment epithelia of the retina, iris, and ciliary body of the 

eye, catalyses three distinct reactions in the melanogenic pathway; hydroxylation of 

L-tyrosine to L-DOPA  followed by the rapid oxidation (dehydrogenation) of the 

latter to L-DOPAquinone (Lerner, Fitzpatrick et al. 1948; Pomerantz 1966), and also 

oxidation (dehydrogenation) of 5, 6 dihydroxyindole (DHI) and 5, 6 dihydroxyindole-

2-carboxylic acid (DHICA) into the eumelanin precursors indole-5, 6-quinone and 

indole-5, 6-quinone carboxylic acid respectively (Korner and Pawelek 1982; Wang 

and Hebert 2006). Furthermore, tyrosinase can also react with UV light generated 

oxygen radicals such as superoxide anion (Wood and Schallreuter 1991; Prota 1992). 

Tyrosinase mRNA shows no difference in different skin phototypes (Fitzpatrick 

classification), thus its protein expression in the epidermis among all human skin 

phototypes does not vary (Iwata, Corn et al. 1990; Iozumi, Hoganson et al. 1993). 

Hence, the formation of melanin depends either on the substrate supply or on 

metabolic inhibitors and activators of this enzyme (Wood and Schallreuter 1991; 

Iozumi, Hoganson et al. 1993). The active site of tyrosinase contains two copper 

atoms which introduce dioxygen into the substrates (tyrosine or L-DOPA) (Lerner, 

Fitzpatrick et al. 1950; Wang and Hebert 2006; Ullrich and Hofrichter 2007). Inactive 
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form of the enzyme requires the reduction of these two copper atoms (from Cu2+ to 

Cu1+) in order to become fully activated (Lerner, Fitzpatrick et al. 1950) and in this 

reduction step, L-DOPA is the most efficient electron donor necessary to start the 

hydroxylation process of L-tyrosine although other compounds such as ascorbic acid, 

dopamine and superoxide anion radicals are potentially able to activate the enzyme 

(Wood and Schallreuter 1991). As stated above TH isoenzyme Ι is expressed in the 

melanosomal membrane of the human melanocytes side by side with tyrosinase 

(Marles, Peters et al. 2003). This implies a coupled reaction, where L-DOPA 

produced by this isoform of TH facilitates tyrosinase activation which consequently 

initiates melanogenesis (Marles, Peters et al. 2003). However, it was shown when O2
•- 

replaced O2 as substrate, the activation of tyrosinase to oxidise L-tyrosine to 

dopachrome was 40-fold increased but this increase depends on the removal of H2O2 

from the reaction mixture by catalase (Wood and Schallreuter 1991). This observation 

highlights the role of UV-generated O2
•- in melanogenesis (Wood and Schallreuter 

1991).  
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1.3.3.3.1  Tyrosinase activity is pH dependent    

Tyrosinase activity is tightly related to pH. Almost at neutral pH the enzyme displays 

maximum enzymatic activity with little activity below pH 5 (Hearing and Ekel 1976; 

Townsend, Guillery et al. 1984; Saeki and Oikawa 1985; Ancans, Hoogduijn et al. 

2001; Ancans, Tobin et al. 2001; Watabe, Valencia et al. 2004; Wang and Hebert 

2006). Therefore, due to the existence of acidic pH (as low as 5) in pre-melanosomes 

(Bhatnagar, Anjaiah et al. 1993; Puri, Gardner et al. 2000), neutralization of the 

normally acidic environment seems vital for tyrosinase activity (Ancans and Thody 

2000). For this purpose, melanosomes own a proton pump that regulates 

intramelanosomal pH (Ancans, Hoogduijn et al. 2001). By pumping H+ out from the 

melanosomes, the pH switches from 5 to 6.8 initiating melanogenesis which, in turn is 

optimal for tyrosinase activity where lower pH is optimal for TH function (Ancans, 

Hoogduijn et al. 2001; Ancans, Tobin et al. 2001; Watabe, Valencia et al. 2004).  

 

1.3.3.3.2  Tyrosinase activity is influenced by 6BH4   

The cofactor 6BH4 has been reported to down regulate tyrosinase activity by an 

uncompetitive mechanism only when L-tyrosine is substrate whereas when L-DOPA 

is substrate, 6BH4 does not inhibit tyrosinase activity. This indicates that there are two 

separate binding sites for L-tyrosine and L-DOPA on this enzyme (Wood, 

Schallreuter-Wood et al. 1995; Olivares, Garcia-Borron et al. 2002). The tyrosinase-

6BH4 inhibitory complex can be reactivated by α-MSH binding directly to 6BH4 

(Moore, Wood et al. 1999; Schallreuter, Moore et al. 1999). Moreover, it was shown 

that UVB light oxidises 6BH4 to 6-biopterin, reactivating tyrosinase. This is 

considered as a ‘photo-switch’ allowing melanogenesis to proceed (Schallreuter, 

Wood et al. 1998). 
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1.4  Pteridines in pigmentation 

 

Pteridines were discovered more than 100 years ago, when Sir Frederick Gowland 

Hopkins isolated two distinct yellow and white pigments from butterfly wings, but 

Wieland and Schöpf were the first who introduced those pigments as “pteridines” in 

1925 for the first time and named them xanthopterin and leucopterin according to 

their colours. These chemical compounds perform many roles in colouration in the 

biological world. Pterins also function as cofactor in enzymatic catalysis. 

Tetrahydrobiopterin, the major pterin in vertebrates, is involved in the hydroxylation 

of aromatic compounds and synthesis of nitric oxide. Molybdopterin, which contains 

pterin and molybdenum is involved in biological hydroxylations (Nichol, Smith et al. 

1985). 

 

1.4.1  6BH4 in the human epidermis 

The importance of this cofactor in the human epidermis has been demonstrated by 

Schallreuter and colleagues in 1994. Both epidermal melanocytes and keratinocytes 

hold the full capacity to synthesise and recycle 6BH4 (Schallreuter, Wood et al. 1994). 

6BH4 plays three major roles in melanin biosynthesis in order to regulate the supply 

of the melanin precursors and substrates. It functions as an essential cofactor for PAH 

and TH isoform I and it is a potent uncompetitive inhibitor for tyrosinase. But this 

inhibition is reversible by UVB photo-oxidation of the pterin ring in the presence of 

O2 from 6BH4 to quinonoid dihydropterin (qBH2) followed by the formation of 7, 8 

dihydropterin (BH2), and finally to 6-biopterin in addition to the production of O2
•-

(Kaufman 1957; Kaufman 1959; Kaufman and Levenberg 1959; Moore, Wood et al. 

1999). It must be noted that neither qBH2 nor BH2 binds or inhibits tyrosinase (Wood, 
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Schallreuter-Wood et al. 1995). Also, 6BH4 plays an important role as a cofactor in 

the synthesis of neurotransmitters serotonin and the catecholamines (Kaufman 1957; 

Kaufman 1959; Kaufman and Levenberg 1959). This cofactor is the immediate 

electron donor for hydroxylation of the amino acids phenylalanine, tyrosine and 

tryptophan in the presence of molecular oxygen. 6BH4 is synthesised de novo by three 

enzymes: GTP cyclohydrolase I, 6-pyruvoyl-tetrahydropterin synthase and sepiapterin 

reductase (Nichol, Smith et al. 1985; Kaufman 1997; Thöny, Auerbach et al. 2000). 

 

1.4.2  7BH4 in the human epidermis 

(7R)-L-erythro-5, 6, 7, 8 tetrahydrobiopterin (7BH4), the abiogenic isomer of 6BH4 is 

produced nonenzymatically in very low levels during the recycling process of this 

cofactor (Curtius, Alder et al. 1990). These two isomers can directly control 

tyrosinase activity via a specific binding domain on the enzyme. 7BH4, however, is 

twice as effective as 6BH4 in inhibiting tyrosinase activity (Wood, Schallreuter-Wood 

et al. 1995). Moreover, under certain pathologic conditions in the epidermis such as 

vitiligo, due to defective de novo synthesis, recycling and regulation of 6BH4, 7BH4 

can accumulate to mM concentrations inhibiting PAH activities by a competitive 

mechanism thus preventing the turnover of L-phenylalanine to L-tyrosine resulting in 

a build up of L-phenylalanine in the epidermis (Davis, Ribeiro et al. 1992; 

Schallreuter, Wood et al. 1994; Pey, Martinez et al. 2006). The presence of 7BH4 in 

the melanosome in physiological concentrations has been shown. However, α-MSH 

cannot reactivate the tyrosinase-7BH4 inhibitor complex. But β-melanocyte 

stimulating hormone (β-MSH) can bind 7BH4 reactivating tyrosinase from the 

inhibitor complex (Spencer, Chavan et al. 2005). These findings highlight the role of 
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7BH4 in the regulation of melanogenesis suggesting for the first time physiological 

function for this protein. 
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1.5  Oxidative stress 

 

Helmut Sies coined the term oxidative stress for the first time in 1985, which defines 

the disturbance in prooxidant-antioxidant balance in favour of the former, indicating 

the damage to cells and thereby to the organs and tissues of those cells (Cadenas and 

Sies 1985; Sies and Cadenas 1985). This condition is caused by reactive oxygen 

species (ROS), very small and highly reactive molecules due to their unpaired 

electrons. These include superoxide anion (O2
•-), singlet oxygen, hydroxyl radical 

(OH•) and hydrogen peroxide (H2O2). ROS are generated in cells by several 

mechanisms (Halliwell 1989; Halliwell and Gutteridge 1989; Smith, Marks et al. 

2004). H2O2 is a very reactive molecule, however, O2
•- and H2O2 can also generate 

hydroxyl radical (OH•) which is a much more reactive ROS especially in the presence 

of transition metals such as iron or copper and this happens through the Fenton 

reaction and the Haber-Weiss reaction (Haber and Weiss 1932; Goldstein and Czapski 

1986). ROS are generally formed as natural byproducts of the normal metabolism of 

oxygen. Therefore low levels of ROS are continuously present in cells under 

physiological conditions (Thannickal and Fanburg 2000). However, the cellular redox 

status is precisely regulated and living cells are capable to maintain ROS within non-

toxic levels via their antioxidant defence machinery which consist of multiple 

enzymatic and non-enzymatic systems. The toxic effects of ROS become evident 

when the rate of their generation exceeds the defence capacities of cells (Cadenas and 

Sies 1985; Halliwell 1989; Poli, Leonarduzzi et al. 2004; Glantzounis, Tsimoyiannis 

et al. 2005). 

 



 57 

1.5.1  Oxidative stress in the human epidermis 

Human skin is in continuous contact with endogenous and exogenous ROS produced 

by physical, chemical and biological reactions. Therefore it requires neutralising 

mechanisms to regulate its redox status and subsequently to maintain its redox 

homeostasis. These mechanisms include enzymes such as superoxide dismutase, 

glutathione reductase, glutathione peroxidase, thioredoxin reductase, thioredoxin 

peroxidase and catalase and non-enzymatic systems including small trapping 

molecules such as thiols (glutathione and thioredoxin) vitamins C and E, the amino 

acids L-methionine and L-tryptophan, 6- and 7-tetrahydrobiopterins and lipoic acid 

(Schallreuter 2005). Moreover, melanin itself contains free radical traps. Here it is 

noteworthy to mention that there is a close correlation between skin colour and 

individual free radical defence capacity as darker skin phototypes (Fitzpatrick 

classification) express significantly more effective mechanisms against UV induced 

damage (Schallreuter 2005). The most potent ROS is the hydroxyl radical (OH•) as it 

reacts with nucleotide bases causing in turn irreversible damage to DNA. ROS also 

react with fatty acids and amino acids leading finally to disturbance in the cell 

membrane and protein function, enzyme deactivation and disruption of transcription 

(Smith, Marks et al. 2004). This radical is produced from H2O2 by the Fenton and 

Haber-Weiss reaction (Haber and Weiss 1932; Goldstein and Czapski 1986): 

 

 

 

 

                      

 

Fenton reaction: H2O2 + Fe2+ OH••••+ OH- + Fe3+

Haber-Weiss reaction: H2O2 + O2
••••- OH••••+ OH- + O2

Fenton reaction: H2O2 + Fe2+ OH••••+ OH- + Fe3+

Haber-Weiss reaction: H2O2 + O2
••••- OH••••+ OH- + O2
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As shown above the production of OH• in the epidermis depends on the presence of 

H2O2 and this highlights the role of H2O2 in the skin. Therefore it is noteworthy to 

mention that although H2O2 is not a free radical, it is a strong reactive oxidising agent 

that can generate OH• in the presence of transition metals i.e. Fe2+ (Goldstein and 

Czapski 1986).  
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1.6  Vitiligo  

 

1.6.1  What is Vitiligo? 

Vitiligo is a disfiguring, progressive and acquired idiopathic non-infectious skin and 

hair disorder characterised by depigmented lesions as white patches with variable 

size, shape and location (Lerner 1959; Lerner and Nordlund 1978; Le Poole and 

Boissy 1997; Westerhof, Njoo et al. 1997; Schallreuter 2005; Schallreuter, Bahadoran 

et al. 2008). The incidence of vitiligo is 0.5 to 2% worldwide and the precise 

aetiology is complex and not fully understood. The exact mechanisms involved in the 

occurrence of the disease are still a matter of controversy, however, a number of 

hypotheses have been put forward, mainly the autoimmune, neural, genetics and 

oxidative stress. All of these theories are related primarily to the loss of functional 

melanocytes leading to a lack of melanin production (Westerhof and d'Ischia 2007; 

Schallreuter, Bahadoran et al. 2008). This depigmentation disorder can occur 

anywhere on the body, regardless of sex or race and can involve the entire epidermis. 

Also the course of the disease is different in individuals (Bystryn 1997; Castanet and 

Ortonne 1997; Tobin, Swanson et al. 2000; Passeron and Ortonne 2005; Schallreuter 

2005). Vitiligo is defined by the disturbance in the function of some or all of 

melanocytes in the epidermis leading to the appearence of white cutaneous spots 

(Bystryn 1997; Passeron and Ortonne 2005; Schallreuter 2005). Wood’s light (UVA 

351nm) is utilised in order to diagnose vitiligo due a distinct fluorescence in 

depigmented lesions which is owed to the presence of oxidised pteridines 

(Schallreuter, Wood et al. 1994).  
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1.6.2  The autoimmune hypothesis 

The autoimmune hypothesis suggests there are specific auto-antibodies involved in 

the progress of the disease as it has been indicated that these auto-antibodies exist in 

patients with vitiligo against specific antigens on the melanocyte cell surface leading 

to their destruction (Naughton, Eisinger et al. 1983; Kemp, Waterman et al. 2001; 

Kemp, Waterman et al. 2002).  

 

1.6.3  The neural hypothesis 

This hypothesis states that the released catecholamines from nerve endings disturb the 

pigment. It is believed that these neural end products are involved in 30% of patients 

with vitiligo (Bose 1994). 

 

1.6.4  The autocytotoxicity hypothesis 

Autocytotoxicity or the Self Destruction is another hypothesis for the incidence of 

vitiligo. This hypothesis believes that some of the phenolic and catecholic compounds 

as well as free radicals which are formed from the complex oxidation reactions in the 

process of melanin biosynthesis can be toxic for melanocytes initiating apoptosis 

(Boissy and Manga 2004; Westerhof and d'Ischia 2007). 
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1.6.5  Vitiligo, a model for oxidative stress  

Over the last decade vitiligo has been used as a model disease for oxidative stress 

(Schallreuter, Wood et al. 1991; Schallreuter, Wood et al. 1994; Maresca, Roccella et 

al. 1997; Schallreuter 2005; Dell'anna and Picardo 2006; Schallreuter, Bahadoran et 

al. 2008). In particular it has been shown that H2O2 plays a major role in the 

pathogenesis of this disease. Numerous sources of H2O2 generation have been 

identified and it has been shown in vivo that epidermal H2O2 concentration can be in 

the mM range (Schallreuter 2005; Schallreuter, Bahadoran et al. 2008). It has been 

well documented that the entire epidermis of patients with vitiligo is under oxidative 

stress (Schallreuter, Moore et al. 1999). Not only melanocytes, but keratinocytes and 

Langerhans cells are disturbed in this disease as well. Moreover, catalase (EC 

1.11.1.6) levels have been shown to be significantly reduced in both lesional and non-

lesional epidermis of patients (Schallreuter, Wood et al. 1991; Schallreuter, Moore et 

al. 1999). Maresca et al. also reported a similar observation under in vitro condition 

using MCs originated from non-lesional epidermis of patients with vitiligo (Maresca, 

Roccella et al. 1997). Under normal physiological conditions, catalase 

disproportionates H2O2 to H2O and O2 (Aronoff 1965). In addition, the activity of 

glutathione peroxidase (EC 1.11.1.9), an important enzyme for the efficient removal 

of H2O2 in the presence of low catalase is also disturbed along with thioredoxin 

reductase (EC 1.8.1.9) activity, resulting in the accumulation of higher concentrations 

of H2O2 (Schallreuter, Pittelkow et al. 1986; Schallreuter, Hordinsky et al. 1987; 

Beazley, Gaze et al. 1999). Another target for H2O2-mediated oxidation is L-

methionine. This amino acid is one of the most prone amino acids to oxidation 

yielding methionine sulfoxide. Under normal physiological conditions, the oxidized 

amino acid is reduced by methionine sulfoxide reductase A/B (EC 1.8.4.11, 
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MSRA/B) (Ogawa, Sander et al. 2006; Schallreuter 2006; Schallreuter, Rübsam et al. 

2006). It has been documented that the level of these enzymes is considerably lower 

in vitiligo (Ogawa, Sander et al. 2006; Schallreuter, Rübsam et al. 2008). It has been 

also shown that MSRA/B themselves are targeted by H2O2-mediated oxidation, thus 

affecting the repair of oxidised proteins and peptides (Schallreuter, Rübsam et al. 

2008).  

Furthermore, it has been demonstrated that the epidermis of patients contains oxidised 

pterins (Schallreuter, Wood et al. 1994). The accumulation of these fluorescent 

compounds in the epidermis of patients with vitiligo is due the defective de novo 

synthesis/recycling/regulation of 6BH4, the essential cofactor for melanogenesis, 

which subsequently leads to the accumulation of its abiogenic isomer, 7BH4. It has 

been shown that µM concentration of 7BH4 inhibit PAH resulting to the prevention of 

the turnover of L-phenylalanine to L-tyrosine leading in turn to L-phenylalanine build 

up in the epidermis (Davis, Ribeiro et al. 1992; Schallreuter, Zschiesche et al. 1998). 

It has also been reported that H2O2 deactivates pterin-4α-carbinolamine dehydratase 

(EC 4.2.1.96, PCD) in both epidermal melanocytes and keratinocytes. PCD is the rate 

limiting recycling enzyme in 6BH4 biosynthesis (Schallreuter, Wood et al. 1994; 

Schallreuter, Moore et al. 2001). A low PCD enzyme activity also results in the 

accumulation of the isomer 7BH4 (Schallreuter, Wood et al. 1994). Moreover, it has 

been shown that the final step of 6BH4 recycling is decreased due to deactivation of 

dihydropteridine reductase (EC 1.6.99.7, DHPR) since H2O2 oxidises L-methionine 

residues in the structure of this enzyme resulting in an altered NADH binding site 

which consequently leads to enzyme deactivation (Schallreuter, Moore et al. 2001; 

Hasse, Gibbons et al. 2004).  
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In this context, it is noteworthy that H2O2-mediated oxidation of other proteins and 

peptides such as calmodulin, POMC peptides, acetlycholinesterase (EC 3.1.1.7, 

AchE), butyrylcholinesterase (EC 3.1.1.8, BchE), affects their normal biological 

functionality in the epidermis of patients (Schallreuter and Pittelkow 1988; 

Schallreuter, Elwary et al. 2004; Schallreuter, Gibbons et al. 2006; Schallreuter and 

Elwary 2007; Schallreuter, Gibbons et al. 2007; Spencer, Gibbons et al. 2007; 

Spencer, Gibbons et al. 2008).  
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Table 1 
H2O2 Production in the Human Epidermis in the mM Range 

 

 

 

 

 

         Sources 

 

Epidermal sources and targets 

 

UVA/UVB 
(Schallreuter, Bahadoran et al. 
2008)   

 

 
sunlight 

Pheomelanin 

(Schallreuter, Bahadoran et al. 
2008) 

 

                 
melanosomes 

TNF-α 
(Schallreuter, Bahadoran et al. 
2008) 

 
physical/chemical stress to the human epidermis, 

acts via the mitochodrial SOD 
                                                                 

TGF-β 
PDGF                                  
EGF 
(Thannickal, Day et al. 2000; 
Thannickal and Fanburg 2000) 
 

                                                                 
 

epidermal melanocytes and keratinocytes 
 

TYR 

TH 
(Marles, Peters et al. 2003; 
Wood, Chavan et al. 2004)  

 

 
epidermal melanocytes and keratinocytes 

 
 

 
PAH 
(Schallreuter, Wood et al. 1994) 

 
epidermal melanocytes and keratinocytes 

 
  

MAO-A 

(Schallreuter, Wood et al. 1996)              

 

 
catecholamine degradation in the human epidermis 

Photo-oxidation 
of pterins 
(Rokos, Beazley et al. 2002) 

 

 
                   epidermal melanocytes and keratinocytes 
 

Aromatic steroids 
(estrogens, 
progestrones                     
and androgens) 
(Thornton 2002; Schallreuter, 
Bahadoran et al. 2008)  

 

 
Via the oxidation by cytochrome P450 

in both  epidermal melanocytes and keratinocytes 

NADPH-oxidase 
(oxygen burst) 
(Yu 1994) 

 
activation of epidermal leucocytes and macrophages due to 

inflammation 
 

NOS 
(Landmesser, Dikalov et al. 
2003)    

 
epidermal melanocytes and keratinocytes 

XO 
 (Shalbaf, Gibbons et al. 2008)  

 
epidermal melanocytes and keratinocytes 
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Table 2 
Effect of H2O2-mediated oxidation on proteins (enzymes, albumin), peptides and 

hormones (aromatic steroids) transcription (protein expression) in the human 

epidermis 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzymes 

 

      mM H2O2 

 

                   
                 µM H2O2 

Catalase 
(Schallreuter, Bahadoran et al. 
2008) 

GR 
(Schallreuter, Bahadoran et al. 
2008) 

TR  
(Schallreuter, Pittelkow et al. 
1986; Schallreuter and Wood 
2001) 

MSRA 
MSRB 
(Schallreuter 2006) 

TYR 
(Wood, Chavan et al. 2004; 
Wood, Decker et al. 2009) 

 

 
Oxidation of the structure 

yields  
-loss of functionality 

-impaired functionality 
and  

Deactivation 

 

 

 
 
 Up-regulation of transcription 
 

 

Cholinergic system 

AchE 
(Schallreuter, Elwary et al. 
2004) 

BchE 
(Schallreuter, Gibbons et al. 
2006) 

 
Oxidation of the structure 

yields  
-loss of functionality 

-impaired functionality 
and  

Deactivation 

 

 

 
Up-regulation of transcription 
and enzyme activity 
 

 
Adrenergic system 

 
TH 
(Marles, Peters et al. 2003) 

PAH 

 

 

Oxidation of the structure 
yields  

-loss of functionality 
-impaired functionality 

and  
Deactivation 

 

 

 

 

Up-regulation of transcription 
and enzyme activity  
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1.7  Xanthine oxidase 

 

In the human epidermis H2O2 can be generated by several mechanisms (Table 1). 

Xanthine oxidase (EC 1.1.3.22, XO) is one of these mechanisms which is able to 

produce H2O2 from the degradation products of released purine bases (Dixon and 

Lemberg 1934; McCord and Fridovich 1968; Olson, Ballow et al. 1974).  

 

1.7.1  Xanthine oxidoreductase enzymes (XOR) 

XO belongs to the family of the mononuclear molybdopterin cofactor containing 

enzymes and was isolated for the first time by the Austrian biochemist Franz 

Schardinger in 1902 from bovine milk and was described as aldehyde reductase 

(Schardinger 1902). In 1920, Frederick Gowland Hopkins, isolated and reported a 

xanthine-oxidising enzyme from bovine milk (Hopkins 1920). However, it was 

Malcolm Dixon in 1926 who showed that the enzyme discovered by Schardinger was 

identical to the one reported by Hopkins (Dixon 1926). This enzyme exists in 

different species from bacteria to man (Morgan 1926; Richert and Westerfeld 1951; 

Al-Khalidi and Chaglassian 1965) and also in the various tissues of mammals 

(Roberts 1936; Parks and Granger 1986; Sarnesto, Linder et al. 1996). XO performs 

its role in terminal oxidation of all purine bases as the rate-limiting enzyme in purine 

degradation pathways (Dixon and Lemberg 1934; Parks and Granger 1986). In these 

pathways, XO catalyses the oxidative hydroxylation of hypoxanthine to xanthine 

followed by xanthine to uric acid, the last two steps in the catabolic metabolism of 

purine bases in mammals leading to the formation of uric acid (Figure 3). These 

catalytic reactions are accompanied by the generation of H2O2 and O2
•- (Dixon and 

Lemberg 1934; Morell 1952; McCord and Fridovich 1968; Olson, Ballow et al. 
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1974), hence XO has been considered a major biologic source of ROS in many organs 

causing oxidative stress (Manson, Anthenelli et al. 1983; Im, Shen et al. 1984; 

Chambers, Parks et al. 1985; Parks and Granger 1986; Picard-Ami, MacKay et al. 

1991; Glantzounis, Tsimoyiannis et al. 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  

Purine degradation pathway 

Uric acid/allantoin formation from guanine and adenine nucleotides requires XO and 

produces H2O2 (Pi = inorganic orthophosphate, IMP = inosine monophosphate). 
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In humans a single gene encodes xanthine oxidoreductase enzymes (XOR) and its 

locus maps to chromosome 2p22 (Ichida, Amaya et al. 1993; Xu, Zhu et al. 1994; 

Garattini, Mendel et al. 2003). Mammalian XOR enzyme exists in two forms: 

xanthine dehydrogenase (EC 1.1.1.204, XDH) and XO. The two proteins have similar 

molecular weights and composition of redox centres (Hille and Nishino 1995). In 

normal physiological conditions XOR is found in the dehydrogenase form in the cell, 

however, under oxidising conditions, XDH can be immediately converted to the 

oxidase form, XO (Green 1934; McKelvey, Hollwarth et al. 1988; Hille and Nishino 

1995; Nishino, Nakanishi et al. 1997; Enroth, Eger et al. 2000; Glantzounis, 

Tsimoyiannis et al. 2005). 
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1.7.2  The general structure of XOR enzymes 

XOR enzymes all consist of approximately 1,333 amino acid residues. The basic 

structure of these enzymes is a monomer composed of three main domains. A small 

N-terminal 20 kDa domain (residues 1 to 165) contains two iron-sulfur centres, which 

are connected to a central 40 kDa FAD (flavin adenine dinucleotide) domain (residues 

226 to 531) by a segment consisting of residues 166 to 225. The FAD centre is then 

connected to the large third domain, a C-terminal 85 kDa molybdopterin domain 

(residues 590 to 1,332) by another segment consisting of residues 532 to 589. The 

molybdopterin domain is close to the interfaces of the Fe/S and FAD binding 

domains. The three domains altogether give rise to a total molecular weight of 

approximately 145 kDa per monomer (Enroth, Eger et al. 2000). The Fe/S centres are 

coordinated to four cysteine residues, 113, 116, 148, 150, located close to the flavin 

ring. Thus, the active form of xanthine oxidase is a homodimer with 290kDa 

molecular mass (Enroth, Eger et al. 2000). The redox–active centres of XOR enzymes 

has therefore the same constitution: a pterin cofactor attached to the molybdenum via 

a dithiolene linkage, two 2Fe/2S centres and one FAD which altogether are organised 

in a linear fashion ideal for electron transfer (Huber, Hof et al. 1996; Kisker, 

Schindelin et al. 1997; Romao, Knablein et al. 1997; Kisker, Schindelin et al. 1998; 

Enroth, Eger et al. 2000; Nishino and Okamoto 2000; Hille and Anderson 2001). The 

oxidation of xanthine takes place at the molybdopterin centre, and reducing 

equivalents are transported via iron-sulfur centres to FAD, where physiological 

oxidation occurs. Therefore, the electrons from the substrate are passed into the 

molybdenum centre and afterwards through Fe/S clusters, and eventually into the 

FAD centre in the course of a reductive half reaction (Olson, Ballou et al. 1974; Hille 
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1991; Hille and Anderson 1991; Kisker, Schindelin et al. 1997; Enroth, Eger et al. 

2000).  

 

1.7.2.1  The role of the molybdopterin cofactor (moco) 

The molybdopterin cofactor plays an essential role in a variety of enzymes named 

hydroxylases or oxotransferases (Kisker, Schindelin et al. 1997; Kisker, Schindelin et 

al. 1998; Hille 2002; Garattini, Mendel et al. 2003; Hille 2005). It is a non-planar 

tricyclic structure consisting of a pterin nucleus which is fused to a pyran ring and 

attached to the molybdenum via a dithiolene sulfur groups (Rajagopalan 1991; 

Romao, Archer et al. 1995; Kisker, Schindelin et al. 1997). The active form of XO 

contains a Mo=S ligand since the replacement of the sulfur with oxygen results in a 

catalytical inactive form of the enzyme (Massey and Edmondson 1970). In this 

cofactor, molybdenum catalyses an oxo-transfer reaction accompanied by electron 

transfer from substrates to other cofactors, such as Fe/S centres and FAD (Kisker, 

Schindelin et al. 1998). The cycling between the fully oxidised state of the 

molybdenum atom(MoVΙ) and the fully reduced form (MoΙV) is common in all the 

reactions catalysed by molybdenum cofactor containing enzymes (Hille and Massey 

1981; Hille and Sprecher 1987; Hille 1991; Hille and Anderson 1991; Hille and 

Massey 1991; McWhirter and Hille 1991; Hille, Kim et al. 1993; Kim and Hille 1993; 

Ryan, Ratnam et al. 1995; Kisker, Schindelin et al. 1997; Xia, Dempski et al. 1999; 

Stockert, Shinde et al. 2002; Choi, Stockert et al. 2004). It has been documented that 

although the molybdopterin cofactor is not directly involved in catalysis, it still has 

numerous hydrogen bonding to the protein which associate in transferring electrons 

out of the molybdenum centre. Crystallographic information of different molybdenum 

containing enzymes show that these hydrogen bonding from the distal amino group of 
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the molybdopterin cofactor to a cysteine residue of the iron-sulfur centre have been 

organised in line suitable for electron transfer (Hille 2002). The general reaction 

which is catalysed by molybdenum hydroxylases enzymes such as XO and XDH is 

shown below (Kisker, Schindelin et al. 1998): 

 

 

 

        

      

 

Rather than O2, H2O is utilised by these enzymes as the ultimate source of oxygen 

atom incorporated into the product. Therefore, the hydroxyl group introduced into the 

substrate is derived from H2O and the electrons introduced into the enzyme may be 

transferred to any of the specific physiological electron acceptors such as O2 (in XO) 

or NAD+ (in XDH) (Rajagopalan and Johnson 1992; Choi, Stockert et al. 2004). 

Hence molybdenum hydroxylases are able to generate reducing equivalents rather 

than consume them in the reactions which they catalyse (Hille and Massey 1986; 

Choi, Stockert et al. 2004).  

 

 

 

 

 

 

 

RH + H2O → ROH + 2e- +2H+
XO

(RH = aldehyde or aromatic heterocycle)

RH + H2O → ROH + 2e- +2H+
XO

(RH = aldehyde or aromatic heterocycle)
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1.7.2.2  Important amino acid residues involved in catalysis 

The specific amino acid residues which may play significant catalytic role have been 

identified. Glu1261 (Glutamine) has been reported to be the foremost amino acid 

identified as a candidate in the active site of the enzyme which initiates the catalytic 

reaction. It has been also speculated that Glu802 which is situated directly above the 

substrate binding site between Phe1009 (phenylalanine) and Phe914 may be also 

involved in catalysis (Bray and Malmstrom 1964; Choi, Stockert et al. 2004). 

 

                                   

 

 

 

 

 

 

 

 

 

 

 

Figure 4  

Structure of the active site of XO, with amino acid residues likely to be involved in 

catalysis  

Glu1261 has been suggested to be the most significant amino acid in the active site of XO 

which initiates catalysis. Glu802 may also be involved in catalysis (Choi, Stockert et al. 2004). 
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1.7.3  XO and XDH 

As stated earlier, XOR enzymes exist in two inter-convertible forms; XDH and XO. 

Under physiological conditions XOR enzyme is only transcribed as dehydrogenase 

form (XDH) but it is readily converted to its oxidase form (XO) either by proteolysis 

or oxidation of cysteine residues (Green 1934; McKelvey, Hollwarth et al. 1988; Hille 

and Nishino 1995; Nishino, Nakanishi et al. 1997; Enroth, Eger et al. 2000; 

Kuwabara, Nishino et al. 2003). The conversion of XDH to XO has been implicated 

in diseases characterised by oxygen-radical-induced tissue damage such as ischemia 

reperfusion injury (McCord 1985; Hille and Nishino 1995) and oxidative stress in the 

human epidermis as observed in vitiligo (Schallreuter 2005; Shalbaf, Gibbons et al. 

2008). These two enzymes have similar molecular weights and composition of redox 

centres (Hille and Nishino 1995; Hille 1996). XDH has a greater affinity for oxidised 

nicotinamide adenine dinucleotide (NAD+) as the electron acceptor when catalysing 

the hydroxylation of hypoxanthine to xanthine and the latter to uric acid to produce 

NADH. The reduction of NAD+ occurs through the FADH2 cofactor (McKelvey, 

Hollwarth et al. 1988; Enroth, Eger et al. 2000; Nishino, Okamoto et al. 2005). 

However, it has been reported that XDH itself is capable of generating considerable 

amounts of O2
•-, although under normal conditions NAD+ would be expected to 

effectively compete with O2 for reduced enzyme (Hille and Nishino 1995). 

Furthermore, as mentioned earlier XDH uses H2O as the source of oxygen introduced 

into the product (Enroth, Eger et al. 2000). XO, however, utilises O2 instead of NAD+ 

leading to the formation of free O2
•- (Olson, Ballow et al. 1974) which is 

subsequently converted to H2O2 through spontaneous disproportionation or by 

superoxide dismutase activity (Horecker and Heppel 1949; McCord and Fridovich 

1968). H2O2 can react with iron via the Fenton reaction to produce OH• (Beauchamp 
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and Fridovich 1970; Bannister, Bannister et al. 1982; Parks and Granger 1983; 

Britigan, Pou et al. 1990; Hille and Nishino 1995; Glantzounis, Tsimoyiannis et al. 

2005).  

 

1.7.4  Conversion of XDH to XO 

As stated above under certain conditions, the XDH can be readily converted to 

oxidase by reversible oxidation of two cysteine residues (Cys535 and Cys992) and this 

is accompanied by a conformational change due to the formation of a disulfide bond 

(Kuwabara, Nishino et al. 2003). XDH can also be irreversibly converted to the 

oxidase form by proteolysis at lysine551 by trypsin and by cleavage after leucine219 

and lysine569 (Kuwabara, Nishino et al. 2003; Nishino, Okamoto et al. 2005). The 

major difference between XDH and XO exists in the FAD domain. The conversion of 

XDH to XO form results in a small conformational change near the FAD cofactor 

binding domain which affects the NAD binding site on the FAD accounting for 

XDH’s ability to utilise NAD as an electron acceptor, whereas XO has high reactivity 

towards O2 reducing it to O2
•- and H2O2. However, this structural change does not 

affect the other cofactors (moco and Fe/S centres) or enzyme function (McKelvey, 

Hollwarth et al. 1988; Enroth, Eger et al. 2000; Kuwabara, Nishino et al. 2003; 

Nishino, Okamoto et al. 2008; Tsujii and Nishino 2008).  
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1.7.5  Mechanism of action of XO 

It has been indicated that the overall reaction mechanism catalysed by XO consists of 

two half-reactions taking place at different sites on the enzyme. The reductive half-

reaction occurs first and it takes place at the molybdenum centre by the reduction of 

MoVΙ to MoΙV involving the oxidation of the substrate (McWhirter and Hille 1991; 

Hille, Kim et al. 1993; Kim and Hille 1993; Hille 1994; Kim, Ryan et al. 1996). In 

this half reaction xanthine is converted to uric acid. Then the oxidative half-reaction 

takes place at the FAD centre (Bray and Malmstrom 1964; Komai, Massey et al. 

1969). In this half-reaction O2 is used as the final electron acceptor to generate H2O2 

and O2
•- (Hille and Massey 1981). It is considered that in this half-reaction, re-

oxidation of the reduced XO to the fully-oxidised form of the enzyme occurs (Olson, 

Ballou et al. 1974; Olson, Ballow et al. 1974). The Fe/S centres facilitate the electron 

transfer between the molybdenum and the FAD centres (Nishino and Okamoto 2000). 

The crystallographic data indicates that the pterin portion of the molybdenum cofactor 

is pointing out towards the first Fe/S centre (Hille 2002) therefore, accordingly, XO 

requires an active site sulfur in order to be catalytically active (Massey and 

Edmondson 1970). XO needs 6 electrons to be completely reduced (two on the 

molybdenum centre, one in each of the two Fe/S centres, and two on the FAD centre), 

therefore, it requires three molecules of substrate to become fully reduced (Hille and 

Massey 1981). Re-oxidation of the enzyme takes place in four steps. First, the six 

electron reduced enzyme is oxidised to four electron reduced enzyme and then it loses 

another two electron in the next oxidation step. H2O2 is produced in these two 

oxidation steps. In the last two steps, the enzyme loses two electrons to become fully 

oxidised accompanied by the production of O2
•-. These properties contribute to 

oxidative stress (Repine 1991).  
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Figure 5  

The oxidative and reductive half-reactions of XO 

(A): The oxidative half-reaction. In the first two steps of this reaction, two molecules H2O2 

are produced while in the last two steps, two molecules O2
••••- are the product of the reaction.  

(B): The overall reaction of XO. The reductive half-reaction takes place at the moco centre in 

which Mo is reduced from MoVI to MoIV while xanthine is oxidised to uric acid. The oxidative 

half-reaction occurs at the FAD centre, where H2O2 is produced (modified from (Newsholm 

and Leech 1984; Hille and Nishino 1995; Stockert 2004 ). 
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1.7.6  Absorbance spectroscopy of xanthine oxidoreductase enzymes 

The absorption of the FAD and iron-sulfur centres dominates the UV/visible 

absorption spectra of both XO and XDH. It is thought that the difference between the 

absorbance of the two enzymes is likely due to FAD cofactor since the absorption 

spectra of the iron-sulfur centres in both enzymes are essentially identical. Therefore 

it is believed that the difference between the two absorption spectra of XO and XDH 

is due to the absence of the NAD binding site near the FAD centre in XO. It has been 

also reported that the absorbance of the molybdenum centre is virtually 

indistinguishable in the spectrum because of the absorbance of the FAD and Fe/S 

centres (Hille and Nishino 1995; Stockert 2004 ).  

 

    

 

 

 

 

 

 

 

 

 

Figure 6  

The comparative absorbtion spectra of both oxidised and reduced bovine milk XO and 

Rhodobacter capsulatus XDH.  

The maximum absorbance in XO at 450nm is due to both FAD and Fe/S centres whereas in 

XDH this absorbance is shifted to 465nm [adopted form (Stockert 2004 )].  
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1.8  Oxidative DNA damage and its responses 

 

Reactive oxygen species (ROS) are formed as by products during cellular metabolism 

(Halliwell 1989; Halliwell and Gutteridge 1989). These oxygen-derived reactive 

species are able to damage various biomolecules such as lipids, proteins and nucleic 

acids (Halliwell 1989; Halliwell and Gutteridge 1989; Esterbauer, Dieber-Rotheneder 

et al. 1990; Smith, Marks et al. 2004). It has been also reported that the attack on 

lipids and proteins by ROS can lead to the generation of intermediates which are able 

to damage DNA (Esterbauer, Eckl et al. 1990). Since integrity of the genome and cell 

survival is highly preserved among living organisms, cells have evolved multiple 

protective strategies in response to DNA damage. These responses are very complex 

involving a variety of signals and proteins that regulate an intricate network of 

pathways including cell cycle checkpoints, DNA repair, cellular senescence and 

apoptosis (Zhivotovsky and Kroemer 2004; Schmitt, Paquet et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 



 80 

1.8.1  Formation of 8-oxoGuanine (8-oxoG) 

The oxidative damage to DNA results in the hydroxylation of DNA bases (Lu, Li et 

al. 2001; Cadet, Douki et al. 2003; Cooke, Evans et al. 2003), mainly guanine, as it 

has the lowest oxidation potential amongst the four bases. The oxidation of guanine 

leads to the formation of a plethora of oxidised guanine products (Neeley and 

Essigmann 2006). 8-oxoG (the oxidised base), identified by Kasai in 1984, is the most 

thoroughly studied oxidised guanine product (Kasai and Nishimura 1984; Kasai and 

Nishimura 1984; Kasai, Crain et al. 1986; Adelman, Saul et al. 1988; Kasai 1997; 

Neeley and Essigmann 2006). Also, oxidation of dGTP in the nucleotide pool in the 

cell prepared for DNA synthesis leads to the formation of the 8-oxo-dGTP, which can 

be subsequently misincorporated into DNA during replication (Akiyama, Maki et al. 

1989; Maki and Sekiguchi 1992; Mo, Maki et al. 1992; Nakano, Kawanishi et al. 

2003). The oxidised DNA generally undergoes repair. Oxidised nucleosides and bases 

are almost water-soluble; therefore after the repair process they appear in the urine 

without further metabolism (Wu, Chiou et al. 2004). Hence 8-oxoG has been 

extensively used as a biological marker for oxidative stress in tissues, saliva, serum 

(plasma) and urine (Kasai, Crain et al. 1986; Fraga, Shigenaga et al. 1990; Loft, 

Vistisen et al. 1992; Loft, Fischer-Nielsen et al. 1993; Ahmed, Ueda et al. 1999; de 

Zwart, Meerman et al. 1999; Helbock, Beckman et al. 1999; Lovell, Gabbita et al. 

1999; Perra, Maxia et al. 2006; Bahar, Feinmesser et al. 2007; Chen, Liou et al. 2007). 
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1.8.2  The mutagenic potential of 8-oxoG 

8-oxo-G potentially has the ability to mimic T functionality in the syn confrontation. 

Therefore, if not removed from the damaged DNA or from the nucleotide pool, it can 

form a stable 8-oxoG/A base pair during DNA replication which, although inaccurate, 

is efficiently bypassed by replicative DNA polymerases inducing G:C to T:A 

transversion. This is potentially mutagenic or even can lead to apoptosis (Floyd 1990; 

Wood, Dizdaroglu et al. 1990; Shibutani, Takeshita et al. 1991; Cheng, Cahill et al. 

1992; Maki and Sekiguchi 1992; Grollman and Moriya 1993; Moriya 1993; Le Page, 

Margot et al. 1995; Johnson, Yu et al. 1996; Hussain and Harris 1998; Sunaga, Kohno 

et al. 2001; Bjelland and Seeberg 2003; Hussain, Hofseth et al. 2003). Therefore, 

oxidative damage to DNA is thought to be a common pathway leading to mutations 

and apoptosis. It is also believed to be one of the major causes of cancer (Hattori-

Nakakuki, Nishigori et al. 1994; Johnson, Yu et al. 1996; Marnett 2000; Cooke, Evans 

et al. 2003; Hussain, Hofseth et al. 2003). Hence, the removal of DNA-oxidised 

lesions or modified bases from the nucleotide pool is extremely vital and required for 

genomic stability and cell survival. 
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1.8.3  Repair of oxidative DNA damage 

In order to minimise the induction of mutations following oxidative damage to DNA 

and to maintain genomic integrity, all cells have evolved an effective machinery to 

remove oxidised bases to prevent their incorporation into DNA during replication 

(Demple and Harrison 1994; Lu, Li et al. 2001; Friedberg 2003; Hazra, Das et al. 

2007). DNA damage signalling pathways are very complex. In a simplified manner, 

in response to genotoxic stress p53 is activated and in turn it transactivates a series of 

its downstream effector genes involved in delaying cell cycle arrest including p21, 

PCNA and Gadd45α, cellular senescence and also apoptosis including pro-apoptotic 

members of Bcl-2 family of proteins such as BAX (Kastan, Onyekwere et al. 1991; 

Bates and Vousden 1996; Chen, Ko et al. 1996; Harris 1996; Ko and Prives 1996; 

Smith and Seo 2002; Mills 2005; Rozan and El-Deiry 2007; Shu, Li et al. 2007).  
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1.8.3.1  Induction of Gadd45αααα 

Gadd45 family members, are rapidly induced following genotoxic stress and they play 

critical roles as stress sensors in different apoptotic and growth inhibitory pathways 

(Fornace, Alamo et al. 1988; Fornace, Nebert et al. 1989; Papathanasiou, Kerr et al. 

1991; Fornace, Jackman et al. 1992; Beadling, Johnson et al. 1993; Hollander, Alamo 

et al. 1993; Zhan, Fan et al. 1996; Takekawa and Saito 1998; Smith and Mocarski 

2005). These proteins are localised within the nucleus (Carrier, Smith et al. 1994; 

Kearsey, Coates et al. 1995; Vairapandi, Balliet et al. 1996; Zhang, Bae et al. 1999). 

Gadd45α, is one of several growth-arrest and DNA-damage-inducible genes and it 

has been implicated in cell cycle checkpoint in G2/M, DNA repair and apoptosis via 

interaction by other cellular proteins including PCNA, p21, cdc2, cyclinB1 and the 

p38 and JNK stress response kinases (Fornace, Jackman et al. 1992; Kastan, Zhan et 

al. 1992; Smith, Chen et al. 1994; Chen, Smith et al. 1995; Hall, Kearsey et al. 1995; 

Kearsey, Shivji et al. 1995; Harkin, Bean et al. 1999; Wang, Zhan et al. 1999; Zhan, 

Antinore et al. 1999; Sheikh, Hollander et al. 2000; Maeda, Hanna et al. 2002; Zhan 

2005; Liebermann and Hoffman 2007; Miyake, Takekawa et al. 2007). It has been 

also shown that Gadd45α is involved in the induction of G2/M cell cycle checkpoint 

following UVB irradiation in epidermal KCs, MCs and also in melanoma cells 

(Maeda, Hanna et al. 2002; Pedeux, Lefort et al. 2002). Based on these results, it has 

been suggested that the activation of Gadd45α in MCs and melanoma cells may play 

a crucial role for their survival due to their ability to efficiently repair UVB-induced 

lesions (Pedeux, Lefort et al. 2002; Fayolle, Pourchet et al. 2006; Fayolle, Pourchet et 

al. 2008; Rajpara, Hu et al. 2008).  
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1.8.3.2  Base-excision repair of oxidative DNA damage 

In living organisms, oxidative DNA damage is predominantly repaired via base-

excision repair (BER) pathways (Sancar 1994; Parikh, Mol et al. 1997; Fortini, 

Parlanti et al. 1999; Dianov, Souza-Pinto et al. 2001; Dogliotti, Fortini et al. 2001; 

Lindahl 2001; Lu, Li et al. 2001; Fromme and Verdine 2004). DNA glycosylases are 

the key enzymes to initiate BER processes which remove the oxidised bases by N-

glycosylic bond hydrolysis between the bases and the deoxyribose moieties of the 

nucleotides leaving apurinic/apyrimidinic (AP) sites in the DNA (Michaels, Tchou et 

al. 1992; Boiteux 1993; van der Kemp, Thomas et al. 1996; Boiteux and Radicella 

1999; Boiteux and Radicella 2000; Lu, Li et al. 2001; Fortini, Pascucci et al. 2003; 

Dizdaroglu 2005; David, O'Shea et al. 2007). These enzymes are responsible to 

specifically recognise and remove different oxidised-bases from the damaged DNA 

(Chetsanga and Lindahl 1979; Tchou, Kasai et al. 1991; Michaels, Tchou et al. 1992). 

Moreover, in order to protect cells and organisms from mutagenesis and 

carcinogenesis induced by 8-oxo-dGTP, there is a mechanism to remove this oxidised 

base from the nucleotide pool so that it cannot be misincorporated into DNA by DNA 

polymerases (Akiyama, Maki et al. 1989; Maki and Sekiguchi 1992; Lu, Li et al. 

2001; Nakano, Kawanishi et al. 2003). BER of 8-oxoG/C pairs is initiated by hOgg1 

(8-oxoGuanine-DNA glycosylase 1), which removes 8-oxoG, leaving an AP site 

(Boiteux and Radicella 1999; Kinoshita, Wanibuchi et al. 2002). However, if at this 

stage the repair of the damaged base does not occur and replication takes place, an 

incorrect 8-oxoG/A mismatch is formed. Therefore the second level of defence is an 

additional post-replication double check to recognise and correct the 8-oxoG/A 

mismatches produced by persistent 8-oxoG residues. In human, this is accomplished 

by DNA glycosylase hMYH, which is responsible to detect and excise the 
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inappropriate A residues misincorporated opposite the unrepaired 8-oxoG during 

replication (Michaels, Tchou et al. 1992; Tajiri, Maki et al. 1995; Lu and Fawcett 

1998; Parlanti, Fortini et al. 2002; Russo, De Luca et al. 2007). Furthermore, hMTH 

in human hydrolyses 8-oxo-dGTP from nucleotide pools thus preventing its 

incorporation into nascent DNA (Colussi, Parlanti et al. 2002). The generated AP site 

is subsequently treated by a repair polymerase in the replication process to form an 8-

oxoG/C substrate for the hOgg1 (Boiteux and Radicella 1999; Boiteux and Radicella 

2000; Bruner, Norman et al. 2000; Shinmura and Yokota 2001; David, O'Shea et al. 

2007).  

Depending on the number of damaged bases, the abasic site is then processed by two 

alternative pathways: short-patch DNA polymeraseβ-dependent BER in which only 

one damaged nucleotide is repaired (Kubota, Nash et al. 1996; Fortini, Parlanti et al. 

1999; Dogliotti, Fortini et al. 2001) and long-patch PCNA-dependent BER involving 

the repair of more damaged nucleotide at the lesion site (Matsumoto, Kim et al. 1994; 

Frosina, Fortini et al. 1996; Klungland and Lindahl 1997; Wilson and Thompson 

1997; Dogliotti, Fortini et al. 2001). The repair mode of oxidative DNA damage is 

predominantly via short-patch BER where DNA polymeraseβ plays a critical role 

although there is evidence suggesting that it is implicated in the long-patch pathway 

as well (Dianov, Prasad et al. 1999; Prasad, Dianov et al. 2000). To complete the 

repair process after the glycosylase action, APE1 (apurinic/apyrimidinic endonuclease 

1) and DNA polymeraseβ are recruited to excise the remaining sugar moiety and to 

reinstall an undamaged nucleotide respectively, and the remaining nick is sealed by 

DNA ligaseI thereby repairing the damaged base site (Parikh, Mol et al. 1997; Gros, 

Saparbaev et al. 2002; Fortini, Pascucci et al. 2003; Chaudhry 2007). It should be 

noted that BER of the oxidised DNA is more complex and it is the result of multiple 
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interactions among various proteins and enzymes that may alter the choice of short- or 

long-patch BER modes and the detailed mechanisms which govern switching between 

these pathways have remained unknown (Dianov, Souza-Pinto et al. 2001; Dogliotti, 

Fortini et al. 2001; Lu, Li et al. 2001; Fortini, Pascucci et al. 2003; Fromme and 

Verdine 2004; Sung and Demple 2006). 
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1.8.4  Apoptosis regulators 

If the damage to DNA is so extensive and DNA is irreparable, apoptosis (programmed 

cell death) would be the major control mechanism by which cells are eliminated. The 

induction and execution of apoptosis are complex, including very well controlled 

processes and involving many proteins (Steller 1995; White 1996; Song and Steller 

1999; Teraki and Shiohara 1999; Zhivotovsky and Kroemer 2004). The Bcl-2 family 

of proteins play crucial roles in the regulation of apoptosis (Kroemer 1997). This 

family of proteins are divided into two subgroups: anti-apoptotic (such as Bcl-2, Bcl-

XL) and pro-apoptotic proteins (such as BAX, BAD and BAK) (Chao and Korsmeyer 

1998). It has been reported that the ratio of Bcl-2 and Bax is important in order to 

study cellular responses to apoptosis (van den Wijngaard, Aten et al. 2000). Gene 

expression of Bcl-2 and BAX proteins can be regulated by p53 (Miyashita, Krajewski 

et al. 1994).   

It has been documented that the activation of Bcl-2 is an essential cellular response to 

suppress the initiation of apoptosis (Kroemer 1997). After receiving the apoptotic 

stimulus, pro-apoptotic members of the Bcl-2 family of proteins which reside on the 

outer membrane of the mitochondrion, are activated. The activation of these proteins 

leads to the release of cytochrome c from the mitochondrion into the cytoplasm which 

in turn leads to the activation of caspase 9 and this functions in the activation of 

caspase 3 where it is a key effector of apoptosis (Boldin, Varfolomeev et al. 1995; 

Steller 1995; Tewari, Quan et al. 1995; Kuida, Zheng et al. 1996; Liu, Kim et al. 

1996; White 1996; Cai, Yang et al. 1998; Skulachev 1998; Song and Steller 1999; 

Abu-Qare and Abou-Donia 2001; Schmitt, Paquet et al. 2007). Therefore cytochrome 

c and caspase 3 have been considered as important biomarkers for apoptosis (Abu-

Qare and Abou-Donia 2001). 
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2.0  AIM 

 

Nowdays, there is accumulating evidence that the entire epidermis of patients with 

vitiligo is under oxidative stress, due to the presence of mM H2O2 concentrations 

(Schallreuter, Moore et al. 1999; Schallreuter, Bahadoran et al. 2008). XO is one of 

the several mechanisms generating H2O2 and O2
•-, from catalysing the last two steps 

of the purine degradation pathway (Parks and Granger 1986). Therefore, this enzyme 

is considered as a major biologic source of oxygen-derived free radicals (ROS) in 

many organs (Manson, Anthenelli et al. 1983; Im, Shen et al. 1984; Parks and 

Granger 1986; Picard-Ami, MacKay et al. 1991). 

To the best of our knowledge, the presence of XO in the human epidermis has not 

been demonstrated so far. Therefore the aim of this research was to show the presence 

and function of this enzyme in normal and healthy epidermal melanocytes and 

keratinocytes. Moreover, we wanted to know whether this system differs in patients 

with vitiligo compared to controls. 

Due to the presence of severe oxidative stress in the epidermis of this patient group, 

oxidative DNA damage and / or apoptosis would be highly expected. Consequently, 

this study aimed to address this senario in vitiligo in more detail.    
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3.0  MATERIALS AND METHODS 
 

 
 

3.1  Cell culture 

 

3.1.1  Establishment of epidermal primary cell cultures 

Epidermal melanocytes and keratinocytes were primarily cultured from full thickness 

of normal human skin (skin phototype III, Fitzpatrick classification) (Kiistala 1968) 

obtained as surgical waste after cosmetic or non-cosmetic operations such as facelifts, 

breast and abdomen reductions. Briefly, fat was removed from the skin following a 

quick wash in a PBS solution containing 5% penicillin/streptomycin (P/S) (Gibco 

Invitrogen, Paisley, UK) and 5% fungisone (Gibco Invitrogen, Paisley, UK). To 

facilitate the separation of the epidermis from the dermis, incisions were made on the 

epidermis using a scalpel. The tissue samples were then incubated in dispase (Roche 

Applied Science, Roche Diagnostics Corporation, Indianapolis, USA) containing, 5% 

P/S and 5% fungisone for approximately 12 hours at 4°C. 

The next day the epidermal sheets were separated from the underlying dermis and 

placed in a solution of 1x RPMI media (RPMI 1640, Gibco Invitrogen, Paisley, UK) 

containing 5% P/S and 5% fungisone until the separation was completed. In order to 

prepare a cell suspension solution, the separated sheets of epidermis were incubated in 

x1 (0.05%) trypsin/EDTA (Gibco Invitrogen, Paisley, UK) at 37°C for 10 minutes. 

Trypsinisation was neutralised by the addition of either FBS (Gibco Invitrogen, 

Paisley, UK) or RPMI media containing 5% P/S, with the volume of almost 4 times of 

the trypsin volume. The mixture was gently pipetted up and down a few times in order 

to get a single cell solution followed by centrifugation at 200 x g for 10 minutes at 
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4°C in a Heraeus Sepatech bench-top centrifuge (Heraeus Instruments, Hannover, 

Hamburg, Germany). 

In order to obtain primary co-cultures of both melanocytes and keratinocytes, the cell 

pellets were re-suspended in a 50/50 mixture of the medium for each cell type. i.e. for 

MCs, MC Medium 254 (Cascade Biologics, Mansfield, Nottinghamshire, UK) 

containing 1% P/S and 1% supplied growth factor (HMGS, Human Melanocyte 

Growth Supplement), (Cascade Biologics, Mansfield, Nottinghamshire, UK), and for 

KCs, Defined K-SFM keratinocyte medium (Gibco, Invitrogen, Paisley, UK) 

containing 1% P/S and growth supplements provided by the same company. After re-

suspension, the cells were seeded into 25cm2 cell culture flasks containing 5ml of the 

mixed media (Scientific Laboratory Supplies, Nottingham, UK). Cells were allowed 

to attach at 37°C, 5% CO2 and 95% humidity. The medium was changed every 2-3 

days. 

 

3.1.2  Separation of MC and KC cell cultures and their maintenance     

Once the co-cultured cells were confluent around 80%, keratinocytes and melanocytes 

were separated via selective trypsinisation to obtain single cell populations. Briefly, 

the medium was aspirated and the cells were washed gently with PBS to remove any 

medium proteins that could otherwise inhibit the trypsin. Cells were then incubated 

with 1x trypsin at 37°C. This process was carefully monitored under phase 

microscopy using a Leica DMIRB inverted microscope (Leica Microsystems Ltd, 

Milton Keynes, Buckinghamshire, UK), until the cells were rounding up and 

detached. MCs detach from the flask in approximately 2 minutes whereas KCs need 5 

to 15 minutes. The separated cell types were transferred into their specific media and 

allowed to attach and proliferate. Once confluent by 80%, both cell types were split 
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and passaged 1:3 into 75cm2 flasks. This step repeated up to passage 3-4. In order to 

promote differentiation of KCs, 2mM calcium chloride was added into the medium. 

 

3.1.3  Preparation of MC and MC cell extracts 

In order to prepare whole cell extracts, the cells were harvested via trypsinisation 

and/or scraping followed by centrifugation as described above. After removing the 

supernatant, the pellet was re-suspended in reaction buffer (KH2PO4, 0.05 M, pH 7.5) 

(Sigma, Pool, Dorset, UK). Extracts were made by grinding the suspension with sand 

using a pestle and mortar. Once completed, the solution was centrifuged at 14000 x g 

for 10 minutes using a Heraeus Kendro Biofuge fresco microcentrifuge (Heraeus 

Instruments, Hannover, Hamburg, Germany). The supernatant was aliquoted and 

stored at -80°C until further use. 

 

3.1.4  Preparation of whole cell extracts from epidermal suction blister tissues 

Epidermal suction blister tissues were obtained from patient’s lesional and non-

lesional skin and also healthy controls after written consent using the method of 

Kiistala (Kalb and Bernlohr 1977). All probands had skin phototype III, Fitzpatrick 

classification. This study was approved by the local Ethics Committees and was in 

agreement with the declaration of Helsinki. In order to prepare whole cell extracts 

from the epidermis, deep frozen tissues were ground with sand in a pestle and mortar 

containing 100 to 200µl of Tris-buffer (Sigma, Pool, Dorset, UK) (0.05M, pH7.5). 

The rest of the procedure was as described above. This method allows a very gentle 

extraction without the danger of any protein denaturation. Samples were aliquoted and 

stored at -80°C. 
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3.1.5  Determination of protein content 

The protein content of cell extracts was determined either spectrophotometrically at 

280 nm with a Beckman DU-64 UV spectrophotometer (Beckman Coulter Ltd, High 

Wycombe, Buckinghamshire, UK) as described by Kalb and Bernlohr (Xu, 

Huecksteadt et al. 1996) or using the Bradford assay as described in the 

manufacturer’s protocol (BioRad Laboratories Ltd., Hemel Hempstead, Herts., UK) 

with a standard curve of BSA 0.2-1.6 mg/ml (Sigma, Poole, Dorset, UK).  
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3.2  Reverse transcriptase polymerase chain reaction (RT-PCR) 

 

3.2.1  Isolation of total RNA 

Following the manufacturer’s protocol, total RNA was extracted from cultured 

epidermal melanocytes and keratinocytes before the fourth passage using the Ambion 

total RNA isolation kit (AMS Biotechnology, Oxon, UK). 

 

3.2.2  cDNA formation  

Using the above obtained RNA, reverse transcription was carried out using the 

reverse transcription system (Promega, Southampton, UK). cDNA was synthesised in 

20µl aliquots containing 1µg of isolated RNA, 5mM MgCl2, 1x reverse transcription 

buffer, 1mM dNTP mixture, 1U/µl RNasinribonuclease inhibitor, 0.5µg of random 

primer and 15U of AMV Reverse Transcriptase per µg of RNA. The conditions used 

to synthesis the cDNA were as follows; 1 hour at 42°C, 5 minutes at 95°C and 5 

minutes at 4oC.  The resulting cDNA was stored at -20°C until required.        

 

3.2.3  PCR of XDH 

For PCR amplification of XDH we used the primers reported earlier (Wilson and 

Walker 2005). All primers for the study were obtained from Genosys 

Biotechnologies, Europe Ltd, Pampisford, UK. Primer sequences and thermal 

parameters are described below: 

Forward primer: 5´-CTCCGCACAGATATTGTCATGGAT-3´ 

Reverse primer: 5´-AAATGCCGGGATCTTGTAGGTGCT-3´ 

The amplification conditions for XDH were 5 minutes denaturing at 95oC, followed 

by 35 cycles of 1 minute at 95°C, 1 minute at 59.4°C and 1 minute at 67°C (decrease 
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of 0.5oC each cycle). Once the PCR cycles were completed, the resulting cDNA 

strands were separated in a 1.2% agarose gel containing ethidium bromide for 90 

minutes.  Bands were visualised using a Uvitec camera (Uvitec, Cambridge, UK).    
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3.3  Immunofluorescence labelling 

 

Immunofluorescence allows detecting the location and relative abundance of any 

protein or cellular antigen expressed in cells or tissues by using specific antibodies. 

Therefore the high sensitivity of the technique is based on the specificity of the 

antibody-antigen interaction. 

 

3.3.1  Indirect immunofluorescence staining 

In this method a primary unlabelled antibody binds to a specific protein. The primary 

antibody is then bound to a secondary fluorochrome-conjugated antibody that can be 

visualised using a fluorescence microscope. Immuno-reactivity  can be documented 

by photographing. 

 

3.3.2  Preparation of cryosections 

3 mm punch biopsies of normal skin from consented volunteers and from lesional, 

non-lesional and repigmenting skin of patients with vitiligo (before and after 

treatment with a narrowband UVB-activated pseudocatalase, PC-KUS) were obtained 

under local anaesthesia taken from inner forearm. Samples were embedded in optimal 

cutting temperature compound (O.C.T) (Sakura, RA Lamb, Eastbourne, UK) and kept 

at -80°C. Once the skin samples were frozen, 3-5 µm thicknesses cryosections were 

cut using a Leica CM3050 S cryostat (Leica Microsystems Ltd, Milton Keynes, 

Buckinghamshire, UK) and placed onto slides coated with poly-L-Lysine (Sigma, 

Pool, Dorset, UK) and stored at -80°C until required for immuno-staining. 

 

 



 96 

3.3.3  Preparation of chamber slides from epidermal cells  

For in vitro immuno-reactivity studies, keratinocytes or melanocytes were seeded into 

8-well chamber slides (Lab-Tek®
II, Chamber Slide™ System, Nalge Nunc 

International Corp, Naperville, IL, USA) and allowed to attach for 48 hours. This was 

followed by changing the medium until each well was almost 60-70% confluent. Each 

well contained 100µl cell suspention (approximately 1x104 cells) and 400µl medium. 

Cells were fixed in ice-cold methanol for 5 minutes in -20°C and kept at -20°C until 

required. 

 

3.3.4  In situ single immuno-fluorescence staining 

Frozen slides were taken out of -80°C freezer and allowed to defrost at RT for 5 

minutes. After being fixed in ice-cold methanol for 5 minutes at -20°C, slides were 

rehydrated in PBS for 5 minutes and blocked with 10% normal donkey serum (NDS) 

(Jackson Immuno Research Laboratories, Cambridgeshire, UK) blocking solution 

diluted in PBS for 90 minutes at RT. After a quick wash in PBS for 5 minutes, the 

primary antibody (already diluted to the desired concentration in 1% NDS/PBS) was 

added to the sections and slides were incubated overnight 4°C. The following day, 

slides were washed twice in PBS for 5 minutes and once in PBS containing 0.05% 

Tween-20 (Bio-Rad Laboratories, Life Science Group, CA, USA) in between for 5 

minutes. Slides were then air-dried and incubated with a fluorescent secondary 

antibody in a dilution of 1:100 in 1% NDS/PBS for 1 hour. The choice of secondary 

fluorescein antibody, depends on the colour preferred [green = FITC (flluorescein 

isothiocyanate) or red = TRITC (tetrametyhl rhodamine isothiocyanate)] and also in 

which animal the primary antibody was raised (donkey anti- mouse, rabbit, sheep or 

goat, depending on the primary antibody). Secondary antibodies were from Jackson 
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Immuno Research Laboratories, Cambridgeshire, UK. After a washing process, slides 

were finally dried and mounted in Vectashield Mounting Medium with 4,6-diamino-

2-phenylindole (DAPI) (Vector Laboratories, CA, USA) and covered with a 

coverslip. Sections were viewed using a Leica DMIRB/E fluorescence microscope 

(Leica Microsystems Ltd, Milton Keynes, Buckinghamshire, UK) and 

photodocumented using a computer-assisted 3-CCD colour video camera and the 

Image Grabber PCI graphics program (both from Optivision, Osset, West Yorkshire, 

UK). In addition, some pictures were captured using a Nikon Eclipse 80i microscope 

with a DS-U101 Nikon camera coupled to a Nikon ACT-2U capture program (Nikon 

UK Limited, Kingston upon Thames, Surrey, UK).  

 

3.3.5  Clarification of acute vitiligo 

To characterise acute vitiligo we determined catalase levels in the epidermis of the 

same patients. Epidermal catalase levels are too low in the presence of 10-3M H2O2 

compared to healthy controls. Therefore this protein provides a useful marker for 

oxidative stress in vitiligo (Schallreuter, Wood et al. 1991; Maresca, Roccella et al. 

1997; Maresca, Flori et al. 2008; Schallreuter, Bahadoran et al. 2008).    

 

3.3.6  In situ double immuno-fluorescent labelling 

In situ double immuno-fluorescence allows the detection of two specific markers 

within one section. The protocol was used as described above with some slight 

modifications. After incubation with the secondary antibody and a brief rinse in PBS, 

the sections were blocked again and the described procedure was followed again step 

by step. Paint Shop ProTM 9 (Jasc Software, Inc, Eden Prairie, Minnesota, USA) was 
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utilized to merge the two different fluorochromes (FITC and TRITC) in order to 

follow possible co-localization. 

 

The primary antibodies used for in situ staining were mouse monoclonal to XDH/XO 

(Abcam, Cambridge, UK), in a dilution of 1:10, goat polyclonal to tyrosinase (Santa 

Cruz Biotechnology, Inc. Santa Cruz, CA, U.S.A), mouse monoclonal anti 8-oxoG 

(Alpha Diagnostic International, San Antonio, TX, USA) in a dilution of 1:20, sheep 

polyclonal to cytochrome c (Abcam, Cambridge, UK) in a dilution of 1:50, mouse 

monoclonal to caspase 3 (Abcam, Cambridge, UK), in a dilution of 1:10, mouse 

monoclonal anti-gadd45α (Santa Cruz Biotechnology, Inc. Santa Cruz, CA, U.S.A) in 

a dilution of 1:25. In all negative control studies the primary antibody was omitted 

from the staining procedure and substituted with 1% NDS/PBS. 

 

3.3.7  In vitro immuno-fluorescence labelling of KCs and MCs     

To perform in vitro staining of cultured cells, apart from fixation with methanol, the 

above-described procedure was followed. The washing processes were shortened as 

prolonged washing led to bursting of cells. Both keratinocytes and melanocytes were 

again incubated overnight with mouse monoclonal anti XDH/XO antibody (Abcam, 

Cambridge, UK) at the dilution of 1:20 at 4°C. In order to follow possible expression 

in melanosomes, melanocytes were incubated with tyrosinase antibody (goat 

polyclonal, Santa Cruz Biotechnology, Inc. Santa Cruz, CA, U.S.A) overnight at 4°C 

in the dilution of 1:20. 
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3.3.8  Quantification of fluorescence intensity 

 
For quantification of XO fluorescence intensity, ImageJ version 1.37 was used 

(supplied online by NIH at http://rsb.info.nih.gov/ij/index.html). For quantification, 

the target region was highlighted, and the mean intensity was calculated. This was 

repeated for all sections. The calculated mean values were plotted. The fluorescence 

was expressed in arbitrary units.  
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3.4  Western blot analysis 

 

Western blotting is an analytical technique which is often used to detect expression of 

proteins in cells, tissues or a complex mixture of biomolecules using specific probes 

such as labelled antibodies. The proteins are first denatured via SDS and then 

separated according to their molecular weight. 

 

3.4.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

A 5, 10 or 13% polyacrylamide resolving gel of 1mm in thickness was prepared and 

allowed to polymerise in a mini cassette (NC2010 cassettes 1mm, Invitrogen, 

Carlsbad, CA, USA) for about 90 minutes at RT. Then a 3% stacking gel was 

prepared (see the appendix) and poured over the resolving gel to which a 10 or 15-

well comb was inserted and allowed to set for 30 minutes at RT. The cassette was 

then placed in a NOVEX EI 900-XCELL IITM Mini cell gel system (NOVEX® 

NuPAGE, San Diego, CA, USA). The chamber was filled with running buffer (see the 

appendix) and the comb was removed. Sample buffer (see the appendix) was added to 

all protein samples prior to loading onto the gel in order to visualise the separation 

while running the gel. Then 10µl biotinylated protein ladder (Cell Signalling 

Technologies) and 15µl of each sample containing 5-15µg protein (depending on the 

protein of interest) were loaded onto the gel. A power supply (Gibco, Invitrogen, 

Paisley, UK) was connected to the apparatus and set at 100 volts. The gel was allowed 

to run for approximately 120 minutes until the separation completed when the dye 

reached to the bottom of the gel. 
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3.4.2  Western blotting 

Once the separation of proteins was completed, the power was disconnected. In order 

to expose the protein of interest to the probe, using a NOVEX blot module the 

proteins were transferred by electro-blotting to a 0.45µm pore size polyvinylidene 

difluoride membrane (PVDF) (Immobilon-P, Millipore, MA, USA). The transferring 

process was started by opening the gel cassette and removing the stacking gel. A 

blotting sandwich was assembled consisting of transfer buffer-soaked blotting pads, 

filter paper in transfer buffer (see the appendix), filter paper in methanol, pre-soaked 

PVDF membrane in methanol and transfer buffer, the polyacrylamide gel, filter paper 

in methanol, filter paper in transfer buffer and finally transfer buffer-soaked blotting 

pads. The blotting sandwich was placed into the transfer chamber (Novex, San 

Diego, CA, USA) filled with transfer buffer. A voltage of 25 volts was applied using 

the same power supply. The transfer was allowed to take place for around 2 hours. 

During the electro-blotting, the chamber was placed on ice to avoid the heat produced 

by the transfer. 

 

3.4.3  Blocking 

Once the transfer was completed, the acrylamide gel was stained with coomassie blue, 

and de-stained with a 40% methanol / 7% acetic acid solution to visualise any bands 

present. At the same time, the PVDF membrane containing all transferred proteins 

was blocked in order to prevent non-specific protein interactions between the 

membrane and the antibody protein. This was done by placing the membrane in a 

solution of 5% non-fat dried milk in PBS/0.4% Tween 20, or 0.5% gelatine (Sigma, 

Pool, Dorset, UK) dissolved in Tris buffered saline / 0.2% Tween 20 (TBS/Tween) 
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for around 2 hours at RT. N.B without blocking, the probe would bind non-

specifically to the membrane. 

 

3.4.4  Immuno- reactivity detection 

After blocking, the membrane was incubated with the primary antibody overnight at 

4°C. The primary antibody was diluted in 2.5% non-fat dried milk in PBS/0.4% 

Tween 20 in the case of XDH/XO (rabbit polyclonal, Abcam, Cambridge, UK) 

(1:10000) and caspase 3 (mouse monoclonal, Abcam, Cambridge, UK) (1:100), and 

in 0.05% gelatine in TBS/0.2%Tween 20 in the case of Gadd45α (mouse monoclonal, 

Santa Cruz Biotechnology, Inc. Santa Cruz, CA, U.S.A) (1:300), APE1 (mouse 

monoclonal, Abcam, Cambridge, UK) (1:2000), hOgg1 (rabbit polyclonal, Abcam, 

Cambridge, UK) (1:500), DNA polymerase β (rabbit polyclonal, Abcam, Cambridge, 

UK)  (1:250) and FEN1 (rabbit polyclonal, Abcam, Cambridge, UK) (1:500). The 

following day the membrane was washed 6 times each time 10 minutes for a total of 

60 minutes in either TBS/0.2%Tween 20 or 2.5% milk in PBS / 0.4% Tween 20.  

Horseradish peroxidase conjugated anti-biotin (Cell Signaling Technology Inc, 

Danvers, MA, USA) (1:4000) was used to detect the biotinylated ladder. Horseradish 

peroxidase conjugated anti-mouse secondary antibody (Sigma, Pool, Dorset, UK) 

(1:5000) was used for the detection of primary antibody for Gadd45α, Caspase 3 and 

APE1. Anti-rabbit (Cell Signaling Technology Inc, Danvers, MA, USA) (1:5000) was 

used for detection of the primary antibody for XDH/XO, hOgg1, DNA polymerase β 

and FEN1. 5µl of anti-biotin (1:4000) and 4µl (1:5000) of anti-mouse or anti-rabbit 

(secondary antibody) was added to 20ml of the relevant solution used to dilute 

primary antibody in each case and the membrane was incubated with the secondary 

antibodies for 60 minutes at RT. 
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After incubation with the secondary antibodies, the same washing procedure was 

repeated as described above. To visualize the bands, the PVDF membrane was placed 

into an enhanced chemiluminescent solution containing ECL-1 and ECL-2 solutions 

in equal quantities and shaken for 2 minutes at RT. These solutions react with the 

labeled probe and makes visualization of the protein possible. Finally the membrane 

was placed into a developer cassette (Sigma, Poole, Dorset, UK) and taken to a dark 

room where it was exposed to a film sheet (Kodak, Sigma, Pool, Dorset, UK) for 30 

seconds in the case of XDH/XO and around 10 to 20 minutes for other proteins. After 

developing the film in developer and fixer, the protein of interest can be seen as 

bands. 

 

3.4.5  Western blot and statistical analysis 

For evaluation of the bands we utilised Image J version 1.37 (supplied online by NIH 

at http://rsb.info.nih.gov/ij/index.html). Each band was highlighted, and the intensity 

was calculated. This was repeated for each band. Statistical analysis was performed 

using Graph pad prism version 4 and 1-way ANOVA with Bonferroni analysis. The 

mean of the calculated values were used for demonstration in the figures. 
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3.5  Dot blot analysis 

 

Dot blotting is a technique for detecting, analysing and identifying proteins, similar to 

the Western blot technique but differing in that protein samples are not separated 

electrophoretically but are spotted directly onto the membrane. The dissolved samples 

are pulled through the membrane by absorption. Proteins bind to the membrane while 

the other sample components pass through. The proteins on the membrane are then 

available for analysis.   

 

3.5.1  Dot blotting for XO 

The aim of using this technique was to study whether H2O2 (30%, Fluka, Sigma, Pool, 

Dorset, UK) can affect XO binding ability to the antibody. For this purpose, 0.4µg 

XO (Sigma, Pool, Dorset, UK) was exposed to different concentration of H2O2 (1, 5, 

10, and 100mM) and the samples were incubated for 60 minutes at RT. Then they 

were spotted in a row onto a previously methanol soaked PVDF membrane and 

allowed to dry for 15 minutes at RT. Thereafter, the membrane was incubated in 

blocking solution containing 3% BSA (Bovine Serum Albumin) (Sigma, Pool, Dorset, 

UK) in TBS/Tween 20 and left on a shaker overnight at 4°C. The next day the 

membrane was incubated with the primary antibody (rabbit polyclonal to XDH/XO, 

Abcam, Cambridge, UK) at the dilution of 1:10000 for 4 hours. The rest of the 

experiment including the washing procedures and incubation with the secondary 

antibody and finally the developing process were all exactly the same as Western 

blotting as described above. 
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3.6  XO protein purification 

 

Gel filtration chromatography is a technique for the separation of proteins on the basis 

of their molecular size. It involves passing the sample which contains the analyte in 

the mobile phase, often in a stream of solvent through the stationary phase. Smaller 

molecules enter a porous media and take longer to exit the column; whereas larger 

particles leave the column first (Wilson and Walker 2005). 

 

3.6.1  Purification of XO 

Due to some impurities of XO purchased from Sigma which affected 

spectrophotometric enzyme oxidation analysis, it was decided to re-purify the 

enzyme. In order to do so, an S-200 column (Pharmacia Biotech, Amersham, 

Buckinghamshire, UK) was used. The flow rate was adjusted to 0.4ml/min and 1.5ml 

eluent was collected in each fraction of a total of 96 fractions. The chart speed (pen 

recorder) was set at 1 whereas absorbance sensitivity on the detector was adjusted to 

0.5 absorbance unit. The column was washed extensively and then equilibrated with 

buffer containing 0.1M pyrophosphate (Sigma, Pool, Dorset, UK) and 0.3mM EDTA 

(Sigma, Pool, Dorset, UK) in which pH was adjusted to 8.5 (Stockert 2004 ). Then 60 

mg XO was dissolved in 800µl dH2O and loaded onto the column which was allowed 

to run overnight. The next day the suspected fractions were collected according to 

their absorbance on the chromatograph and the UV-absorbance of suspected fractions 

was measured at 276 and 450nm spectrophotometrically. The ratio of A276 over A450 

was calculated. Enzyme with a ratio < 6.0 was considered pure (Stockert 2004 ). It 

was aliquoted and kept in -80°C until required for further experiments. 
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3.7  Spectrophotometric studies of XO 

 

XO activity was determined under different conditions by measuring the rate of 

oxidation of xanthine to uric acid spectrophotometrically at 290nm. The compounds 

used in following assays were all purchased from Sigma (Sigma, Pool, Dorset, UK). 

All reactions were started by addition of enzyme (XO) and were performed at RT (25 

± 0.2°C). The reaction mixtures were placed in a cuvette, mixed thoroughly and the 

absorbance of uric acid formation was measured over time. The total volume of 

reaction mixture in all experiments was 1ml. All the reactions were done in 

duplicates. 

 

3.7.1  Standard assays 

Since XO activity generates H2O2, standard assays were run in the presence and 

absence of catalase. The reaction mixture without catalase contained 970µl potassium 

phosphate buffer (KH2PO4, 0.05M, pH 7.5), 10µl of 10mM xanthine solution 

(100µM) and 20µl of 6mg/ml XO (120µg).  

Next, we ran the same reaction in the presence of catalase. The reaction mixture 

contained 965µl buffer, 100µM xanthine, 120µg XO and 5µl of 5mg/ml catalase 

(25µg). The two reactions were studied over 7 minutes at 290nm using a UV/visible 

spectrophotometer (Pharmacia Biotech, Ultrospec 2000, Amersham, 

Buckinghamshire, UK) and the absorption was recorded every minute. 
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3.7.2  Inhibition of XO by its substrate 

In order to study the rate of the reaction between a constant enzyme concentration 

(purified and not-purified XO) with varying concentrations of xanthine (substrate), 

the reaction product (uric acid) was determined in the presence and absence of 

catalase. In the case of not-purified XO, the reactions contained 10µl of the 6mg/ml 

XO solution (60µg) and 25, 50, 100, 200, 300 and 400µM final concentrations of 

xanthine, in a total volume of 1ml reaction mixture. Uric acid formation was 

spectrophotometrically followed at 290nm where the absorptions were recorded every 

two minutes. 

In the case of purified XO (0.5mg/ml), 20µl of the enzyme (10µg) was used in all 

reactions. Substrate (xanthine) concentrations were: 25, 50, 100 and 200µM in the 

total volume of 1ml reaction mixtures. 5µl of 10mg/ml solution of catalase was added 

to all reaction mixtures in order to remove H2O2 produced during the reactions. Buffer 

(KH2PO4, 0.05M pH 7.5) was used to make the final volume to 1ml. The reactions 

were followed over 10 minutes and the rate of the reaction/min was calculated.  
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3.7.3  Effects of H2O2 on XO activity 

Due to the presence of mM concentrations of H2O2 in the epidermis of patients with 

vitiligo (Wilson and Walker 2005), it was decided to study the effects of this ROS on 

XO activity. In order to do this, a series of spectrophotometric experiments were 

carried out and the effects of different H2O2 concentrations from µM to mM on XO 

activity were studied. All the concentrations have been calculated in the total volume 

of 1ml reaction mixture. Buffer (KH2PO4, 0.05M pH 7.5) was used to make the final 

volume to 1ml. 

 

3.7.3.1  XO activity in the presence of low H2O2 concentrations 

In order to study the effects of low concentrations of H2O2 on XO activity, the 

enzyme reaction containing 20µl of 6mg/ml XO (120µg) and 100µM substrate was 

followed over 10 minutes in the presence of different H2O2 concentrations (0, 25, 50, 

75, 100, 150 and 200µM) which were directly added into the reaction. Uric acid 

formation was recorded every minute and the rate/min for all reactions was calculated 

from the linear region. 

 

3.7.3.2  XO activity in the presence of high H2O2 concentrations 

In order to study XO functionality under severe oxidative conditions, two different 

sets of experiments were designed in the presence of mM H2O2 concentrations.  

Firstly, XO activity was spectrophotometrically determined when mM H2O2 

concentrations (0, 1.25, 2.5, 5, 10 and 20mM in total volume of 1ml reaction mixture) 

were directly added into the reaction mixture as described above. All reactions were 

carried out over 10 minutes and the rate/2min was calculated from the linear region. 
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Secondly, functionality of oxidised XO was followed after the enzyme incubated with 

H2O2 in the mM range for 2 hours prior to the experiment. In order to do so, 25µg of 

purified XO (50µl of 0.5mg/ml) was incubated with different H2O2 concentrations (0, 

5, 10, 20 and 30 mM) in a total volume of 200µl at RT for 2 hours. In this set of 

experiments, buffer (KH2PO4, 0.05M pH 7.5) was used to dilute H2O2 to the desirable 

concentrations. After incubation, the residual H2O2 was removed from the mixture 

utilising Zebatm mini Desalt Spin chromatography Column (Pierce Biotechnology Inc, 

Rockford, IL, USA). The mixture was placed into the column and the column was 

placed in a lidless 1ml microtube followed by centrifugation using a Heraeus Kendro 

Biofuge fresco microcentrifuge (Heraeus Instruments, Hannover, Hamburg, 

Germany) at 14000 x g for 15min at 4°C. After the removal of H2O2, the activity of 

the oxidised enzyme was measured spectrophotometrically at 290nm over 10 minutes. 

100µg catalase (10µl of 10mg/ml solution) was added to all the reaction mixtures to 

remove the produced H2O2 during the reaction. A 200µl mixture of the purified XO 

(25µg) with buffer (150µl) was incubated at RT as control. Again the absorption was 

recorded every minute and the rate/min for all the reactions was calculated from the 

linear region. 
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3.7.4  Computer modelling of native and oxidised XO  

The crystal structure of XO was obtained from the protein data bank which is 

available online at: http://www.rcsb.org/pdb/home/home.do. Using the molecular 

modelling program “HyperChem” (Hypercube, Inc, Gainesville, FL, USA), Met and 

Trp residues in the FAD binding domain, molybdopterin co-factor binding domain 

and the active site were oxidised to methionine sulfoxide (MetSO) and 5-hydroxy-

tryptophan (5-OH Trp) respectively. Minimisation was performed to obtain the most 

thermodynamically stable structure. DeepView analysis was used to compare and 

analyse changes between the native and oxidised states of the protein (with 

acknowledgement to Dr. Nicholas Gibbons for his molecular modelling). 

 

3.7.5  Determination of H2O2-mediated oxidation of XO 

Furthermore, in order to find out more about the alterations in the structure of the 

enzyme’s main domains after oxidation by H2O2, 250µg purified XO (500µl of 

0.5mg/ml) was incubated with a very high concentration of H2O2 (1.5M in a total 

volume of 600µl) and the oxidised enzyme was scanned spectrophotometrically every 

15 minutes in a range from 200nm to 600nm to see the ongoing alterations in the main 

domains via the spectra while the enzyme is being oxidised. This of course was 

compared with the UV-absorbance spectrum of the reduced enzyme. 

 

 

 

 

 

 



 111 

3.8  Determination of XO activity using TLC 

 

Thin layer chromatography (TLC) is a method for separation and identifying 

compounds. Using this technique, it is also possible to determine the purity of a 

compound and to follow the progress of a reaction. This technique involves spotting 

the samples to be analysed on a sheet of glass or plastic that is coated with a thin layer 

of a special adsorbent (0.25-2mm) which is stationary phase. Depending on the size of 

the molecule of interest components of the samples will separate in this phase. The 

sheet is placed in a covered tank containing a reservoir of solvent (mobile phase) 

which travels up the stationary phase, carrying and separating the samples with it 

(Shalbaf, Gibbons et al. 2008). Once the separation is completed, in order to visualise 

the separated spots the plate can be either exposed to UV light (350nm) or they can be 

developed by heat or special agents. 

 

3.8.1  Separation of xanthine, uric acid and allantoin 

20x20cm cellulose coated TLC plates were purchased from Fluka (Fluka, Sigma, 

Pool, Dorset, UK). Due to the UV absorption of xanthine, uric acid and allantoin, a 

saturated solution (approximately 5-10mg/ml) of these compounds (all from Sigma, 

Pool, Dorset, UK) in NH4OH (Sigma, Pool, Dorset, UK) was prepared for 

identification of these compounds. Using a glass pipette one spot xanthine, one spot 

uric acid (5 times applied as it had a weaker UV absorption compared to xanthine) 

and one spot xanthine and uric acid on top of each other (together) were spotted on 

the TLC plate to optimise the separation and the solvent system. To study the 

separation of allantoin, the same procedure was repeated but since allantoin has a very 



 112 

weak UV absorption compared to the other two compounds, it was applied in higher 

concentrations in each spot to increase its visualisation under UV light (350nm).     

After optimisation, a solvent was chosen containing 66.5% 1-propanol (Sigma, Pool, 

Dorset, UK), 20% of 8N NH4OH and 13.5% dH2O. After spotting the samples, the 

TLC plate was air-dried and placed in a covered tank containing the solvent system. It 

was allowed to run for around 3-4 hours at RT until the solvent reached the top of the 

plate. Then the plate was removed from the tank, air-dried and the separated 

components were visualized using a UV lamp (350nm). Rf values of these compounds 

were 0.31 ± 0.02 for xanthine, 0.25 ± 0.02 for allantoin and 0.2 ± 0.02 for uric acid. 

 

3.8.2  Determination of XO activity 

The XO activity was determined via a modified TLC method using [14C]xanthine 

(47.5µCi/500µl activity in original stock) (Sigma, Pool, Dorset, UK) where the 

production of [14C]uric acid by the activity of XO was measured. A [14C]xanthine 

working solution was made up of 20µl [14C]xanthine (from the original stock) diluted 

in 1ml of 10mM cold xanthine solution in NH4OH. This working solution contained 

0.2µCi/1ml.  

 

3.8.2.1  Standard enzyme assay 

According to the method described above, the plate was spotted separately from the 

saturated solutions of xanthine and uric acid on top of each other as a series of 7 spots 

for each time point. The standard reaction solutions contained 5µl of radioactive 

working solution (0.5mM cold xanthine and 1nCi [14C]xanthine), 25µg XO (5µl of 

5mg/ml) with or without 25µg catalase (5µl of 5mg/ml) made up to a final volume of 

100µl with reaction buffer (KH2PO4 0.05M pH 7.5) Immediately after the reaction 
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was started by the addition of XO, using a timer and a UV lamp, at various time 

points (2, 5, 10, 15, 20, 30 and 40min) an aliquot of 2µl out of the reaction mixture 

was applied on top of each spot. After spotting the last time point at 40min, the plate 

was developed twice at RT as described before up to a distance of 16cm. Once the 

separation was completed, under a UV lamp the separated uric acid and allantoin 

spots were visualised, marked with a pencil, cut and placed in scintillation vials 

containing 3ml scintillation liquid (Ready SafeTM, Beckman Coulter Ltd, Fullerton, 

CA, USA). Then the rack containing the vials was placed in [14C] channel in a 

scintillation analyser (Packard, Tri-Carb 2100TR, Liquid Scintillation Analyser, 

Packard Instrument Co., Meriden, CT, USA) in order to count the radioactivity 

present in each spot which represent 14[C]uric acid or 14[C]allantoin production in the 

reaction that depends on XO activity. 

 

3.8.2.2  Determination of XO activity in normal KC and MC cell extracts 

XO activity of epidermal KC and MC cell extracts was determined via the above 

described method. The reaction mixture contained 50µl of KC cell extract (5mg/ml) 

or 90µl of MC cell extract (0.4mg/ml) cell extract instead of 5µl XO in the above 

standard assay and 5µl of radioactive working solution (0.5mM cold xanthine as well 

as 1nCi activity) in the final volume of 100µl using reaction buffer KH2PO4. The rest 

of the experiment was the same as described above. Due to differences in protein 

contents of cell extracts and in order to compare XO activity in them, each value was 

standardised per mg protein related cell extract.   
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3.9  HPLC analysis of allantoin 

 

H2O2 oxidises uric acid to allantoin (Newsholm and Leech 1984) which is considered 

as a biomarker for oxidative stress (Grootveld and Halliwell 1987; Kaur and Halliwell 

1990; Benzie, Chung et al. 1999; Yardim-Akaydin, Sepici et al. 2004; Yardim-

Akaydin, Sepici et al. 2006). Allantoin was determined in whole cell extracts from 

epidermal suction blister tissue materials from both healthy controls and vitiligo 

patients using high performance liquid chromatography (HPLC) described by George 

et al. (George, Dipu et al. 2006). 

 

3.9.1  Principle of detection 

Allantoin was purchased from Sigma (Sigma, Pool, Dorset, UK). Analysis was 

conducted using a Waters 510 pump (Waters Ltd, Elstree Hertfordshire, UK) with a 

Sphereclone 250x4.60mm C-18 reverse-phase column (Phenomenex, Macclesfield, 

Cheshire, UK) maintained at 22°C coupled to a Waters 486 UV detector (Waters Ltd, 

Elstree, Hertfordshire, UK) set at a wavelength of 220nm. The mobile phase was 10 

mM potassium dihydrogen phosphate buffer (KH2PO4 pH 4.7) in HPLC grade water 

(Fisher Chemicals, Loughborough, Leics, UK). The flow rate was maintained at 1.0 

ml/min with a pressure of 1900 ± 200 psi. To identify the allantoin peak, 20µl of 

0.04µg allantoin (standard solution prepared 1mg/ml) was injected into the 

instrument. The allantoin peak appeared at a retention time of 3.5 minutes. 
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3.9.2  Detection of allantoin in epidermal suction blister tissue material 

3.9.2.1  Sample preparation 

60µl of each epidermal suction blister cell extracts from acute lesional (n=10) and 

non-lesional (n=10) vitiligo as well as controls (n=5) were de-proteinated by the 

addition of 10µl 2N perchloric acid (HClO4) on ice for 15 minutes followed by 

centrifugation at 14000g for 10 minutes at 4°C.  

 

3.9.2.2  Detection of allantoin  

20µl of the obtained supernatant from each sample was diluted 1:10 in mobile phase 

buffer and the final volume of 200µl was injected into the HPLC. Fractions covering 

the retention time range 3-4 min, where allantoin elutes, were collected for each 

sample. 200µl of each fraction was re-analysed via HPLC to see any suspected peak 

for allantoin. In order to confirm the presence of allantoin in any positive samples, 

another aliquot of 200µl of each collected fraction was re-analysed in the presence of 

0.04µg allantoin. Between each run, the column was washed for 30 minutes. All 

experiments were carried out in duplicates (Shalbaf, Gibbons et al. 2008). The 

presence of allantoin in positive samples was re-confirmed by mass spectroscopy 

using a Quattro Ultima mass spectrometer (Waters, Elstree, Hertsfordshire, UK) (with 

acknowledgement to Dr. Derek J. Maitland for his co-operation on mass 

spectroscopy). 
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3.10  Inhibition of XO by pterins 

 

Pteridine derivatives [neopterin, 6-biopterin, xanthopterin, leukopterin and 

tetrahydrobiopterin (6BH4)] inhibit XO activity in a concentration-dependent manner 

(Kalckar, Kjeldgaard et al. 1948; Kalckar and Klenow 1948; Hofstee 1949; Lowry, 

Bessey et al. 1949; Kalckar, Kjeldgaard et al. 1950; Isaka 1952; Wede, Altindag et al. 

1998; Oettl and Reibnegger 1999). So far there has been no report of inhibiting XO 

activity by 7BH4 or 7-biopterin. The aim of this study was to see whether these 

compounds have inhibitory effects on the activity of this enzyme.  

In order to do this, a set of experiments were designed where uric acid production 

from the reaction between xanthine and XO was spectrophotometrically measured at 

290nm in the presence of different concentrations of pterins. All the pterins used in 

this study were purchased from Dr. Schirck’s Laboratory (Schirck’s Laboratories, 

Jona, Switzerland). 

Firstly, inhibition of XO activity by different 6BH4 concentrations (0, 10, 20, 50, 100 

and 200µM) was studied by calculating the rate/min for each pterin concentration and 

the results were compared to the inhibition by the same concentrations of 7BH4. The 

reaction mixture contained 120µg XO, 100µM xanthine, 100µg catalase and either 

6BH4 or 7BH4. The final volume of the reaction mixtures was made up to 1ml using 

reaction buffer (KH2PO4, 0.05M pH 7.5).  

Secondly, the inhibitory effects of different concentrations of 6-biopterin (0, 10, 20, 

50, 100, 200 and 500µM) on XO activity was compared to XO inhibition by the same 

concentration of 7-biopterin. The reaction mixtures used the above concentrations of 

enzymes and substrate but 6 & 7-biopterin instead of 6 & 7BH4. 
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3.11  [
3
H]6BH4 binding to XO 

 

The aim of this experiment was to confirm 6BH4 binding to XO. To do this 

experiment radio-labelled 6BH4 ([3H]6BH4) (a generous gift from E. Werner, 

University of Innsbruck, Austria) was employed. First 10mg XO (Sigma, Pool, 

Dorset, UK) was dissolved in 2.5ml dH2O with 200µM final concentration of cold 

6BH4 (Schirck’s Laboratories, Jona, r,Switzerland). Then 5µl of [3H]6BH4 containing 

approximately 5nCi activity (250000 counts) was added into the mixture. This 

mixture was then placed in the dark at RT for 1 hour to allow binding of the labelled 

6BH4 to XO after which it was added to a G-25 sephadex column (GE Healthcare Ltd, 

Amersham, Buckinghamshire, UK) equilibrated with distilled water. The total of 40 

fractions (500µl) were collected and 100µl of each fraction was counted in 3ml 

scintillation fluid (Ready SafeTM, Beckman Coulter Ltd, Fullerton, CA, USA) in the 

[3H]-channel of the scintillation analyser (Packard, Tri-Carb 2100TR, Liquid 

Scintillation Analyser, Packard Instrument Co., Meriden, CT, USA). The remaining 

400µl was used for protein determination via Bradford assay as described in the 

manufacturer’s protocol (BioRad Laboratories Ltd., Hemel Hempstead, Herts., UK).   
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3.12  Reactivation of inhibited tyrosinase by XO 

 

The aim of this study was to see whether XO is able to reactivate 6BH4 / 7BH4-

inhibited tyrosinase. All pteridines used in this study were purchased from Dr. 

Schirck’s Laboratory (Schirck’s Laboratories, Jona, Switzerland). 

 

The standard tyrosinase reaction mixture contained 1mM (100µl of 0.01M solution 

pH 9) L-tyrosine (Sigma, Pool, Dorset, UK) and 40µl (containing 84 units) mushroom 

tyrosinase (Sigma, Pool, Dorset, UK) in the total volume of 1ml using reaction buffer 

(KH2PO4, 0.05M pH 7.5) where L-dopachrome formation was followed 

spectrophotometrically at 475nm.  

 

In order to see the capability of XO for reactivation of the 6BH4 / or 7BH4 / tyrosinase 

inhibitor complex, the standard assay was repeated in the presence of final 

concentrations of 200µM either 6BH4 (19µl of 10.8mM stock solution) or 7BH4 (26µl 

of 7.8mM stock solution) in 1ml reaction mixture to inhibit the reaction (Wood, 

Schallreuter-Wood et al. 1995; Spencer, Chavan et al. 2005; Spencer 2007). After 15 

minutes, when the inhibition was observed, 100µg XO (100µl of 1mg/ml stock) was 

added into the reaction and formation of dopachrome was followed at 475nm 

(reaction volume now increased to 1.1ml).   
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3.13  Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA is used for rapid detection and quantification of a protein or an antigen in a 

sample (Wilson and Walker 2005). We utilised this technique to detect plasma levels 

of 8-oxoG using OxiSelectTM Oxidative DNA Damage ELISA kit obtained from Cell 

Biolabs (Cell Biolabs, Inc, Cambridge Bioscience Ltd., Cambridge, UK). The 

experiment was carried out according to the manufacturer’s protocol.  

 

3.13.1  Preparation of the microtiter plate 

All wells of a 96-well plate were first coated with 100µl of the 10µg/ml 8-oxoG 

conjugate and the plate was incubated overnight at 4°C. The next day 8-oxoG coating 

solution was removed from the wells and the plate was washed once using dH2O. The 

plate was then blocked using 200µl assay diluent (provided in the kit) in each well for 

1 hour at 37°C after which the plate was transferred to 4°C until used. 

 

3.13.2  Preparation of the samples 

To obtain a standard curve, a series of 8-oxoG dilutions (0, 0.1, 0.3125, 0.625, 1.25, 

2.5, 5 and 10ng/ml) in assay diluent were prepared. Plasma samples of 10 healthy 

individuals and 10 patients with acute vitiligo were centrifuged at 3000g for 10 

minutes prior to analysis. All the samples including unknown and standard were 

assayed in duplicate. 
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3.13.3  Assay protocol  

Assay diluent (blocking solution) was removed and 50µl of 8-oxoG standards as well 

as controls and acute patients were pipetted to the wells in order. The plate was 

incubated on a shaker at RT for 10 minutes. Followed by addition of 50µl anti- 8-

oxoG (at a dilution of 1:500 with assay diluent) to each well and incubation at RT for 

1 hour. Since 8-oxoG in the sample or standard competes with 8-oxoG bound on the 

plate for 8-oxoG monoclonal antibody binding sites, higher 8-oxoG concentrations in 

the sample cause reduced binding of the antibody to the 8-oxoG on the plate.   

After incubation, the plate was washed 3 times for 20 minutes using washing solution 

provided in the kit. Antibodies bound to the 8-oxoG in the sample are washed out of 

the well, while those bound to the 8-oxoG coated on the plate remain.  

After the last wash, 100µl of the enzyme-labelled secondary antibody (at a dilution of 

1:1000 with assay diluent) was added to each well and the plate was incubated for 1 

hour at RT in order to allow the secondary binding to the primary antibody that 

remained on the plate. The washing process was repeated in order to remove the 

unbound enzyme-labelled secondary antibody. 

Next 100µl of pre-warmed (at RT) substrate solution (which is a chromogen) was 

added to each well and the plate was incubated on a shaker at RT for approximately 

15 minutes. During this time, the colour developed in proportion to the amount of 

antibody bound to the plate. The enzyme reaction was stopped by the addition of 

100µl stop solution (provided in the kit) to each well. Using a plate reader 

spectrophotometer, the absorbance of each well was read at 450nm and the graph was 

plotted. The sensitivity of the kit was 0.1 to 10ng/ml. 
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4.0  RESULTS 

 

4.1  The presence of XDH/XO protein in the human epidermis 

(Shalbaf, Gibbons et al. 2008) 

 

4.1.1  Epidermal mRNA of XDH is expressed in human MCs and KCs  

PCR is a technique used to demonstrate whether a gene is transcribed into mRNA. 

Using this technique we showed that XDH mRNA is expressed in human epidermal 

MCS and KCs (Shalbaf, Gibbons et al. 2008). Figure 7 shows a strong band at 177bp 

corresponding to the presence of the XDH mRNA in human epidermal MCs and KCs.  

 

 

      

         

 

 

 

 

 

Figure 7  

XDH mRNA expression in the human epidermis   

PCR amplification of epidermal cell cDNA gave rise to a specific 177 base pair product 

confirming the expression of XDH transcript in both epidermal MCs and KCs. This 

experiment was done in duplicates (n=2) using primary cell cultures (passages 1-3). 
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4.1.2  XDH/XO protein is expressed in situ in the human epidermal cells 

In order to show the presence of XDH/XO protein expression in the human epidermis 

in situ, immunofluorescence staining of full skin biopsies from normal healthy control 

skin phototype III (Fitzpatrick classification) was performed using a specific 

XDH/XO antibody. The results indicate that this enzyme is highly expressed 

throughout the entire epidermis of normal skin; in both the stratum basale and in 

suprabasal layers (Figure 8b). 

 

In order to test whether this enzyme is present within melanocytes, XDH/XO was 

double stained with a specific tyrosinase antibody. Tyrosinase is the key enzyme in 

melanogenesis which is present in the melanosomes. The result showed that XDH/XO 

enzyme is present in melanocytes and within melanosomes (Figure 8; c&d).    
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Figure 8  

In situ distribution of XDH/XO in the human epidermis and its localisation in MCs and 

melanosomes 

 (a) DAPI, (b) FITC labelling of XDH/XO; the positive immuno-reactivity demonstrates that 

the enzyme is expressed throughout the entire epidermis in both the stratum basale and 

suprabasal layers, (c) TRITC labelling of tyrosinase identifies melanosomes (d) XDH/XO 

was double stained with tyrosinase where co-localisation was observed in a sub-population of 

melanocytes suggesting its presence within this pigment producing cell (x 400 magnification). 

Labelling was carried out in three different healthy individuals and was done in duplicates 

(n=2). 
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4.1.3  XDH/XO protein is expressed in vitro in human epidermal MCs and KCs 

After confirmation of XDH/XO protein expression throughout the entire epidermis in 

situ, the presence of this enzyme was investigated in epidermal derived cells under in 

vitro conditions. The results showed that this enzyme is present in both epidermal 

MCs and KCs in a granular pattern (Figure 9b). Moreover, co-localisation with 

tyrosinase was detected indicating the presence of the enzyme within melanosomes in 

a perinuclear granular pattern (Figure 9; d&e). Another interesting observation was 

XO localisation in the nucleus of both MCs and KCs, while is shown by merging of 

XDH/XO and DAPI (Figure 9; f&g and Figure 10).  
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Figure 9  

In vitro distribution of XO in human epidermal MCs  

The staining results show that XO is expressed throughout MCs derived from normal human 

skin phototype III (Fitzpatrick classification), where (a) is DAPI, (b) is FITC-labelled XO (c) 

is TRITC-labelled tyrosinase (d&e) merging of b and c depicts the predominant perinuclear 

co-localisation of XO and tyrosinase in melanosomes suggesting the presence of XO within 

this organelle, while less co-localisation is observed in the dendrites and (f&g) close up of 

two MCs suggesting the possible localisation of XO in the nucleus (a, b, c, d, & e x 200 and f, 

& g x 400 magnification respectively). Two different cell lines were used in this experiment 

and labelling was done in duplicates (n=2). 
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Figure 10  

In vitro expression of XO in human epidermal KCs 

Undifferentiated epidermal KCs derived from normal healthy human skin phototype III 

(Fitzpatrick classification) where (a&c) show a pronounced granular expression of FITC-

labelled XO throughout the cell and (b&d) suggest that similar to MCs, XO resides in the 

nucleus (magnification of x 400). Two different cell lines were used in this experiment and 

labelling was done in duplicates (n=2). 
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4.1.4  in situ protein expression of XO in vitiligo 

In order to show the presence of XDH/XO protein expression in the epidermis of 

vitiligo patients, we utilised in situ immunofluorescence staining of full skin biopsies 

from normal healthy control as well as patients with vitiligo all skin phototype III 

(Fitzpatrick classification). The results revealed that XO protein expression in the 

epidermis of patients with vitiligo is not affected compared to healthy controls. This 

result is presented in Figure 11 A&B. 
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Figure 11  

In situ protein expression of XO is not affected in vitiligo 

(A) FITC labelling of XO; positive immuno-reactivity demonstrates that XO protein 

expression in the epidermis of patients with vitiligo is not affected compared to control (x 400 

magnification). (B) Image analysis of staining intensities. The graph shows XO protein 

expression in vitiligo is significantly different (ns) compared to control. This experiment was 

done in duplicates (n=2). 
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4.1.5  Confirmation of XDH/XO in epidermal MCs and KCs by Western blot 

analysis  

In order to substantiate the presence of XDH protein in epidermal cells, Western blot 

analysis was employed. The protein was detected in cell extracts from MCs and KCs. 

Bands at the 145 kDa molecular weight marker corresponded to the monomer of 

XDH/XO (Figure 12). 

 

 

 

 

 

Figure 12  

Western blot analysis of XO in human epidermal MCs and KCs 

A): The Western blot confirms the presence of XO in epidermal MCs and KCs. Cell cultures 

were in passage 1-3 and the experiment was done in duplicates (n=2). 
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4.2  XO activity 

 

4.2.1  Uric acid is produced from the oxidation of xanthine by XO 

Purine nucleotide catabolism yields uric acid. In the last two steps of its degradation 

pathways, hypoxanthine is oxidized to xanthine and then further, xanthine to uric 

acid, by XO. H2O2 is formed as a byproduct in these two oxidation reactions (McCord 

and Fridovich 1968; Granger, Rutili et al. 1981; Granger and Parks 1983; Parks and 

Granger 1983; McCord 1985; McCord, Roy et al. 1985). In the human epidermis, 

DNA damage after UVR exposure leads to release of purine bases (Sancar 1994; 

Sancar 1996; Friedberg 2003; Fromme and Verdine 2004; Friedberg, Aguilera et al. 

2006; O'Neil and Rose 2006) which in turn are degraded by XO (Dixon and Lemberg 

1934; Parks and Granger 1986). As previously described, this enzyme contains two 

Fe2+ atoms in its structure which under oxidative conditions such as oxidative stress in 

vitiligo, can react with H2O2 via the Fenton reaction to produce OH•••• (Haber and 

Weiss 1932). This is the most potent ROS reacting with nucleotide bases resulting in 

turn in irreversible damage of DNA, peptides, proteins and lipids (Halliwell 1989; 

Halliwell and Gutteridge 1989; Esterbauer, Dieber-Rotheneder et al. 1990; Smith, 

Marks et al. 2004; Schallreuter, Bahadoran et al. 2008). Both H2O2 and OH•••• have 

been shown to be able to oxidise amino acids in the structure of peptides and proteins 

(for review see (Schallreuter, Bahadoran et al. 2008). 

In order to study XO activity, the standard assay was performed 

spectrophotometrically both in the presence and absence of catalase over 20 minutes 

at 290nm as outlined in the method section. 
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Figure 13  

Uric acid formation from the oxidation of xanthine by XO at 290nm in the absence (-cat) 

and presence (+cat) of catalase  

Catalase converts H2O2 to H2O and harmless oxygen. This result shows that H2O2 produced 

during the reaction (-cat) increases XO activity. This assumption is supported because in the 

presence of catalase the reaction is slower (+cat). The assay was carried out in triplicate and 

the results show the mean values taken from three independent experiments.    
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4.2.2  XO activity depends on the availability of its substrate (xanthine) 

4.2.2.1  Substrate inhibition of XO 

In order to follow whether the enzyme was influenced by its own substrate, we 

repeated the assay with different concentrations of the substrate (xanthine) in the 

absence of catalase. Given that 1 molecule of xanthine produces 2 molecules of H2O2, 

the result obtained, suggested the oxidation of the reaction product (uric acid) or 

inhibition of the enzyme or both. The result is shown in Figure 13. 

 

 

                        

 

 

 

 

 

 

 

Figure 14  

[V] (velocity) versus [S] analysis of XO  

The result shows that in the absence of catalase, the increase in concentration of substrate 

(xanthine) decreases the reaction rate. First it was proposed that the decrease in uric acid 

production was due to its oxidation to allantoin by H2O2 as this ROS is able to oxidise uric 

acid to allantoin (Newsholm and Leech 1984). Therefore it was decided to repeat the 

experiment in the presence of catalase (see Figure 14). The results shown in the figure are the 

values obtained from a single determination in one experiment. They are representative of one 

other experiment.    
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In order to explore the causes for the decrease in uric acid formation in the reaction 

between XO and different concentrations of xanthine in more detail, the above 

experiment was repeated, but this time under different experimental conditions in the 

presence of catalase to remove H2O2 produced in the reaction. The result showed that 

the increase in the concentration of the substrate has an inhibitory effect on enzyme 

activity. This proves substrate inhibition of XO activity (Figure 14). 

 

 

           

 

 

 

 

 

 

Figure 15  

Substrate inhibition of XO 

The plot shows that with the increase in the concentration of substrate (xanthine), the rate of 

uric acid formation decreases. Catalase was included in all the reaction mixtures to remove 

H2O2 produced during the reaction. Therefore the decrease in uric acid formation cannot be 

attributed to its oxidation to allantoin by H2O2. Hence this result indicates that XO activity is 

inhibited by its own substrate since the enzyme is more active at lower concentrations 

xanthine (Shalbaf, Gibbons et al. 2008). The results shown in the figure are the values 

obtained from a single determination in one experiment. They are representative of one other 

experiment.  
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4.2.3  XO is activated by H2O2 in a concentration dependent manner  

In order to further elucidate the effect of low H2O2 concentrations on the reaction 

between XO and xanthine, we repeated the assay in the presence of µM H2O2 

concentrations. The result showed activation of the enzyme by low H2O2 

concentrations (25-100µM). As suggested in Figure 15, XO activity decreases in the 

presence of 25-100µM concentrations of H2O2. 

 

         

         

 

 

 

 

 

 

Figure 16  

[V] (velocity) versus [I] (inhibitor) analysis of XO 

The graph shows in the presence 25-100µM H2O2 concentrations, XO activity is higher than 

<25µM H2O2 concentration, indicating XO activation in the presence of low H2O2 

concentrations (within the range of 25-100µM). This result is supported by the data presented 

in Figure 12, where uric acid formation was decreased upon the addition catalase to remove 

H2O2 produced during the reaction. The results shown in the figure are the values obtained 

from a single determination in one experiment. They are representative of one other 

experiment.  
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4.2.4  Inhibition of XO activity by high H2O2 concentrations 

In order to further substantiate the effect of high concentrations of H2O2 on the 

reaction, we repeated the assay in the presence of mM H2O2 where was directly added 

into the reaction mixture. Importantly, this assay could not be performed in the 

presence of catalase because H2O2 was used as the inhibitor. The assay was performed 

in the presence of saturating substrate (100µM xanthine in 1ml reaction mixture). The 

result shown in Figure 16 indicates decrease of enzyme activity in the presence of 

H2O2. This decrease is dose dependent. 

 

            

 

 

 

 

 

 

 

Figure 17  

[V] versus [I] analysis of XO when H2O2 was directly added into the reaction   

The effects of 10-3M H2O2 concentrations on XO activity. The graph shows with the increase 

in the concentration of H2O2, the rate of uric acid formation decreases. It was first assumed 

that H2O2 directly affects XO activity. Later during this study this assumption was dismissed, 

since it was revealed that the decrease in uric acid formation is not based on XO inhibition by 

H2O2. It is indeed due its oxidation to allantoin by this ROS (Newsholm and Leech 1984). 

The assay was carried out in duplicate. The results shown in the figure are the values obtained 
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from a single determination in one experiment. They are representative of one other 

experiment.  
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4.2.5  H2O2 concentrations in the10
-3

M range decrease enzyme activity only 37% 

The previous result demonstrated that XO (crude enzyme) is activated by 25-100µM 

concentrations of H2O2, whereas the enzyme seems to be inhibited by >100µM H2O2 

concentrations. To find out more about the activity of this enzyme under severe 

oxidative conditions, it was decided to incubate different concentrations of purified 

XO with different H2O2 concentrations in 10-3M range. According to the method 

described before, 25µg of purified enzyme was incubated with 0, 5, 20 and 30mM 

H2O2 concentrations for 2 hours at RT while 10µl catalase (10mg/ml) was added to all 

reaction mixtures to stop further oxidation. Free H2O2 was separated from the 

oxidised enzyme using Zebatm Desalt Spin chromatography Column as described in 

methods. Activity of the enzyme (uric acid formation) was assessed at 290nm over 10 

minutes. The results showed that XO is still functioning after 2 hours exposure to 

H2O2 in the mM range. However, there is a loss of activity after pre-incubation with 

5-10mM H2O2 suggesting a direct effect on the enzyme structure. The rates/min were 

calculated from the linear plots for each minute over 10 minutes of all assays. 
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Figures 18  

The activity of XO after pre-incubation with 10
-3

M range of H2O2 concentrations  

The results showed that after pre-incubation of XO with different 10-3M H2O2 concentrations, 

the H2O2-oxidised enzyme maintains almost 75% of its original activity. As described in the 

methods, 25µg of purified XO was first oxidised with different 10-3M H2O2 concentrations 

and then free H2O2 was removed from the oxidised enzyme and catalase was included in all 

the reactions to prevent further XO oxidation/inhibition and also to prevent the oxidation of 

the reaction product (uric acid) to allantoin by H2O2. This allowed measurement of the real 

activity of oxidised XO. The results shown in the figure are the values obtained from a single 

determination in one experiment. They are representative of one other experiment.    
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4.3  H2O2 directly affects the co-factor FADH2 

 

4.3.1  Absorbance spectroscopy of reduced and oxidised XO 

In the above results we showed that high concentrations of H2O2 can directly affect 

XO activity. In order to support these results, we decided to study the effects of high 

H2O2 concentrations on the co-factor binding sites of the enzyme 

spectrophotometrically. As it was explained before, XO consists of three domains; the 

molybdopterin cofactor domain, the FADH2 binding domain and the iron-sulfur 

domain which have all different UV absorbance spectra. Figures 19&20 demonstrate 

the spectra of both native and oxidised XO, revealing that FADH2 is indeed oxidised 

to FAD as indicated by the increase in absorbance at 450nm. However, this is also the 

region of the iron-sulfur centres, which might also come into the game. Unfortunately, 

the absorbance from the moco-binding domain is small and difficult to observe on the 

spectrum due to the large absorption of the FAD and iron-sulfur centers. These results 

are in agreement with the results of the computer modelling (Figure 20).  
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Figure 19  

The UV/visible spectrum of native purified XO (0.45mg/ml) 
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Figure 20  

H2O2-oxidised XO spectrum  

225µg purified XO (500µl, 0.45mg/ml) was incubated with 100µl 30% H2O2 (1.5M final 

concentration of H2O2) and the mixture was scanned every 15min for 1 hour. The maximum 

absorbance at 450nm is due both to the H2O2-oxidised FAD and iron-sulfur centres whereas 

changes in moco domain’s absorbance (approximately between 400-500nm) are very small 

and difficult to be identified on the spectra (Ryan, Ratnam et al. 1995; Maiti, Tomita et al. 

2003). This result shows that FADH2 is oxidised to FAD indicating that H2O2 does indeed 

affect the cofactor on XO.  
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4.4  H2O2 does not affect the antibody binding site of XO 

 

The spectrophotometric spectra of oxidised XO revealed that H2O2 directly affects the 

oxidation of FADH2 to FAD and also oxidises the iron-sulfur centres. In order to 

ensure that our antibody was recognising the oxidised protein, we investigated the 

antigen recognition of the oxidised XO using dot blotting. In order to do this, 0.4µg 

purified XO was exposed to different concentrations of H2O2 for 1 hour. The result 

showed that the epitope binding sites for the antibody are not affected by H2O2. 

    

         

 

 

 

Figure 21 

The effects of H2O2- mediated oxidation on the epitope binding site of XO 

H2O2-mediated oxidation does not affect XO epitope binding site for the antibody (Dot blot 

analysis 0.4 µg XO/dot). This result indicates that the antibody is able to detect the oxidised 

XO as well as the native enzyme. The results shown are representatation of one other 

experiment.   
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4.5  Determination of XO activity by TLC 

 

4.5.1  Separation of xanthine and uric acid 

In purine nucleotide catabolism XO catalyses the oxidative hydroxylation of 

hypoxanthine to xanthine and finally to uric acid. Under normal condition this 

reaction yields two molecules H2O2 which are converted by catalase to H2O and O2.    

In the case of oxidative stress as observed in the epidermis of patients with vitiligo 

(Schallreuter, Moore et al. 1999; Schallreuter, Bahadoran et al. 2008), due to the 

presence of H2O2 accumulation in the mM range in association with defective 

antioxidant defence (Schallreuter, Wood et al. 1991; Schallreuter 2005; Schallreuter, 

Bahadoran et al. 2008), it was tempting to postulate that XO is oxidised by H2O2. 

Hence uric acid production should be altered. Moreover, due to the presence of an 

iron-sulfur domain in the enzyme’s active site, OH•••• formation via the Fenton reaction 

is expected (Haber and Weiss 1932; Beauchamp and Fridovich 1970; Bannister, 

Bannister et al. 1982; Britigan, Pou et al. 1990; Schallreuter 2005). This in turn would 

increase the oxidative stress. To further substantiate uric acid formation under 

oxidative stress condition, we used TLC and [14C]xanthine. 
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Figure 22  

Separation of xanthine and uric acid utilising TLC 

The figure demonstrates separation of xanthine and uric acid in a solvent system containing 

66.5 % 1-propanol, 20% NH4OH (8N), and 13.5% dH2O. In this solvent system xanthine and 

uric acid are well sepatated. Rf values for both xanthine and uric acid were 0.31 and 0.19 

respectively. The results shown are representatation of one other experiment.   
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4.5.2  Standard assay to measure uric acid production over time 

In order to follow whether H2O2 produced during the reaction could interfere with 

uric acid formation, we studied enzyme activity using XO and [14C]xanthine by 

following product formation over time in the presence and absence of catalase via 

TLC. The spots were visualised with a UV lamp (350nm), marked and the marked 

area was cut and transferred into scintillation liquid followed by counting [14C]uric 

acid. In the absence of catalase the results showed that uric acid formation increased 

up to 5min followed by a significant decrease. 

    

              

 

                         

 

 

 

 

 

 

Figure 23  

Time dependent [
14

C]uric acid formation (0-40 minutes) 

The graph shows in the absence of catalase, there is an initial increase in uric acid formation 

up to 5 minutes, which then drops significantly over time, whereas in the presence of catalase 

uric acid production increases over time. In Figure 18, it was demonstrated that under severe 

oxidative conditions, XO activity is only partially affected. Therefore the decrease in uric acid 

formation in the absence of catalase in this Figure is not due to XO inhibition by H2O2 and is 

based on the oxidation of uric acid to allantoin by H2O2 produced during the reaction as it was 
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shown and described in Figure 17. The results shown in the figure are from a single 

determination in one experiment and are representative of the two others.  
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4.5.3  The question of interest was what happened to the uric acid formation 

under oxidising conditions? 

Purine metabolism in primates is ended by the production of uric acid which is then 

excreted in urine. However, in other mammals, turtles and molluscs uric acid is 

further oxidised by urate oxidase (uricase) to allantoin which is then excreted 

(Newsholm and Leech 1984). Allantoin is oxidised to allantoate by allantoinase in 

some fishes but in other fishes and in amphibian allantoate is oxidised to glyoxylate 

and urea by allantoicase (Newsholm and Leech 1984). Primates lack this enzyme 

which oxidises uric acid. In fact, uricase is not the only factor to oxidise uric acid. In 

humans, allantoin is formed non-enzymatically by the oxidation of uric acid under 

oxidative conditions, thus, it is considered as a biomarker for oxidative stress 

(Grootveld and Halliwell 1987; Kaur and Halliwell 1990; Benzie, Chung et al. 1999; 

Yardim-Akaydin, Sepici et al. 2004; Yardim-Akaydin, Sepici et al. 2006).Under 

oxidative condition, as observed in vitiligo (Schallreuter, Moore et al. 1999), due to 

accumulation of mM range of H2O2 produced from the oxidation of hypoxanthine to 

xanthine and xanthine to uric acid by the enzyme XO in association with H2O2 from 

other sources, allantoin production was expected (Grootveld and Halliwell 1987; Kaur 

and Halliwell 1990; Benzie, Chung et al. 1999; Simoyi, Falkenstein et al. 2003). 
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4.5.4  Separation of xanthine, uric acid and allantoin 

To test whether uric acid is oxidised to allantoin by H2O2 in our system, we followed 

the separation of xanthine, uric acid and allantoin via TLC. The technique revealed a 

good separation of these three compounds on one plate as shown in Figure 23. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24  

Separation of xanthine, uric acid and allantoin by TLC  

To separate allantoin from xanthine and uric acid we utilised cellulose-coated TLC plate and 

the same solvent system as described in Figure 22. Rf value for allantoin was 0.25. The 

results shown are representative of three experiments. 
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4.5.5  H2O2 yields oxidation of uric acid to allantoin 

In order to test the formation of uric acid and its possible oxidation/degradation to 

allantoin by H2O2 over time, we used TLC and [14C]xanthine in the presence and 

absence of catalase. The result showed uric acid formation is time dependent. In the 

presence of catalase uric acid formation increases constantly (Figure 23), whereas in 

the absence of catalase after an initial increase, uric acid production decreases due to 

its oxidation to allantoin as shown in here in Figure 25. 

 

 

 

 

 

 

 

 

           

Figure 25  

H2O2-mediated oxidation of uric acid to allantoin 

As it was shown in Figure 23, in the absence of catalase uric acid is oxidised to allantoin by 

H2O2 produced during the reaction between xanthine and XO. Now within this graph we 

show that [14C]allantoin formation increases over time, followed by a decrease. Allantoin is 

hydrolysed to glyoxylate and thereafter to urea. These two compounds do not have UV 

absorption thus they are not detectable under UV light. The results shown in the figure are 

from a single determination in one experiment and are representative of one other. 
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4.6  Computer stimulation of native and oxidised XO 

 

4.6.1  H2O2-mediated oxidation of the binding domain for the flavin ring of 

FADH2 suggests oxidation of the co-factor 

In order to further substantiate our results on XO oxidation we employed computer 

stimulation. The result indicated that oxidation very likely affects the FADH2 binding 

site of XO which is in turn supports our FADH2 binding experiments (Figure 26).  

 

 

 

 

 

 

 

 

 

Figure 26  

(A): Native   

Flavin ring of FADH2 is bound via Hydrogen bonds from Asp351, Glu360, and Lys422 and via π-

π stacking interactions with the phenyl ring of Phe337  

(B): Oxidised  

oxidation of Met and Trp residues around the FADH2 binding (most noticeably Trp336 shown 

here) disrupts π-π stacking of Phe337 and the H-bonding network to a small extent. While this 

is not enough to significantly affect the affinity of XO for FAD, it may affect the vulnerability 

of FAD to oxidation (with kind permission from Dr. Gibbons). 
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4.6.2  H2O2-mediated oxidation of the molybdopterin binding domain does not 

alter co-factor binding  

Since XO is a Molybdopterin containing enzyme, we wanted to know whether this 

cofactor is possibly affected by H2O2-mediated oxidation. Computer stimulation 

reveals that despite oxidation of Met and Trp residues, the cofactor binding is not 

affected. The result is shown in Figure 27.  

 

 

 

 

 

 

 

 

 

 

Figure 27  

(A): Molybdopterin is bound by H-bonds from the residues Gln112, Gly797, Phe798, Met1038, 

Ser1082 & Gln1194.  

(B): Oxidation of Met and Trp residues does not adversely affect binding, with only 1 H-bond 

being lost from Gln112 and several new ones being formed: one addition bond is formed from 

both Met1038 & Gln1194 and two completely new H-bonds form Cys150 and Gly1039 (with kind 

permission from Dr.Nicholas Gibbons). 
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4.6.3 H2O2-mediated oxidation of the active site of XO affects the enzyme kinetics 

Next we wanted to explore whether the active site of XO could be affected by H2O2. 

While both normal Phe914 and Phe1009 are not affected Gln767 and Glu802 are shifted, 

favouring possibly a stronger binding of the cofactor. The shift of Arg880 and Glu1261 

could explain the change in the enzyme rate and catalysis as shown in our experiment 

(Figure 28).  

 

 

 

 

 

 

 

 

 

Figure 28  

(A) Native - 6 residues are involved in the active site of XO. Glu1261 is the crucial catalytic 

residue, while Gln767 and Glu802 are involved in aiding in catalysis. Arg880, Phe914 and Phe1009 

are involving in forming a binding site for the substrates or inhibitors. Arg880 acts to form H-

bonds/salt bridges while Phe914 and Phe1009 are involved in π-π stacking interaction with the 

aromatic rings of substrates/inhibitors.  

(B) Oxidised - oxidation of Met and Trp residues around the active site causes shifts in the 

positions of several residues. Phe914 & Phe1009 do not seem to be affected at all, while Gln767& 

Glu802 appear to be shifted into positions that may enable them to interact more strongly with 

the Moco-factor. Arg880 and Glu1261 are shifted away from their positions, affecting reaction 

rate and catalysis (with permission from Dr. Gibbons). 
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4.7  XO activity in epidermal MCs and KCs 

 

4.7.1  XO activity is significantly higher in epidermal KCs compared to MCs 

XO activity was determined in cell extracts from epidermal MCs and KCs by 

following uric acid formation in the absence of catalase. A maximum in [14C]uric acid 

production was reached at 2 minutes. The results showed that KCs have a 

significantly higher XO activity compared to MCs (Figure 28).  

 

  

 

 

 

 

 

 

 

Figure 29  

[
14

C]uric acid formation in human epidermal KCs and MCs  

(A): Time dependent uric acid formation in the absence of catalase. Uric acid production 

increases up to 2 minutes thereafter decreases due to its oxidation to allantoin by H2O2 

produced during the reaction. (B): Comparison of 14[C]uric acid formation in human 

epidermal KCs and MCs after 2 minutes. The result indicates that both epidermal cells have 

XO activity. It appears that KCs show double of XO activity. This experiment was done in 

triplicates (n=3) using three different primary cell cultures (passage 1-3). 
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4.8  Presence of allantoin in vitiligo 

 

4.8.1  Allantoin is present in the epidermis of patients with acute vitiligo 

Since allantoin is a marker for H2O2-mediated oxidation of uric acid and since 

epidermal H2O2-concentrations in patients with vitiligo exceed mM concentrations of 

this ROS, we decided to test the formation of allantoin in epidermal cell extracts from 

suction blister tissue originating from acute vitiligo (n=10). Allantoin was determined 

via high performance liquid chromatography (HPLC) and the correct assignment was 

confirmed by mass spectrometry (Dr. Derek Maitland, data not shown). The results of 

this study confirmed that allantoin is indeed present in both lesional and non lesional 

epidermis of acute vitiligo (n=10), whereas healthy controls (n=5) do not show this 

metabolite (Figure 30).  
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Figure 30 

(A): HPLC proves the presence of allantoin in the epidermis of vitiligo 

(a) Standard, 20µl allantoin solution (0.04µg allantoin) was injected and allantoin eluted at a  

retention time of 3min. (b) Healthy control extract does not show any allantoin. (c) The 

presence of allantoin in lesional epidermis of acute vitiligo was detected at 3 minutes. (d) 

Sample spiked with allantoin standard confirmed the correct retention time. (e) The presence 

of allantoin in non-lesional epidermis of acute vitiligo was detected at 3 minutes). (f) Sample 
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spiked with allantoin standard confirmed the correct retention time. (  )Uncharacterized peak 

(under investigation), arrows indicate allantoin peak.  

(B) Allantoin levels are absent in healthy controls. Levels in lesional skin of patients with 

vitiligo are significantly higher compared to non lesional skin (∗p<0.05, ∗∗p<0.01, 

∗∗∗p<0.001, mean ± SD). 
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4.9  XO can re-activate pterin-inhibited tyrosinase 

 

Pterins have been reported to bind to XO and inhibit its activity in a concentration-

dependent manner (Kalckar, Kjeldgaard et al. 1948; Kalckar and Klenow 1948; 

Hofstee 1949; Lowry, Bessey et al. 1949; Kalckar, Kjeldgaard et al. 1950; Isaka 1952; 

Wede, Altindag et al. 1998; Oettl and Reibnegger 1999). As shown by immuno-

staining, co-localisation of XO with tyrosinase was detected, indicating the presence 

of this enzyme within melanosomes (Shalbaf, Gibbons et al. 2008). Tyrosinase is the 

key enzyme in melanogenesis (Lerner, Fitzpatrick et al. 1948) and 6BH4 forms an 

inhibitor complex with this enzyme (Wood, Schallreuter-Wood et al. 1995; Wood, 

Chavan et al. 2004). In vitiligo, due to oxidative stress, 6BH4 is oxidised to 6-

biopterin (Schallreuter, Wood et al. 1994). Therefore this question was raised, what is 

the function of XO in melanosome? Could XO play a role in pigmentation? To 

answer these questions a set of experiments were designed, where uric acid 

production from the reaction between xanthine and XO was spectrophotometrically 

monitored at 290nm in the presence of different concentrations of pterins. 
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4.9.1  Inhibition of XO by 7BH4 and 7-biopterin 

As shown earlier, pterins are able to inhibit XO activity but so far there has been no 

report of inhibiting XO activity by 7BH4 or by its oxidised form, 7-biopterin. 

Therefore it was of interest to test whether these pterins have also an inhibitory effect 

on the activity of XO. The results showed that both pterins are able to inhibit XO 

activity in a concentration dependent manner. In all reactions catalase was used to 

remove H2O2 produced during the reaction to avoid allantoin formation (Shalbaf, 

Gibbons et al. 2008).  

 

 

 

 

 

 

 

 

 

 

 

Figure 31 

Inhibition of XO activity by 6&7BH4 and their oxidised forms 6 & 7-biopterin 

The graph shows that 6-biopterin at 200µM is the strongest inhibitor of XO activity compared 

to 7-biopterin, 6BH4 and 7BH4 (51.3%, 45.8%, 40.5% and 28.3% inhibition, respectively). 

For more details please see Materials and Methods’ section.  
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4.9.2  Reactivation of 6&7BH4-inhibited tyrosinase by XO 

Since 6BH4 acts as an uncompetitive inhibitor for the rate limiting enzyme in 

melanogenesis, tyrosinase (Wood, Schallreuter-Wood et al. 1995; Wood, Chavan et 

al. 2004) and since XO is present in melanosomes, it was tempting to test whether this 

protein could possibly reactivate the 6&7BH4/tyrosinase inhibitor complex. Therefore 

we followed dopachrome formation of tyrosinase at 475nm in the presence and 

absence of XO. The results showed that XO binds 6&7BH4 from the inhibitor 

complex leading to reactivation of tyrosinase (Figures 32; A&B).  
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Figure 32  

Reactivation of the 6&7BH4/tyrosinase inhibitor complex by XO 

(A) XO can to re-activate tyrosinase inhibited by 6BH4 and (B) 7BH4. 84U of tyrosinase and 

1mM of L-tyrosine was added together with either 200µM of 6BH4 (a) or 7BH4 (b) in a total 

volume of 1ml 0.05M potassium phosphate buffer pH 7.5. L-dopachrome formation was 

measured at OD475nm. When L-dopachrome formation was inhibited, 100µl of XO (1mg/ml) 

was added. The figure demonstrates that after addition of XO, tyrosinase activity was 

recovered (n=2). XO does not react with L-tyrosine (data not shown).   
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4.9.3  XO binds to [
3
H]6BH4 

The above results imply that XO is able to bind to and remove both 6BH4 and 7BH4 

from the tyrosinase inhibitory complex. In order to further substantiate our 

observation we incubated XO with [3H]6BH4. Our result showed that XO has the 

ability to bind to the radio-labelled 6BH4 (Figure 33). Importantly, this result is in 

agreement with earlier data (Kalckar, Kjeldgaard et al. 1948; Kalckar and Klenow 

1948; Hofstee 1949; Lowry, Bessey et al. 1949; Kalckar, Kjeldgaard et al. 1950; Isaka 

1952; Wede, Altindag et al. 1998; Oettl and Reibnegger 1999). However, at that time 

there was no radio-labelled 6BH4 available. This observation is very interesting 

because it offers an additional mechanism to α-MSH in control of the 6BH4-

tyrosinase inhibitor complex (Moore, Wood et al. 1999; Schallreuter, Moore et al. 

1999). 
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Figure 33  

Binding of [
3
H]6BH4 to XO  

2.5ml of XO solution (4mg/ml) was incubated with 200µM final concentration of cold 6BH4 

containing 5nCi of [3H]6BH4. The mixture was separated on a G25 sephadex column 

equilibrated with distilled water. 500µl fractions were collected of which 100µl was counted 

(─■─) while the remaining fraction was used for protein determination (─●─). The result 

proves that XO is able to bind 6BH4 (n=1). 
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4.10  DNA damage in vitiligo 

 

Reactive oxygen species (ROS) are formed as by-products of the normal cellular 

metabolism. Oxygen-derived free radicals have been shown to be a major source for 

nuclear and mitochondrial DNA damage as they are able to attack DNA leading to the 

hydroxylation of DNA bases. The most prominent one is 8-oxoGuanine (8-oxoG) 

(Kasai, Crain et al. 1986; Adelman, Saul et al. 1988; Wagner, Hu et al. 1992; Smith, 

Marks et al. 2004). Under normal physiological conditions ROS are eliminated by 

various antioxidants (Smith, Marks et al. 2004). Since the entire epidermis of patients 

with vitiligo is under oxidative stress due to accumulation of mM H2O2 concentrations 

(Schallreuter, Moore et al. 1999; Schallreuter 2005; Schallreuter, Bahadoran et al. 

2008), DNA damage in epidermal cells would be highly expected in these patients.  
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4.10.1  Increased in situ expression of 8-oxoG in vitiligo 

As mentioned earlier, 8-oxoG is the most readily oxidised of the four native 

deoxyribonucleotides. Therefore it is regarded a ubiquitous and stable biomarker for 

evaluation of oxidative DNA damage in individuals (Kasai and Nishimura 1984; Loft, 

Fischer-Nielsen et al. 1993; Steenken and Jovanovic 1997; Bruner, Norman et al. 

2000; Kasai 2002; Ichihashi, Ueda et al. 2003; Perra, Maxia et al. 2006). Since the 

entire epidermis of patients with vitiligo is under constant oxidative stress 

(Schallreuter, Moore et al. 1999; Schallreuter, Bahadoran et al. 2008), increased levels 

of 8-oxoG was postulated. Our results showed that 8-oxoG levels are indeed increased 

in situ in the epidermis of patients with acute vitiligo compared to healthy controls. 

Because catalase can be considered as a representative biomarker for H2O2-mediated 

oxidative stress (Schallreuter, Bahadoran et al. 2008) individual expression of this 

protein was used as an internal standard for determining the level of H2O2 in all the 

patients and controls. The results showed that low catalase levels in lesional and non 

lesional epidermis of vitiligo are correlating with increased epidermal 8-oxoG 

expression (Figure 34; A,B&C).  
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Figure 34:  

Increased in situ expression of 8-oxoG in patients with vitiligo 

(A): The figure shows that 8-oxoG levels are increased in acute vitiligo in both lesional and 

non lesional epidermis compared to controls (skin phototype III, Fitzpatrick classification). 

N.B. there is hardly any 8-oxoG present in the controls.  

(C): Image analysis of staining intensities. The graph shows that 8-oxoG in vitiligo is 

significantly increased compared to controls indicating the high level of DNA damage caused 

by the mM level of H2O2, as correlated to low catalase levels in the same patients (B&D) (∗∗∗ 

p<0.001, ∗∗ p<0.01, mean ± SD). 
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4.10.2  Increased in vitro expression of 8-oxoG in vitiliginous MCs 

The in situ results showed that 8-oxoG levels were significantly increased throughout 

the human epidermis. In order to further explore under in vitro conditions, we used 

cultured vitiliginous MCs originated from lesional skin of acute vitiligo.  The staining 

showed that 8-oxoG levels were even increased vitiliginous MCs in the nucleus and 

cytoplasm compared to healthy MCs (Figure 35; A,B,C&D). This result is in 

agreement with the in situ observations, suggesting a control cellular problem and not 

just a regular response.  
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Figure 35 

Increased in vitro expression of 8-oxoG in MCs originated from lesional vitiligo 

(A): FITC staining of 8-oxoG in healthy MCs; (B): overlay of DAPI and FITC; (C): over 

expression of 8-oxoG in cultured vitiliginous MCs in the cytoplasm and in the nucleus (inset); 

(D): overlay of DAPI and FITC, shows the co-localisation of 8-oxoG with DAPI in the 

nucleus (inset). The result shows that 8-oxoG levels are increased even under in vitro 

conditions compared to control. 
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4.10.3  Increased plasma levels of 8-oxoG in vitiligo 

Once 8-oxoG is formed, it is excised from the damaged DNA (Chung, Kasai et al. 

1991; Chung, Kim et al. 1991; Tchou, Kasai et al. 1991; Boiteux 1993; Boiteux and 

Radicella 1999) and it is finally excreted in the urine without being further 

metabolised (Wu, Chiou et al. 2004). Therefore determination of 8-oxoG levels in 

different tissues, blood and also urine allows to monitor the extent of oxidative DNA 

damage (Nakano, Kawanishi et al. 2003; Wu, Chiou et al. 2004; Dincer, Erzin et al. 

2007). Inspired by our in situ and in vitro findings, we wanted to know whether 

plasma levels of this compound would be increased in vitiligo patients. Using ELISA 

technique, our results revealed that plasma levels of 8-oxoG were significantly 

increased in all 20 patients examined in our experiment compared to the controls 

(Figure 36). Taken together, our results indicate that this patient group deals with 

significant DNA damage due to H2O2-mediated oxidative stress. 
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Figure 36  

Increased plasma levels of 8-oxoG in vitiligo  

The figure shows that 8-oxoG levels is significantly increased in the plasma of acute vitiligo 

(n=20) compared to the controls (n=10) (∗ p<0.05, mean ± SD). 
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4.11  DNA repair in vitiligo 

 

Genomic stability is highly controlled amongst living organisms; hence most 

organisms have evolved DNA repair mechanisms. Oxidative damage to DNA is 

repaired in living cells mainly via base-excision repair (BER) mechanisms (Boiteux 

and Radicella 1999).  

 

4.11.1  hOgg1 expression in vitiligo 

Once 8-oxoG is formed on DNA strands under oxidative stress, it has to be removed. 

This base lesion is recognised and excised from the damaged DNA by a glycosylase 

called hOgg1 initiating BER pathways (Boiteux 1993; van der Kemp, Thomas et al. 

1996; Boiteux and Radicella 1999; Boiteux and Radicella 2000; Fortini, Pascucci et 

al. 2003; David, O'Shea et al. 2007). Consequently it was decided to investigate the 

expression of hOgg1 in epidermal cells in vitiligo. Western blot analysis proved the 

presence of this important enzyme in vitiligo. Notably, the results revealed that hOgg1 

expression was not increased in vitiligo compared to controls (Figure 37; A,B&C). 

This result suggests that the expression of hOgg1 protein is independent of H2O2-

induced oxidative stress in vitiligo. Our results are in agreement with previously 

published data by Saitoh et al. in 2001 (Saitoh, Shinmura et al. 2001; Fortini, Pascucci 

et al. 2003). These data emphasise the absolute importance of hOgg1 / BER for cell 

survival.   
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Figure 37  

Protein expression of hOgg1 in human epidermal suction blister tissue cell extract 

(A): hOgg1 protein is expressed in vitiliginous epidermal cell extracts (n=6) as well as in 

control (n=2). hOgg1 expression is not increased in vitiligo compared to controls (p>0.05). 

The numbers reflect the number of patients. (B): GAPDH staining of the same membrane to 

show protein loading. (c): Densitometry of the bands was performed to determine the 

percentage of hOgg1 expression related to GAPDH expression for each band (Plots are mean 

± SD). 

From these results we can conclude that despite increased 8-oxoG levels (oxidative 

DNA damage) in the epidermis as well as in the plasma of the patients with vitiligo, 

the efficient BER mechanisms seems to be intact.  
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4.11.2  Increased epidermal expression of APE1 and DNA polymeraseββββ in vitiligo 

In order to substantiate the presence of an effective BER mechanism as shown by the 

presence of an unaltered hOgg1, we wanted to explore DNA polymeraseβ as well as 

APE1. It has been reported that a core of four enzymes are required to complete the 

repair of 8-oxoG. This includes besides hOgg1, APE1, DNA polymeraseβ and DNA 

ligase I (Parikh, Mol et al. 1997; Fortini, Parlanti et al. 1999; Fortini, Pascucci et al. 

2003; Chaudhry 2007). To address this scenario in more detail, again we utilised 

Western blot analysis of cell extracts from epidermal suction blister tissues from both 

controls and vitiligo patients. Our results revealed increased protein expression of 

these two enzymes.  
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Figure 38 

Increased APE1 and DNA polymeraseββββ expression in vitiligo 

(A): APE1 protein expression in vitiligo cell extracts and in controls. (C): DNA polymeraseβ 

protein expression in vitiligo and in controls. The numbers reflect the number of patients 

(B&D): GAPDH staining of the membranes refers to protein loading. (E&F): Evaluation of 

the bands was correlated to loaded protein (GAPDH staining). The results show that both 

enzymes are over expressed in vitiligo compared to controls (∗∗ p<0.01, mean ± SD). 
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Taken together we have shown that patients with vitiligo have considerable DNA 

damage evidenced by increased 8-oxoG. Moreover, this patient group has the capacity 

to repair this DNA damage via hOgg1, APE1 and DNA polymeraseβ. These results 

indicate the presence of efficient DNA repair machinery in patients with vitiligo. 
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4.12  More support for absence of increased apoptosis in vitiligo  

 

DNA-damage responses are very complex involving numerous signals, proteins and 

specific cellular pathways including DNA repair mechanisms, cell cycle check points, 

cellular senescence and apoptosis (Schmitt, Paquet et al. 2007). Since epidermal cells 

have to cope with mM levels of H2O2 in patients with vitiligo (Schallreuter, Moore et 

al. 1999; Schallreuter, Bahadoran et al. 2008) and the results from this thesis showed 

that epidermal DNA damage is increased in these patients, the question of interest was 

how do these patients handle this DNA damage besides DNA repair as shown before. 

In this context  it was reported that epidermal functioning wild-type p53 is increased 

in vitiligo (Schallreuter, Behrens-Williams et al. 2003). Considering the major role of 

this protein in DNA repair and its regulatory role in apoptosis, it was decided to 

investigate a number of the apoptotic/non apoptotic epidermal cell responses in these 

patients despite several authors showed no evidence for increased apoptosis in vitiligo 

(van den Wijngaard, Aten et al. 2000). However, since the presence of increased 

apoptosis has also been shown by some other authors (Boissy and Nordlund 1997; 

Kemp, Waterman et al. 2001; Huang, Nordlund et al. 2002; Boissy and Manga 2004; 

Park, Kim et al. 2007; Ruiz-Arguelles, Brito et al. 2007; Song, Xu et al. 2008), it was 

decided to re-address this issue. 
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4.12.1  Decreased in situ epidermal cytochrome c and caspase 3 expression in 

vitiligo 

To shed some more light on our findings, we turned our interest to epidermal 

cytochrome c and caspase 3 expression. Cytochrome c is an important intermediate in 

apoptosis. Following exposure to apoptotic stimuli, cytochrome c is rapidly released 

from the mitochondria into the cytosol, an event which is required for completion of 

apoptosis (Liu, Kim et al. 1996; Cai, Yang et al. 1998; Skulachev 1998). In turn, 

cytosolic cytochrome c functions in the activation of caspase 3, where it is a key 

effector of apoptosis (Boldin, Varfolomeev et al. 1995; Tewari, Quan et al. 1995; 

Kuida, Zheng et al. 1996; Abu-Qare and Abou-Donia 2001). Within this study, we 

evaluated cytochrome c and caspase 3 levels in the skin of patients with vitiligo as 

well as controls using immunofluorescence reactivity. Our in situ results showed that 

both epidermal cytochrome c and caspase 3 levels in vitiliginous epidermis of patients 

with acute vitiligo are significantly lower than controls. 
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Figure 39  

In situ expression of cytochrome c in both healthy skin and patients with vitiligo (skin 

phototype III, Fitzpatrick classification) 

(A): Decreased in situ expression of cytochrome c in vitiligo compared to control (skin 

phototype III, Fitzpatrick classification). The figure shows that cytochrome c levels are lower 

in both lesional and non lesional skin of patients with acute vitiligo (+H2O2) than controls.  

The presence of H2O2 was verified by low catalase level in these patients (Figure 33; C&D). 

(B): Image analysis reveals significantly lower levels of cytochrome c in acute vitiligo 

compared to the controls ((∗∗ p<0.05, mean ± SD).  
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Figure 40  

Decreased in situ expression of caspase 3 in patients with vitiligo (skin phototype III, 

Fitzpatrick classification)  

(A): Caspase 3 levels are lower in the epidermis of acute vitiligo compared to controls. (B): 

Image analysis shows significantly decreased caspase 3 levels in acute vitiligo compared to 

controls (∗∗ p<0.05, mean ± SD). The presence of H2O2 was monitored by low catalase 

expression (Figure 33; C&D).  
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4.12.2  Increased expression of Gadd45αααα in vitiligo 

p53 plays a critical role in the normal cell’s response to a variety of stress stimuli 

(Harris 1996). In response to genomic stress including DNA damage, this 

multifunctional protein is activated and in turn transactivates a series of its 

downstream effector genes involved in cell cycle arrest and DNA repair (including 

p21 and Gadd45α) and also apoptosis (including Bcl-2 and Bax) (Harris 1996). 

Gadd45 is a nuclear protein and it functions during cell cycle checkpoint in G2/M, 

DNA repair and in the apoptotic pathway (Fornace, Jackman et al. 1992; Wang, Zhan 

et al. 1999; Sheikh, Hollander et al. 2000; Maeda, Hanna et al. 2002; Zhan 2005). 

Earlier it has been shown that Gadd45α is involved in the induction of G2/M cell 

cycle checkpoint following UVB irradiation in epidermal KCs, MCs and also in 

melanoma cells (Maeda, Hanna et al. 2002; Pedeux, Lefort et al. 2002). Based on 

these results, it has been suggested that the activation of Gadd45α in MCs and 

melanoma cells may play a crucial role for their survival due to their ability to 

efficiently repair UVB-induced lesions (Pedeux, Lefort et al. 2002; Fayolle, Pourchet 

et al. 2006; Fayolle, Pourchet et al. 2008). In order to find out whether epidermal cells 

in vitiligo express Gadd45α in response to oxidative stress, we investigated the 

presence of this protein in patients’ skin. Our results show for the first time that 

Gadd45α is indeed expressed in situ using immunoreactivity and Western blotting. 
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Figure 41  

Gadd45αααα  is present throughout the epidermis and in the nucleus  

(A): FITC-labelled Gadd45α in healthy controls in which no Gadd45α co-localisation is 

observed (n=3) (B): positive Gadd45α staining (FITC) in the human epidermis, and inset, 

shows the expression of this protein in the nucleus (C&D): Enlargement of the marked area, 

shows Gadd45α’s localisation and its co-localisation with DAPI in the nucleus (n=5) 

(magnification x 200). 
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Figure 42  

Western blot analysis of Gadd45αααα expression in vitiligo 

(A): The expression of Gadd45α in cell extracts from epidermal suction blister tissue of both 

healthy controls and vitiligo patients. The numbers reflect the number of patients. (B): 

GAPDH staining of the same membrane and (C): Densitometry of the bands was performed 

in correlation with Gadd45α levels and the loaded protein (GAPDH staining). The graph 

shows that Gadd45α is significantly overexpressed in lesional vitiligo compared to controls 

and non lesional epidermis (Plots are mean ± SD).  
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5.0 DISCUSSION 
 
 
 

5.1  The presence of XO in the human epidermis and its regulation 

by H2O2 

 

The role of ROS in the pathogenesis of various diseases has been the subject of 

intensive research during the past decades. In recent years vitiligo has been emerged 

as a biological model disease for epidermal oxidative stress (Schallreuter, Wood et al. 

1991; Maresca, Roccella et al. 1997; Schallreuter 1999; Schallreuter, Moore et al. 

1999; Dell'Anna, Maresca et al. 2001; Dell'Anna, Urbanelli et al. 2003; Hasse, 

Gibbons et al. 2004; Dell'Anna, Ottaviani et al. 2006; Dell'anna and Picardo 2006; 

Dell'Anna, Ottaviani et al. 2007; Maresca, Flori et al. 2008; Schallreuter, Bahadoran 

et al. 2008). The presence of mM H2O2 concentrations in the epidermis of these 

patients, low catalase levels and impaired back-up systems provide ample evidence 

for this hypothesis contributing in turn to the pathogenesis of this disease 

(Schallreuter, Pittelkow et al. 1986; Schallreuter, Hordinsky et al. 1987; Schallreuter, 

Wood et al. 1991; Beazley, Gaze et al. 1999).  

XO has been implicated in free radical-induced damage in a multitude of human 

diseases because this enzyme plays a major role in generating ROS (H2O2, O2
•-). O2

•- 

is generated during the enzyme reaction and thereafter it is converted to H2O2 via the 

action of superoxide dismutase to via spontaneous disproportionation. OH• is 

generated via the Fenton- or Haber-Weiss reaction (Manson, Anthenelli et al. 1983; 

Im, Shen et al. 1984; Chambers, Parks et al. 1985; Parks and Granger 1986; Picard-

Ami, MacKay et al. 1991; Glantzounis, Tsimoyiannis et al. 2005). Therefore the 
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presence and activity of this enzyme in epidermal cells was of two-fold interest, in 

general and in the context of vitiligo. In order to assess XO activity in human MC and 

KC cell extracts, we developed and utilised a very sensitive TLC method using 

[14C]xanthine. The separation of xanthine and uric acid on the chromatogram is 

shown in Figure 22. One example of the standard assay is shown in Figure 23. The 

result shows that in the absence of catalase [14C]uric acid formation increases up to 5 

min, followed by a decrease, implying oxidation of uric acid to allantoin by H2O2 

produced during the reaction. This assumption is supported by the increase in uric 

acid formation in the presence of catalase. 

To the best of our knowledge, we here demonstrated for the first time that mRNA 

expression (Figure 7), protein expression (Figures 8, 9, 10, 11&12) and enzyme 

activity (Figure 29) of XO are present in both epidermal MCs and KCs. In 

melanocytes XO is predominantly distributed around the nucleus in a granular pattern 

(Figure 9b) where it co-localises with tyrosinase suggesting that XO is present in 

melanosomes (Figure 9; c,d&e). Figure 11 demostrates in situ that XO protein 

expression in vitiligo is not different compared to control. This result indicates that 

XO protein expression is not altered in vitiligo supporting that XO expression is not 

affected by H2O2. Also, our kinetic results presented in this thesis showed that XO 

functionality was only partially affected under severe oxidative condition since there 

is only one Trp residue in the flaving ring of FADH2, one Met residue in the moco 

centre and no Met/Trp residue in the active site of XO as shown in Figures 26, 27 & 

28. Met and Trp are the most sensitive amino acids to H2O2-mediated oxidation. 

Therefore the presence of allantoin in the epidermis of patients with vitiligo was 

expected. Our results supported this assumption, as we identified significantly higher 

levels of allantoin in the lesional and non-lesional epidermis of all patients examined, 
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whereas this metabolite was absent in healthy controls (Figure 30). Since humans 

lack the enzyme uricase converting uric acid to allantoin, thus the formation of 

allantoin from uric acid can only be attributed to H2O2 (Figure 43). Taken together, to 

our knowledge, this is the first time that the presence and activity of XO has been 

demonstrated in human epidermal MC and KC cell extracts (Figure 29A). It appears 

that XO activity is higher in KCs compared to MCs (Figure 29B). 
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Figure 43 

The final two steps in purine catabolism pathway  

XO catalyses the oxidation of hypoxanthine to xanthine and further to uric acid. These 

reactions are accompanied by the formation of 2 molecules H2O2 as by-product. Under 

physiological conditions catalase removes H2O2 and uric acid is excreted in the urine (a&b). 

Further metabolism of uric acid in mammals, turtles and molluscs proceeds from uric acid to 

allantoin by urate oxidase. Allantoin is hydrolysed to allantoate by allantoinase followed by 

further hydrolysis to glyoxylate and urea by allantoicase (Newsholm and Leech 1984) (c).  

In humans, under oxidative conditions, as observed in vitiligo, uric acid is oxidised by H2O2 

to allantoin (Grootveld and Halliwell 1987; Kaur and Halliwell 1990; Benzie, Chung et al. 

1999; Yardim-Akaydin, Sepici et al. 2004; Yardim-Akaydin, Sepici et al. 2006). Allantoin is 

hydrolysed to allantoate and the latter to glyoxylate and urea (Newsholm and Leech 1984) 
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5.2  The presence of allantoin underlines oxidative stress in vitiligo 

 

This is the first study investigating the levels of allantoin in vitiligo. Our data add to 

the list of oxidative stress in this disease (Shalbaf, Gibbons et al. 2008). The presence 

of epidermal allantoin in acute vitiligo mirrors and emphasises the involvement of 

H2O2-mediated oxidative stress in this disease and also highlights the role of  uric acid 

as an important antioxidant in humans because it can directly react with free radicals 

to produce relatively stable products (Ames, Cathcart et al. 1981; Kaur and Halliwell 

1990; Becker 1993; Glantzounis, Tsimoyiannis et al. 2005). Therefore XO itself can 

contribute to ROS scavenging via the production of uric acid. It is also possible that 

uric acid is involved in scavenging of peroxynitrite (ONOO
-
) which has been 

extensively shown (Hooper, Spitsin et al. 1998; Kean, Spitsin et al. 2000). Since the 

epidermis of patients with vitiligo generates NO in 10-6M range via NOS, this could 

be a relevant mechanism (Schallreuter, Bahadoran et al. 2008). However, since 

oxidative stress via H2O2 and ONOO
-
 is presenting lesional and non-lesional skin, it 

still needs to be shown, why some patches are white, while others remain pigmented. 

Our other observation i.e. melanocyte detachment in vitiligo cannot be explained by 

our data (Gauthier, Cario Andre et al. 2003). Whether this detachment is specific for 

vitiligo is not yet clear. We have data that detachment of melanocytes can also be 

observed in healthy individuals (Schallreuter, unpublished data).      

Figure 24 demonstrates the separation of allantoin by TLC. The oxidation of uric acid 

to allantoin by H2O2 in the absence of catalase is shown in Figure 25. After an initial 

increase in allantoin formation, the production of this metabolite decreases over time. 

Allantoin is further converted to allantoate and allantoate to glyoxylate and urea via 
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basic hydrolysis (Figure 43). However, unfortunately allantoate and glyoxylate do not 

have any UV-absorption, hence they are not detectable by UV light. Therefore it is 

not possible to measure these products using this separation system. 
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5.3  XO is inhibited by its own substrate 

 

Spectrophotometric studies of XO activity with different substrate concentrations in 

the absence of catalase revealed that increase in the concentration of substrate 

decreases the formation of reaction product (Figure 14). As discussed earlier, H2O2 is 

formed during the hydroxylation of hypoxanthine to xanthine and xanthine to uric 

acid (Figure 43). Our result suggests that the decrease in the reaction product could 

be based on its oxidation to allantoin by H2O2 (Newsholm and Leech 1984), or 

inhibition of the enzyme or a combination of both. The cause of the decrease in uric 

acid formation in the above experiment was confirmed after addition of catalase to 

remove H2O2 produced in the reaction (Figure 15). The result revealed that XO 

activity was inhibited in a concentration dependent manner by the substrate, proving 

substrate inhibition of XO activity. However, XO inhibition by its substrate is 

observed in the presence of very high and non-physiological xanthine concentrations.   

This is a novel finding on the regulation of XO activity. 
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5.4  FADH2 is directly affected by H2O2 in XO 

 

As mentioned earlier, unique information about the structure of both native and 

oxidised XO can be obtained from UV/visible spectroscopy (Hille and Nishino 1995; 

Stockert 2004 ). The UV/visible spectra of purified H2O2-oxidised XO (1.5M H2O2) 

showed that FADH2 is oxidised to FAD under those conditions. In the presence of 

lower H2O2 concentrations we could not appreciate the signal. Hence, we can 

conclude that only high non-physiological concentrations of H2O2 can affect the 

FADH2 cofactor of XO (Figures 19&20). These results are in agreement with 

previous work from Hille and Nishino (Hille and Nishino 1995). The UV/visible 

spectroscopic study of XO revealed that the maximum absorbance at 450nm is due 

both to the oxidised Fe-S and the FAD centres. However, the molybdopterin domain’s 

absorbance (500-600nm) is too small (Hille and Nishino 1995; Stockert 2004 ). As 

mentioned earlier, Fe-S centres in the structure of the enzyme are coordinated to four 

cysteine residues, close to the FAD centre and these play a role in electron transfer 

derived from the substrate (Olson, Ballou et al. 1974; Kisker, Schindelin et al. 1997; 

Enroth, Eger et al. 2000). The oxidation of the cysteine residues coordinated to Fe-S 

centres by H2O2 as well as the oxidation of FADH2 to FAD can cause of the changes 

in the UV/visible spectra of the oxidised XO. Subsequently, the oxidation of the Fe-S 

centres and FADH2 co-factor by H2O2 could lead to malfunction in the intra-

molecular electron transfer of XO as it was shown in Figure 18. Since constantly 

H2O2 levels are in the 10-3M range in acute vitiligo, this mechanism could indeed take 

place.   
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5.5  H2O2 directly affects XO structure 

 

In order to further investigate whether H2O2 alters the structure of XO, we utilised 

computer molecular modelling. Using this tool, all the Met and Trp amino acid 

residues around the FADH2 co-factor, moco and active site of XO were oxidised to 

methionine sulfoxide (MetSO) and 5-OH-Trp, respectively. Then the oxidised binding 

domains were compared to the native states and the changes were analysed. The 

analysis revealed that oxidation of the most noticeable Trp around the FADH2 binding 

site (Trp336) disrupts π-π stacking of Phe337 and the H-bonding network to a small 

extent (Figure 26; A&B).  It seems that this little change does not significantly affect 

the affinity of XO for FADH2, but it may affect the vulnerability of FADH2 to 

oxidation. Moreover, this analysis showed that the oxidation of Met and Trp residues 

does not adversely influence the moco-cofactor binding site, whereas oxidation of 

Met and Trp residues around the active site causes shifts in the positions of several 

amino acid residues, affecting reaction rate and catalysis (Figures 27&28). 

Taken together, these data strongly support our former results. 
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5.6  Inhibition of XO activity by 6/7BH4 and 6/7-biopterin and 

binding of 6/7BH4 to XO: A novel mechanism in regulation of 

melanogenesis? 

 

Earlier studies have already shown that pteridines are able to inhibit XO activity in a 

concentration-dependent manner (Kalckar, Kjeldgaard et al. 1948; Kalckar and 

Klenow 1948; Hofstee 1949; Lowry, Bessey et al. 1949; Kalckar, Kjeldgaard et al. 

1950; Isaka 1952; Wede, Altindag et al. 1998; Oettl and Reibnegger 1999). Amongst 

all pterins, 6-biopterin, the oxidation product of the ubiquitous cofactor (6R)-L-

erythro 5,6,7,8 tetrahydrobiopterin (6BH4) is the most potent inhibitor of XO (Wede, 

Altindag et al. 1998).  

However, to date, there has been no report on inhibition of XO by 7BH4 and/or 7-

biopterin. Within this study, we showed for the first time that both the reduced as well 

as the oxidised 7-isomer of 6BH4 are able to inhibit XO activity in a concentration 

dependent manner (Figure 31). The results confirmed that 6-biopterin is the strongest 

inhibitor of XO followed by 7-biopterin, 6BH4 and 7BH4. Here it is noteworthy that 

6BH4 is composed of a pyrimidine and pyrazine ring with a side-chain attached to the 

6th position (Figure 44). 7BH4 has the same structure as 6BH4 but the side-chain is on 

the 7th position (Figure 44). The difference between the structure of 6&7-biopterin is 

based on the move of the side chain on the pyrazine ring (Figure 44). Moreover,  it 

has been proposed that the inhibitory effect of the pterins on XO activity may be due 

to the structural similarities between the pterins, xanthine and the molybdopterin 

cofactor (Wede, Altindag et al. 1998). Based on these similarities, the pterins may 

occupy the active site of XO, or they may engage moco binding domain without being 

a substrate for the enzyme (Figure 44) (Wede, Altindag et al. 1998).  
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Moreover, it has also been suggested that the possession of a side chain with several –

OH groups in the 6th position could play an important role in pterins’ interactions with 

XO (Wede, Altindag et al. 1998). However, our results with 7BH4 and 7-biopterin 

suggest that the side chain in position 7 of those pterins could be an explanation for 

inhibition of XO activity by the 7-isomer as shown in this thesis. The stronger 

inhibitory effect of the oxidised pterins (6&7-biopterin) compared to their reduced 

state may be attributed to the presence of two double bonds in the pyrazine ring. This 

oxidation dependent interaction with molybdopterin cofactor could influence more 

effectively the electronic properties of the molybdenum cofactor (Schindelin, Kisker 

et al. 1996).  
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Figure 44 

Structure of four pterins compared to molybdopterin cofactor of XO and xanthine 

6-biopterin is the most potent inhibitor of XO activity followed by 7-biopterin, 6BH4 and 

7BH4, respectively. All these pterins have a hydroxylated side chain attached to the either 6th 

or 7th position of the pyrazine ring. The strong inhibitory effect of these pterins has been 

attributed to presence of this side chain, whereas due to the absence of the side chain in 

leucopterin, the inhibitory effect of this pterin has been shown to be drastically weaker 

compared to pterins with a side chain (Wede, Altindag et al. 1998; Oettl and Reibnegger 

1999). 
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In the context presented herein it is interesting that the presence of both 6BH4 and 

7BH4 has been documented in melanosomes (Schallreuter, Moore et al. 1999; 

Spencer, Chavan et al. 2005). In this thesis we show for the first time that XO is also 

present in this organelle (Figure 9).  

What could be the function of this enzyme in this pigment forming organelle?  

Considering that XO generates O2
•- which in turn is an effective activator of 

tyrosinase (Wood and Schallreuter 1991), and that both 6BH4 and 7BH4 are potent 

inhibitors of tyrosinase and XO, it was tempting to invoke XO in a concerted action 

with tyrosinase and 6BH4/7BH4 in regulation of melanogenesis.  

We therefore wanted to know whether XO have the capacity to act as a possible 

activator of the tyrosinase-6BH4 inhibitor complex as well as the tyrosinase-7BH4 

inhibitor complex. Our results showed that the tyrosinase-inhibitor complex can 

indeed be reactivated upon addition of XO (Figure 32; A&B). We demonstrated that 

the 6BH4-tyrosinase inhibitor complex is very fast reactivated by XO (Figure 32A). 

To further substantiate these observations, we used [3H]6BH4 to follow its binding to 

XO. The result confirmed that XO can bind 6BH4 (Figure 33).  

We then showed that XO can also reactivate the 7BH4-tyrosinase inhibitor complex. 

However, reactivation needs more XO (Figure 32). This result suggests that the pterin 

binding site on XO is different for both pterins.  

To our knowledge, we here show for the first time that XO strongly binds both 6 and 

7BH4 which in turn enables XO to be an activator of the tyrosinase inhibitor complex. 

Hence, the presence of XO in the melanosomes might be important for this reason. 

However, as said above, on one hand XO generates O2
•- which is an activator of 

tyrosinase; on the other hand both pterins inhibit XO (Figure 31). In this context it is 

noteworthy that α-MSH and β-MSH can also bind the pterins with 1: 1 stoichiometry 
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(Moore, Wood et al. 1999; Schallreuter, Moore et al. 1999; Spencer, Chavan et al. 

2005). So far we have not compared the affinity of XO with both α-MSH and β-

MSH. However, the presence of XO, 6BH4 and 7BH4 in the melanosome could 

provide an effective machinery in control of the tyrosinase inhibitor complex. This 

could be another mechanism within the melanocyte, whereby tyrosinase can be re-

activated in a receptor independent manner, as shown earlier by α-MSH and recently 

by β-MSH (Moore, Wood et al. 1999; Spencer, Chavan et al. 2005). 
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Figure 45 

Inhibition/activation of tyrosinase, the key enzyme in melanogenesis 

A: Normal skin. Conversion of the amino acid L-phenylalanine to L-tyrosine via PAH 

initiates melanin synthesis (Schallreuter and Wood 1999). TH I which is situated side by side 

TH I
TYR

L-DOPA

L-Dopachrome

Melanogenesis

TYR

6BH4

or 

7BH4

L-tyrosine

XO

xanthine

uric acid

O2
••••-

Melanosome

Cytosol

PAH

L-phenylalanine L-tyrosine

6BH4

6BH4

TYR

7BH4

XOXO

6BH4

TYR

αααα-MSH

6BH4
TYR

7BH4

ββββ-MSH

TYR

A

TH I
TYR

L-DOPA

L-Dopachrome

Melanogenesis

TYR

6BH4

or 

7BH4

L-tyrosine

XO

xanthine

uric acid

O2
••••-XO

xanthine

uric acid

O2
••••-

Melanosome

Cytosol

PAH

L-phenylalanine L-tyrosine

6BH46BH4

6BH46BH4

TYR

7BH4

XO

TYRTYR

7BH4

XO

7BH4

XOXOXO

6BH4

TYR

XO

6BH4

TYR

XO

6BH4

XOXO

6BH4

TYRTYR

αααα-MSH

6BH4
TYR

αααα-MSH

6BH4

αααα-MSH

6BH46BH4
TYRTYR

7BH4

ββββ-MSH

TYR
7BH4

ββββ-MSH

7BH47BH4

ββββ-MSH

TYRTYR

A

TH I
TYR

L-DOPA

L-Dopachrome

Melanogenesis

TYR

6BH4

or 

7BH4

XO

xanthine

uric acid

O2
••••-

Melanosome

Cytosol

PAH

L-phenylalanine L-tyrosine

6BH4

6BH4

H2O2

Allantoin

H2O2

6-biopterin 

or 

7-biopterin

H2O2

6-biopterin

H2O2

6-biopterin

B

oxidation 

of met 374

(ox?)

TH I
TYR

L-DOPA

L-Dopachrome

Melanogenesis

TYR

6BH4

or 

7BH4

XO

xanthine

uric acid

O2
••••-

Melanosome

Cytosol

PAH

L-phenylalanine L-tyrosine

6BH46BH4

6BH46BH4

H2O2

Allantoin

H2O2

6-biopterin 

or 

7-biopterin

H2O2

6-biopterin

H2O2

6-biopterin

B

oxidation 

of met 374

(ox?)



 199 

with TYR on the melanosomal membrane, converts L-tyrosine to L-DOPA (Marles, Peters et 

al. 2003). L-DOPA activates TYR which in turn forms L-Dopachrome yielding finally to 

melanin formation. Both 6 and 7BH4 inhibit TYR (Wood, Schallreuter-Wood et al. 1995). 

This inhibition is reversible by the binding of α-MSH to 6BH4 and β-MSH to 7BH4, thus 

reactivating TYR (Moore, Wood et al. 1999; Spencer, Chavan et al. 2005). In this thesis we 

identified the presence of XO in melanosomes (Figure 9) (Shalbaf, Gibbons et al. 2008). 

Moreover, we showed that both 6 and 7BH4 can bind to XO, inhibiting its activity (Figure 

31). We also showed that the binding of 6 and 7BH4 to XO can reactivate pterin inhibited 

TYR (Figure 32). XO converts xanthine to uric acid. In this reaction O2
•- is produced 

(Newsholm and Leech 1984). TYR’s activity has been shown to be 40-fold higher in the 

presence of O2
•- (Wood and Schallreuter 1991). 

Taken together, interactions between XO, 6BH4, 7BH4, α-MSH, β-MSH and tyrosinase 

provide potential alternative back up mechanisms within the melanocyte/melanosome in the 

regulation of tyrosinase in a receptor-independent manner. 

 

B: Vitiligo. The presence of 10-3M H2O2 within melanocytes, causes the oxidation of 6/7BH4 

to 6-/7-biopterin respectively. H2O2-mediated oxidation of the key enzymes involved in 

melanogenesis tyrosinase (Tyr) and phenylalanine hydroxylase (PAH) alters their structure 

and functionality. Recently it was shown that H2O2-mediated oxidation affects met 374 in the 

active site of tyrosinase leading to deactivation of the enzyme (Wood, Decker et al. 2009) 

which in turn affects melanin biosynthesis. As a result of the deactivation of PAH, L-

phenylalanine levels are increased within the melanocytes. Uric acid, the end product of 

purine degradation pathway is oxidised to allantoin by H2O2. Increased epidermal allantoin 

levels in vitiligo have been shown in this thesis.  

 

 



 200 

5.7  Patients with vitiligo combat with high levels of oxidative DNA 

damage in their epidermis 

 

DNA is continuously damaged by ROS generated as a result of normal biochemical 

reactions in metabolic pathways and also generated by various environmental agents, 

leading in turn to the release of purine bases from the damaged DNA.  The purine 

bases need to be degraded (Malins 1993; Hattori-Nakakuki, Nishigori et al. 1994; 

Hattori, Nishigori et al. 1996; Marnett 2000; Ichihashi, Ueda et al. 2003; Smith, 

Marks et al. 2004). 8-oxoG has been regarded as the major oxidative DNA-base 

lesions and they have been used to evaluate the extent of oxidative stress in 

individuals (Kasai and Nishimura 1984; Kasai and Nishimura 1984; Kasai, Crain et 

al. 1986; Adelman, Saul et al. 1988; Loft, Fischer-Nielsen et al. 1993; Kasai 1997; 

Steenken and Jovanovic 1997; Helbock, Beckman et al. 1999; Bruner, Norman et al. 

2000; Kasai 2002; Ichihashi, Ueda et al. 2003; Neeley and Essigmann 2006). Elevated 

levels of this oxidised DNA base have been identified in various diseases caused by 

oxidative stress (Fraga, Shigenaga et al. 1990; Loft, Vistisen et al. 1992; Hattori-

Nakakuki, Nishigori et al. 1994; Hattori, Nishigori et al. 1996; Tsuboi, Kouda et al. 

1998; Ahmed, Ueda et al. 1999; Lovell, Gabbita et al. 1999; Nunomura, Perry et al. 

1999; Nunomura, Perry et al. 1999; Honda, Yamada et al. 2000; Ishizakai, Yoshida et 

al. 2004; Wu, Chiou et al. 2004; Wang, Schmeichel et al. 2005; Perra, Maxia et al. 

2006; Shiihara, Kato et al. 2006; Bahar, Feinmesser et al. 2007; Chen, Wu et al. 2007; 

Chen, Liou et al. 2007; Dincer, Erzin et al. 2007; Kinoshita, Wanibuchi et al. 2007; 

Dong, Cui et al. 2008; Fukuda, Yamauchi et al. 2008; Ku, Jin et al. 2008).  
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Nowadays, there is no doubt that the entire epidermis of patients with vitiligo is under 

oxidative stress due to accumulation of mM range of H2O2 (Schallreuter, Moore et al. 

1999; Schallreuter, Bahadoran et al. 2008). Hence, we postulated high levels of 

oxidative DNA damage resulting in high levels of 8-oxoG in the epidermis of patients 

with vitiligo. 

To the best of our knowledge, so far there has been no report of increased 8-oxoG 

levels in the epidermis of patients with vitiligo. Within this thesis we demonstrate for 

the first time significantly elevated levels of this oxidised DNA base both in situ and 

in vitro in lesional and non-lesional epidermis. Moreover, we also show in vitro 

higher levels in vitiliginous epidermal MCs of patients with acute vitiligo compared to 

healthy controls (Figure 34; A&B and Figure 35; A, B, C&D). Notably, 8-oxoG is 

not degradable, it is finally excreted from plasma in the urine (Wu, Chiou et al. 2004). 

Our immuno reactivity results were backed up by demonstrating significantly elevated 

plasma levels of 8-oxoG in all 20 patients compared to healthy controls (Figure 36). 

These results imply that patients with vitiligo are dealing with high levels of oxidative 

DNA damage due to H2O2-mediated oxidative stress in their epidermis.  

In this context it has been well documented that 8-oxoG lesions induce potentially 

mutagenic G:C to T:A transversion unless repaired prior to DNA replication. Thus it 

is considered to be a pro-mutagenic DNA lesion produced by oxygen radicals (Floyd 

1990; Wood, Dizdaroglu et al. 1990; Shibutani, Takeshita et al. 1991; Cheng, Cahill 

et al. 1992; Maki and Sekiguchi 1992; Grollman and Moriya 1993; Moriya 1993; Le 

Page, Margot et al. 1995; Johnson, Yu et al. 1996; Hussain and Harris 1998; Sunaga, 

Kohno et al. 2001; Bjelland and Seeberg 2003; Hussain, Hofseth et al. 2003). This 

oxidised base is expected to be involved not only in carcinogenesis, but also in 

tumour biology (Hattori, Nishigori et al. 1996). High percentage of G:C to T:A 
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transversion in human skin tumours has been attributed to 8-oxoG formation by 

UVA-generated ROS (Daya-Grosjean, Dumaz et al. 1995). Moreover, this mutagenic 

transversion has been observed in UVB-induced skin cancers in mice (Nishigori, 

Wang et al. 1994) and also in human non-melanoma skin cancer (van der Schroeff, 

Evers et al. 1990). Therefore, oxidative damage to DNA has been assigned to be one 

of the major causes of mutations, apoptosis and cancer (Hattori-Nakakuki, Nishigori 

et al. 1994; Johnson, Yu et al. 1996; Marnett 2000; Cooke, Evans et al. 2003; 

Hussain, Hofseth et al. 2003).  

Taken together, based on all the facts present at this time a high incidence of skin 

cancer would be expected in patients with vitiligo.  

Along this line it was reported that there was no difference in apoptotic regulatory 

molecules in vitiligo compared to healthy controls (Tobin, Swanson et al. 2000; van 

den Wijngaard, Aten et al. 2000), while significantly increased epidermal functioning 

wild-type p53 expression was documented (Schallreuter, Behrens-Williams et al. 

2003). Taking into consideration that the outcome of p53 activation is not only 

apoptosis but also DNA repair (“the two face theory of p53”) (Smith and Fornace 

1997), the presence of increased epidermal oxidative DNA damage, in association 

with increased functioning wild-type p53 along with unchanged apoptotic regulatory 

molecules in vitiligo suggested that only one face of the two face theory needed to be 

proven i.e. “DNA REPAIR”. 
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5.8  Enhanced epidermal DNA repair in vitiligo 

 

5.8.1  Epidermal cells induce Gadd45αααα expression in vitiligo  

In order to prevent the deleterious effects of DNA oxidation such as mutagenesis and 

carcinogenesis, living organisms have developed protective strategies. The most 

effective strategy in combating oxidative DNA damage is thought to be exclusively 

via base-excision repair (BER) (Demple and Harrison 1994; Boiteux and Radicella 

1999; Dianov, Souza-Pinto et al. 2001). The repair of the damaged DNA involves the 

activation of multiple genes inducing inhibition of cell division and prolongation of 

cell-cycle arrests and checkpoints. Two major kinases are responsible to induce 

cellular checkpoints in response to DNA damage i.e. ATM and ATR (Schmitt, Paquet 

et al. 2007). The induction of these proteins leads to the activation of the “guardian of 

the genom p53” (Kastan, Onyekwere et al. 1991; Schmitt, Paquet et al. 2007) which 

in turn transactivates its downstream effector genes and proteins including p21 and 

Gadd45α leading in turn to the induction and prolongation of G1/S and G2/M phases 

respectively (el-Deiry, Harper et al. 1994; Kearsey, Coates et al. 1995; Wang, Zhan et 

al. 1999). These proteins can be regulated in a p53-dependent pathway as observed 

after ionizing radiation (Kastan, Zhan et al. 1992; Carrier, Smith et al. 1994; Zhan, 

Fan et al. 1996; el-Deiry 1998; Kachnic, Wu et al. 1999; Pedeux, Lefort et al. 2002; 

Smith and Seo 2002; Zhan 2005; Fayolle, Pourchet et al. 2006). These proteins can 

also be regulated in a p53-independent pathway in response to DNA damage caused 

by UV radiation as shown in the case of Gadd45α (Russo, Zambrano et al. 1995; 

Zhan, Fan et al. 1996; Jin, Fan et al. 2001; Zhan 2005). Gadd45α induces G2/M cell 

cycle checkpoint in KCs, MCs and melanoma cells following UVB irradiation 

(Maeda, Hanna et al. 2002; Pedeux, Lefort et al. 2002). Furthermore, melanoma cells 
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can efficiently repair UVB-induced lesions and therefore their survival may be based 

on the activation of Gadd45α (Pedeux, Lefort et al. 2002; Fayolle, Pourchet et al. 

2006; Fayolle, Pourchet et al. 2008). 

As mentioned above, epidermal functioning wild-type p53 is increased in the 

epidermis of patients with vitiligo (Schallreuter, Behrens-Williams et al. 2003). 

Moreover, it has been shown that H2O2 activates p53 and induces Gadd45α 

expression in KCs and HeLa cells (Guyton, Xu et al. 1996; Wan, Wang et al. 2000). 

The data presented within this thesis demonstrate for the first time that Gadd45α is 

significantly over-expressed in the lesional and non-lesional epidermis of patients 

with vitiligo compared to healthy controls as shown by in situ immuno-reactivity and 

Western blotting (Figures 41&42). Since these patients accumulate mM levels of 

H2O2 in their epidermis (Schallreuter, Moore et al. 1999; Schallreuter, Bahadoran et 

al. 2008), the induction of epidermal Gadd45α could be ascribed to H2O2. However, 

the precise mode of action needs yet to be shown.  

Gadd45α directly interacts with both p21 and PCNA and this activity is thought to be 

vital for the modulation of the cell cycles and for the inhibition of DNA replication 

(Smith, Chen et al. 1994; Chen, Smith et al. 1995; Hall, Kearsey et al. 1995; Kearsey, 

Coates et al. 1995; Vairapandi, Balliet et al. 1996; Vairapandi, Azam et al. 2000).  

Salem showed that both epidermal p21 and PCNA expression are also upregulated in 

vitiligo (Salem 2009). 

Taken together our data further highlight a role for Gadd45α in the cellular response 

to increased oxidative DNA damage in vitiligo. 
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5.8.2  Vitiliginous epidermal cells express hOgg1 to excise 8-oxoG from  

8-oxoG/C pairs in DNA 

 

The repair of oxidative DNA damage is exclusively accomplished via BER pathways 

(Sancar 1994; Parikh, Mol et al. 1997; Fortini, Parlanti et al. 1999; Dianov, Souza-

Pinto et al. 2001; Dogliotti, Fortini et al. 2001; Lindahl 2001; Lu, Li et al. 2001; 

Fromme and Verdine 2004). This mechanism is initiated by DNA glycosylases. In 

human, the key enzyme hOgg1 detects and removes 8-oxoG, leaving an AP site 

(Boiteux and Radicella 1999; Kinoshita, Wanibuchi et al. 2002). Using Western blot 

analysis, our results revealed that hOgg1 is indeed expressed in epidermal cells in 

vitiligo. Interestingly, the expression of this enzyme showed no difference between 

vitiligo and controls (Figure 37; A, B&C). These results suggest that H2O2 does not 

alter the protein expression of this key enzyme in vitiligo. These data are in agreement 

with previously published work by Saitoh and colleagues (Saitoh, Shinmura et al. 

2001; Fortini, Pascucci et al. 2003). After the removal of the damaged base by hOgg1 

other steps are needed to complete the repair process. The repair mode of oxidative 

DNA damage is predominantly via short-patch BER where the enzyme DNA 

polymeraseβ plays a critical role (Dianov, Prasad et al. 1999; Prasad, Dianov et al. 

2000). In this pathway, APE1 and DNA polymeraseβ excise the remaining sugar 

moiety and reinstall an undamaged nucleotide respectively. This step is followed by 

DNA ligase I activity sealing the nick thereby repairing the damaged base site 

(Parikh, Mol et al. 1997; Gros, Saparbaev et al. 2002; Fortini, Pascucci et al. 2003; 

Chaudhry 2007). As expected, protein expression of these two enzymes is 

significantly increased in the epidermis of patients with vitiligo (Figure 38).  
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To sum up, these results imply that patients with vitiligo develop effective DNA 

repair machinery via hOgg1, APE1 and DNA polymeraseβ to combat oxidative DNA 

damage as evidenced by increased 8-oxoG levels.  

Earlier it has been suggested that Ogg1 gene is directly involved in tumour prevention 

(Xie, Yang et al. 2004). These authors reported that Myh and Ogg1 knockout mice 

showed 65.7% increase in tumour predisposition, predominantly lung and ovarian 

tumours in addition to lymphomas (Xie, Yang et al. 2004). Given the high levels of 

H2O2 in vitiligo skin, oxidative DNA damage was expected. As said above oxidative 

DNA damage is regarded as one of the major contributors to tumorigenesis (Ames 

1989).  

However, there are only scattered reports of non-melanoma skin cancers (NMCS, 

squamous cell carcinoma and basal cell carcinoma) in patients with vitiligo 

(Calanchini-Postizzi and Frenk 1987; Westerhof and Schallreuter 1997; Schallreuter, 

Tobin et al. 2002). Skin cancer was never diagnosed in 2500 patients with vitiligo 

(Westerhof and Schallreuter 1997), even lower risk of NMCS has been reported in 

this disorder by other authors (Lisi 1972; Ortonne, Pelletier et al. 1978; Schallreuter, 

Tobin et al. 2002).  

Taking into consideration that the patients lack increased development of skin 

cancers, our data suggest that BER is a major player in the hierarchy to combat 

oxidative stress and to prevent ROS-caused tumorigenesis in the epidermis of patients 

with vitiligo. 
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5.9  In vitiligo epidermal cells do not undergo apoptosis in response 

to oxidative DNA damage 

 

Within this thesis we showed that DNA repair is significantly overriding increased 

oxidative DNA damage in epidermal cells of patients with vitiligo compared to 

healthy controls. Moreover, epidermal functioning wild-type p53 is increased 

(Schallreuter, Behrens-Williams et al. 2003). Taking into consideration that the 

activation of p53 is also leading to transactivation of its downstream genes involved 

in apoptosis, we here investigated protein expression of two major apoptotic 

regulators i.e. cytochrome c and caspase 3. The results revealed that in vitiligo, 

epidermal cells express even lower cytochrome c and caspase 3 proteins compared to 

controls (Figures 39&40). Since apoptotic cells show induction of cytochrome c and 

caspase 3 as crucial components in the apoptotic cascade (Liu, Kim et al. 1996; 

Nicholson and Thornberry 1997; Yang, Liu et al. 1997; Finucane, Bossy-Wetzel et al. 

1999; Li, Kolluri et al. 2000; Abu-Qare and Abou-Donia 2001), then decreased levels 

of these two key regulators of apoptosis fuels the hypothesis that epidermal cells in 

vitiligo do not undergo programmed cell death. Based on our data discussed earlier, 

we show that vitiliginous cells seem to combat H2O2-induced oxidative DNA damage 

by induction of the powerful BER machinery.  

However, it is noteworthy that the results presented in this thesis demonstrate protein 

expression of DNA repair enzymes or apoptotic regulators in all epidermal cells and 

not specifically in melanocytes. Considering that almost 80% of the epidermal cell 

population are KCs, the results of this thesis mainly focus on KC responses to 

oxidative DNA damage. The reports in the literature are conflicting, ranging from no 

increased to increased apoptosis in vitiliginous MCs compared to normal controls 
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(Boissy and Nordlund 1997; Tobin, Swanson et al. 2000; van den Wijngaard, Aten et 

al. 2000; Kemp, Waterman et al. 2001; Huang, Nordlund et al. 2002; Boissy and 

Manga 2004; Park, Kim et al. 2007; Ruiz-Arguelles, Brito et al. 2007; Song, Xu et al. 

2008). Our additional data from this thesis provide more support for the absence of 

increased apoptosis in vitiligo. 
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6.0  CONCLUSION 

 

The puzzle comes together 

Given that despite loss of the protecting pigment and the overwhelming evidence for 

H2O2 induced oxidative stress in the epidermis of these patients, there is no increased 

risk or a higher prevalence for sun induced skin cancer (Calanchini-Postizzi and Frenk 

1987; Schallreuter, Tobin et al. 2002).  

 However, vitiligo is associated with DNA damage as evidenced by the presence of 

high 8-oxoG levels in the epidermis and in the plasma of patients. The results of this 

study imply that patients with vitiligo must develop effective DNA repair machinery.  

One way to combat DNA damage is BER repair via the key enzyme hOgg1 followed 

by activities of APE1 and DNA polymeraseβ. Both enzymes are up-regulated in 

vitiligo. Since it has been shown that hOgg1 expression is not different in these 

patients from healthy controls, it can be concluded that 8-oxoG is glycosylated and 

the repair would be completed by APE1 and DNA polymeraseβ. Hence our results 

support enhanced DNA repair in vitiligo by this cascade.  

The presence of increased Gadd45α expression favours cell cycle arrest. However, 

Gadd45α directly interacts with both p21 and PCNA and this activity is thought to be 

vital for the modulation of the cell cycles and for the inhibition of DNA replication 

(Smith, Chen et al. 1994; Chen, Smith et al. 1995; Hall, Kearsey et al. 1995; Kearsey, 

Coates et al. 1995; Vairapandi, Balliet et al. 1996; Vairapandi, Azam et al. 2000). In 

this context it was shown that both PCNA as well as p21 are up-regulated in vitiligo 

(Salem 2009). There is no evidence for apoptosis in this disease (Tobin, Swanson et 

al. 2000; van den Wijngaard, Aten et al. 2000). These results are further substantiated 
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by the absence of caspase 3 and cytochrome c as shown in this thesis. More support 

stems from the up-regulation of the anti-apoptotic protein Bcl-2 (Salem 2009).  

This conclusion is even more supported by earlier report that acetylcholine esterase 

protein expression and activity is very low in epidermal cells in vitiligo compared to 

healthy controls (Schallreuter, Elwary et al. 2004). This enzyme has been shown to be 

an apoptotic regulator since its overexpression inhibits cell proliferation and promots 

apoptosis, whereas the inhibition of acetylcholine esterase gene expression enhanced 

cell proliferation and suppressed apoptosis-associated DNA fragmentation (Soreq, 

Patinkin et al. 1994; Soreq and Seidman 2001; Park, Kim et al. 2004; Jiang and Zhang 

2008). To sum up, all data available at the present time argue against increased 

apoptosis in epidermal cells in vitiligo. 

The crucial question to be answered is why wild-type p53 is up-regulated in vitiligo. 

In this context it was shown that epidermal p76MDM2 in patients with vitiligo is up-

regulated (Salem 2009). This isoform counteracts p90 MDM2 which in turn would 

degrade p53 (Perry, Mendrysa et al. 2000).  

Consequently the question arose, whether p53 could be the master regulator in DNA 

repair. In this context it was shown by Salem that p53 in the presence of H2O2 

together with peroxynitrite enhances the capacity of DNA binding (Salem 2009). It 

was also shown that p53 levels are not affected by the removal of epidermal H2O2 by 

a pseudocatalase PC-KUS (Salem 2009). Since p53 stimulates BER through binding 

of APE1, hOgg1 and DNA polymeraseβ (Sengupta and Harris 2005), our findings 

would strongly support that p53 is of overriding importance in DNA repair in vitiligo 

thus explaining the lack of increased skin cancer. The strength of all results resides in 

the evaluation of the same patient and control group throughout the entire 

investigation on this subject. Our current understanding is summarised in Scheme 1.  
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Scheme 1 

Up-regulated wild type p53 as the main conductor of ROS-mediated DNA damage / 

repair in vitiligo 

ROS – mediated DNA damage in vitiligo leads to increased 8-oxoG levels in the epidermis 

and in plasma of patients with vitiligo. Phosphorylation is a crucial step for p53 stabilization 

to perform its function as a transcription factor (Giaccia and Kastan 1998; Appella and 

Anderson 2001; Ito, Shinkai et al. 2001). In this context it has been shown that 

phosphorylation of p53 protein is initiated by DNA damage. Up regulated wild type p53 is 

phosphorylated on ser9 and ser15, proving functionality of up-regulated ATM in this disease 

(Salem 2009). Acetylation is one step of posttranslational modifications (Polevoda and 

Sherman 2000). Up regulated epidermal PCAF in vitiligo is functioning as shown by the 

presence of acetylated lysine residues at position 373 and 382 (Salem 2009). Both steps 

support functioning stabilised p53 as shown earlier (Schallreuter, Behrens-Williams et al. 

2003). Under normal conditions p53 is degraded by p90MDM2 (Oliner, Kinzler et al. 1992). 
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The isomer p76MDM2 binds to p90MDM2, preventing binding of p90MDM2 to p53, stopping in turn  

degradation of p53 (Perry, Mendrysa et al. 2000). Our results revealed for the first time high 

epidermal p76MDM2 levels in vitiligo, whereas p90MDM2 expression is not affected in this 

compartment (Salem 2009). Functioning stabilised p53 leads to transcription of p21, 

Gadd45α and PCNA (Smith and Seo 2002; Rozan and El-Deiry 2007; Shu, Li et al. 2007). 

Both p21 and Gadd45α induce cell cycle arrest and both signals are up regulated in vitiligo 

(Salem 2009). Oxidative DNA damage is repaired via BER, which is initiated by hOgg1 

excising 8-oxoG (Michaels, Tchou et al. 1992; Boiteux 1993; Boiteux and Radicella 1999; 

Kinoshita, Wanibuchi et al. 2002). Depending on the type of DNA damage, the repair 

pathways would involve either short- or long-patch BER, although these pathways can switch 

between each other (Wilson and Thompson 1997; Dogliotti, Fortini et al. 2001; Fromme and 

Verdine 2004). PCNA binds to DNA polymeraseδ and works as a processivity factor for this 

enzyme, which together with FEN1 is involved in long-patch BER (Matsumoto, Kim et al. 

1994; Frosina, Fortini et al. 1996; Klungland and Lindahl 1997; Fromme and Verdine 2004). 

Notably, we were unable to detect epidermal DNA polymeraseδ and FEN1 in our patients, 

but we found upregulated epidermal APE1 and DNA polymeraseβ levels. This result favours 

short patch BER in vitiligo. However, DNA polymeraseβ can function in both repair 

pathways (Dianov, Prasad et al. 1999; Prasad, Dianov et al. 2000). In this context it is of 

interest that PCNA can interact directly with APE1 (Dianova, Bohr et al. 2001). Moreover, 

hOgg1, APE1 and DNA polymeraseβ are directly regulated by p53 (Sengupta and Harris 

2005). Therefore it can be concluded that oxidative DNA damage in vitiligo can be repaired 

through short-patch BER in cooperation with a specifised long-patch BER in the absence of 

FEN1 and DNA polymeraseδ. Epidermal programed cell death is ruled out because up 

regulated Bcl-2 favours anti-apoptotic activity which is further supported by decreased levels 

of cytochrome c and caspase 3. These new findings are further supported by unremarkable 

levels of the pro-apoptotic stimulus BAX and low acetylcholine esterase levels/activities in 

vitiligo as shown earlier (van den Wijngaard, Aten et al. 2000; Schallreuter, Elwary et al. 
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2004). Taken together, patients with vitiligo can efficiently combat epidermal H2O2/ONOO
-
 

induced DNA damage with up regulated wildtype p53 as main conductor in the scenario 

(Salem 2009). 
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7.0 FUTURE WORK 

 

The data presented in this thesis has opened a new window in to the repair of 

oxidative DNA damage. Future work could focus on: 

 

1. Investigation of PCNA / DNA polymeraseβ regulation in long-patch DNA repair in 

vitiligo.  

 

2. Since xanthine oxidase appears to be in the nucleus of both epidermal melanocytes 

and keratinocytes, future work could address these questions. 

• What is the purpose of XO in the nucleus? 

• What is its role? 

• Why is the presence of XO in the nucleus of keratinocytes stronger than in 

melanocytes?  

 

3.  Our results showed for the first time that 7BH4 and 7-biopterin are inhibitors of 

XO. Since 6 and 7BH4 have been shown to be present in melanosomes together with 

XO, the possible role for XO in pigmentation needs further investigation.  

 

4.  One major question needs to be answered in future. Why does H2O2/ONOO- 

mediated oxidative stress affect both lesional and non-lesional skin in vitiligo despite 

only the lesional skin is depigmented?  

 

 

 



 215 

8.0 REFERENCES 

 
Abdel-Naser, M. B. (1999). "Differential effects on melanocyte growth and 

melanization of low vs. high calcium keratinocyte-conditioned medium." Br J 
Dermatol 140(1): 50-5. 

 
Abu-Qare, A. W. and M. B. Abou-Donia (2001). "Biomarkers of apoptosis: release of 

cytochrome c, activation of caspase-3, induction of 8-hydroxy-2'-
deoxyguanosine, increased 3-nitrotyrosine, and alteration of p53 gene." J 
Toxicol Environ Health B Crit Rev 4(3): 313-32. 

 
Adelman, R., R. L. Saul and B. N. Ames (1988). "Oxidative damage to DNA: relation 

to species metabolic rate and life span." Proc Natl Acad Sci U S A 85(8): 
2706-8. 

 
Ahmed, N. U., M. Ueda, O. Nikaido, T. Osawa and M. Ichihashi (1999). "High levels 

of 8-hydroxy-2'-deoxyguanosine appear in normal human epidermis after a 
single dose of ultraviolet radiation." Br J Dermatol 140(2): 226-31. 

 
Akiyama, M., H. Maki, M. Sekiguchi and T. Horiuchi (1989). "A specific role of 

MutT protein: to prevent dG.dA mispairing in DNA replication." Proc Natl 
Acad Sci U S A 86(11): 3949-52. 

 
Al-Khalidi, U. A. and T. H. Chaglassian (1965). "The species distribution of xanthine 

oxidase." Biochem J 97(1): 318-20. 
 
Ames, B. N. (1989). "Endogenous DNA damage as related to cancer and aging." 

Mutat Res 214(1): 41-6. 
 
Ames, B. N., R. Cathcart, E. Schwiers and P. Hochstein (1981). "Uric acid provides 

an antioxidant defense in humans against oxidant- and radical-caused aging 
and cancer: a hypothesis." Proc Natl Acad Sci U S A 78(11): 6858-62. 

 
Ancans, J., M. J. Hoogduijn and A. J. Thody (2001). "Melanosomal pH, pink locus 

protein and their roles in melanogenesis." J Invest Dermatol 117(1): 158-9. 
 
Ancans, J. and A. J. Thody (2000). "Activation of melanogenesis by vacuolar type 

H(+)-ATPase inhibitors in amelanotic, tyrosinase positive human and mouse 
melanoma cells." FEBS Lett 478(1-2): 57-60. 

 
Ancans, J., D. J. Tobin, M. J. Hoogduijn, N. P. Smit, K. Wakamatsu and A. J. Thody 

(2001). "Melanosomal pH controls rate of melanogenesis, 
eumelanin/phaeomelanin ratio and melanosome maturation in melanocytes 
and melanoma cells." Exp Cell Res 268(1): 26-35. 

 
Appella, E. and C. W. Anderson (2001). "Post-translational modifications and 

activation of p53 by genotoxic stresses." Eur J Biochem 268(10): 2764-72. 
 



 216 

Aronoff, S. (1965). "Catalase: kinetics of photooxidation." Science 150(692): 72-3. 
 
Bahar, G., R. Feinmesser, T. Shpitzer, A. Popovtzer and R. M. Nagler (2007). 

"Salivary analysis in oral cancer patients: DNA and protein oxidation, reactive 
nitrogen species, and antioxidant profile." Cancer 109(1): 54-9. 

 
Bannister, J. V., W. H. Bannister, H. A. Hill and P. J. Thornalley (1982). "Enhanced 

production of hydroxyl radicals by the xanthine-xanthine oxidase reaction in 
the presence of lactoferrin." Biochim Biophys Acta 715(1): 116-20. 

 
Barral, D. C. and M. C. Seabra (2004). "The melanosome as a model to study 

organelle motility in mammals." Pigment Cell Res 17(2): 111-8. 
 
Barsh, G. S. (2003). "What controls variation in human skin color?" PLoS Biol 1(1): 

E27. 
 
Bates, S. and K. H. Vousden (1996). "p53 in signaling checkpoint arrest or 

apoptosis." Curr Opin Genet Dev 6(1): 12-8. 
 
Bazelon, M., G. M. Fenichel and J. Randall (1967). "Studies on neuromelanin. I. A 

melanin system in the human adult brainstem." Neurology 17(5): 512-9. 
 
Beadling, C., K. W. Johnson and K. A. Smith (1993). "Isolation of interleukin 2-

induced immediate-early genes." Proc Natl Acad Sci U S A 90(7): 2719-23. 
 
Beauchamp, C. and I. Fridovich (1970). "A mechanism for the production of ethylene 

from methional. The generation of the hydroxyl radical by xanthine oxidase." 
J Biol Chem 245(18): 4641-6. 

 
Beazley, W. D., D. Gaze, A. Panske, E. Panzig and K. U. Schallreuter (1999). "Serum 

selenium levels and blood glutathione peroxidase activities in vitiligo." Br J 
Dermatol 141(2): 301-3. 

 
Becker, B. F. (1993). "Towards the physiological function of uric acid." Free Radic 

Biol Med 14(6): 615-31. 
 
Benathan, M., V. Virador, M. Furumura, N. Kobayashi, R. G. Panizzon and V. J. 

Hearing (1999). "Co-regulation of melanin precursors and tyrosinase in human 
pigment cells: roles of cysteine and glutathione." Cell Mol Biol (Noisy-le-
grand) 45(7): 981-90. 

 
Bennett, D. C. and M. L. Lamoreux (2003). "The color loci of mice--a genetic 

century." Pigment Cell Res 16(4): 333-44. 
 
Benzie, I. F., W. Chung and B. Tomlinson (1999). "Simultaneous measurement of 

allantoin and urate in plasma: analytical evaluation and potential clinical 
application in oxidant:antioxidant balance studies." Clin Chem 45(6 Pt 1): 
901-4. 

 



 217 

Bhatnagar, V., S. Anjaiah, N. Puri, B. N. Darshanam and A. Ramaiah (1993). "pH of 
melanosomes of B 16 murine melanoma is acidic: its physiological importance 
in the regulation of melanin biosynthesis." Arch Biochem Biophys 307(1): 
183-92. 

 
Bjelland, S. and E. Seeberg (2003). "Mutagenicity, toxicity and repair of DNA base 

damage induced by oxidation." Mutat Res 531(1-2): 37-80. 
 
Boissy, R. E. and P. Manga (2004). "On the etiology of contact/occupational vitiligo." 

Pigment Cell Res 17(3): 208-14. 
 
Boissy, R. E. and J. J. Nordlund (1997). "Molecular basis of congenital 

hypopigmentary disorders in humans: a review." Pigment Cell Res 10(1-2): 
12-24. 

 
Boiteux, S. (1993). "Properties and biological functions of the NTH and FPG proteins 

of Escherichia coli: two DNA glycosylases that repair oxidative damage in 
DNA." J Photochem Photobiol B 19(2): 87-96. 

 
Boiteux, S. and J. P. Radicella (1999). "Base excision repair of 8-hydroxyguanine 

protects DNA from endogenous oxidative stress." Biochimie 81(1-2): 59-67. 
 
Boiteux, S. and J. P. Radicella (2000). "The human OGG1 gene: structure, functions, 

and its implication in the process of carcinogenesis." Arch Biochem Biophys 
377(1): 1-8. 

 
Boldin, M. P., E. E. Varfolomeev, Z. Pancer, I. L. Mett, J. H. Camonis and D. 

Wallach (1995). "A novel protein that interacts with the death domain of 
Fas/APO1 contains a sequence motif related to the death domain." J Biol 
Chem 270(14): 7795-8. 

 
Bose, S. K. (1994). "Is vitiligo a result of migration of melanocytes due to bad local 

environment?" J Dermatol 21(12): 984. 
 
Bray, R. C. and B. G. Malmstrom (1964). "The chemistry of xanthine oxidase. 12. 

The amino acid composition." Biochem J 93(3): 633-4. 
 
Britigan, B. E., S. Pou, G. M. Rosen, D. M. Lilleg and G. R. Buettner (1990). 

"Hydroxyl radical is not a product of the reaction of xanthine oxidase and 
xanthine. The confounding problem of adventitious iron bound to xanthine 
oxidase." J Biol Chem 265(29): 17533-8. 

 
Bruner, S. D., D. P. Norman and G. L. Verdine (2000). "Structural basis for 

recognition and repair of the endogenous mutagen 8-oxoguanine in DNA." 
Nature 403(6772): 859-66. 

 
Bystryn, J. C. (1997). "Immune mechanisms in vitiligo." Clin Dermatol 15(6): 853-

61. 
 



 218 

Cadenas, E. and H. Sies (1985). "Oxidative stress: excited oxygen species and 
enzyme activity." Adv Enzyme Regul 23: 217-37. 

 
Cadet, J., T. Douki, D. Gasparutto and J. L. Ravanat (2003). "Oxidative damage to 

DNA: formation, measurement and biochemical features." Mutat Res 531(1-
2): 5-23. 

 
Cai, J., J. Yang and D. P. Jones (1998). "Mitochondrial control of apoptosis: the role 

of cytochrome c." Biochim Biophys Acta 1366(1-2): 139-49. 
 
Calanchini-Postizzi, E. and E. Frenk (1987). "Long-term actinic damage in sun-

exposed vitiligo and normally pigmented skin." Dermatologica 174(6): 266-
71. 

 
Carrier, F., M. L. Smith, I. Bae, K. E. Kilpatrick, T. J. Lansing, C. Y. Chen, M. 

Engelstein, S. H. Friend, W. D. Henner, T. M. Gilmer and et al. (1994). 
"Characterization of human Gadd45, a p53-regulated protein." J Biol Chem 
269(51): 32672-7. 

 
Castanet, J. and J. P. Ortonne (1997). "Pathophysiology of vitiligo." Clin Dermatol 

15(6): 845-51. 
 
Chambers, D. E., D. A. Parks, G. Patterson, R. Roy, J. M. McCord, S. Yoshida, L. F. 

Parmley and J. M. Downey (1985). "Xanthine oxidase as a source of free 
radical damage in myocardial ischemia." J Mol Cell Cardiol 17(2): 145-52. 

 
Chao, D. T. and S. J. Korsmeyer (1998). "BCL-2 family: regulators of cell death." 

Annu Rev Immunol 16: 395-419. 
 
Chaudhry, M. A. (2007). "Base excision repair of ionizing radiation-induced DNA 

damage in G1 and G2 cell cycle phases." Cancer Cell Int 7: 15. 
 
Chavan, B., W. Beazley, J. M. Wood, H. Rokos, H. Ichinose and K. U. Schallreuter 

(2009). "H(2)O(2) increases de novo synthesis of (6R)-L-erythro-5,6,7,8-
tetrahydrobiopterin via GTP cyclohydrolase I and its feedback regulatory 
protein in vitiligo." J Inherit Metab Dis 32(1): 86-94. 

 
Chavan, B., J. M. Gillbro, H. Rokos and K. U. Schallreuter (2006). "GTP 

cyclohydrolase feedback regulatory protein controls cofactor 6-
tetrahydrobiopterin synthesis in the cytosol and in the nucleus of epidermal 
keratinocytes and melanocytes." J Invest Dermatol 126(11): 2481-9. 

 
Chedekel, M. R., S. K. Smith, P. W. Post, A. Pokora and D. L. Vessell (1978). 

"Photodestruction of pheomelanin: role of oxygen." Proc Natl Acad Sci U S A 
75(11): 5395-9. 

 
Chen, C. M., Y. R. Wu, M. L. Cheng, J. L. Liu, Y. M. Lee, P. W. Lee, B. W. Soong 

and D. T. Chiu (2007). "Increased oxidative damage and mitochondrial 
abnormalities in the peripheral blood of Huntington's disease patients." 
Biochem Biophys Res Commun 359(2): 335-40. 



 219 

Chen, H. I., S. H. Liou, S. F. Ho, K. Y. Wu, C. W. Sun, M. F. Chen, L. C. Cheng, T. 
S. Shih and C. H. Loh (2007). "Oxidative DNA damage estimated by plasma 
8-hydroxydeoxyguanosine (8-OHdG): influence of 4, 4'-methylenebis (2-
chloroaniline) exposure and smoking." J Occup Health 49(5): 389-98. 

 
Chen, I. T., M. L. Smith, P. M. O'Connor and A. J. Fornace, Jr. (1995). "Direct 

interaction of Gadd45 with PCNA and evidence for competitive interaction of 
Gadd45 and p21Waf1/Cip1 with PCNA." Oncogene 11(10): 1931-7. 

 
Chen, X., L. J. Ko, L. Jayaraman and C. Prives (1996). "p53 levels, functional 

domains, and DNA damage determine the extent of the apoptotic response of 
tumor cells." Genes Dev 10(19): 2438-51. 

 
Cheng, K. C., D. S. Cahill, H. Kasai, S. Nishimura and L. A. Loeb (1992). "8-

Hydroxyguanine, an abundant form of oxidative DNA damage, causes G----T 
and A----C substitutions." J Biol Chem 267(1): 166-72. 

 
Chetsanga, C. J. and T. Lindahl (1979). "Release of 7-methylguanine residues whose 

imidazole rings have been opened from damaged DNA by a DNA glycosylase 
from Escherichia coli." Nucleic Acids Res 6(11): 3673-84. 

 
Choi, E. Y., A. L. Stockert, S. Leimkuhler and R. Hille (2004). "Studies on the 

mechanism of action of xanthine oxidase." J Inorg Biochem 98(5): 841-8. 
 
Christophers, S. and S. Braver (1987). Elementa Dermatologica. 
 
Chung, M. H., H. Kasai, D. S. Jones, H. Inoue, H. Ishikawa, E. Ohtsuka and S. 

Nishimura (1991). "An endonuclease activity of Escherichia coli that 
specifically removes 8-hydroxyguanine residues from DNA." Mutat Res 
254(1): 1-12. 

 
Chung, M. H., H. S. Kim, E. Ohtsuka, H. Kasai, F. Yamamoto and S. Nishimura 

(1991). "An endonuclease activity in human polymorphonuclear neutrophils 
that removes 8-hydroxyguanine residues from DNA+." Biochem Biophys Res 
Commun 178(3): 1472-8. 

 
Colussi, C., E. Parlanti, P. Degan, G. Aquilina, D. Barnes, P. Macpherson, P. Karran, 

M. Crescenzi, E. Dogliotti and M. Bignami (2002). "The mammalian 
mismatch repair pathway removes DNA 8-oxodGMP incorporated from the 
oxidized dNTP pool." Curr Biol 12(11): 912-8. 

 
Cooke, M. S., M. D. Evans, M. Dizdaroglu and J. Lunec (2003). "Oxidative DNA 

damage: mechanisms, mutation, and disease." Faseb J 17(10): 1195-214. 
 
Cramer, S. F. (1991). "The origin of epidermal melanocytes. Implications for the 

histogenesis of nevi and melanomas." Arch Pathol Lab Med 115(2): 115-9. 
 
Cruickshank, C. N. and S. A. Harcourt (1964). "Pigment Donation in Vitro." J Invest 

Dermatol 42: 183-4. 



 220 

Curtius, H. C., C. Alder, I. Rebrin, C. Heizmann and S. Ghisla (1990). "7-substituted 
pterins formation during phenylalanine hydroxylation in the absence of 
dehydratase." Biochem Biophys Res Commun 172: 1060-166. 

 
d'Ischia, M. and G. Prota (1997). "Biosynthesis, structure, and function of 

neuromelanin and its relation to Parkinson's disease: a critical update." 
Pigment Cell Res 10(6): 370-6. 

 
Daubner, S. C., P. J. Hillas and P. F. Fitzpatrick (1997). "Expression and 

characterization of the catalytic domain of human phenylalanine hydroxylase." 
Arch Biochem Biophys 348(2): 295-302. 

 
David, S. S., V. L. O'Shea and S. Kundu (2007). "Base-excision repair of oxidative 

DNA damage." Nature 447(7147): 941-50. 
 
Davis, M. D., P. Ribeiro, J. Tipper and S. Kaufman (1992). ""7-tetrahydrobiopterin," 

a naturally occurring analogue of tetrahydrobiopterin, is a cofactor for and a 
potential inhibitor of the aromatic amino acid hydroxylases." Proc Natl Acad 
Sci U S A 89(21): 10109-13. 

 
Daya-Grosjean, L., N. Dumaz and A. Sarasin (1995). "The specificity of p53 mutation 

spectra in sunlight induced human cancers." J Photochem Photobiol B 28(2): 
115-24. 

 
de Zwart, L. L., J. H. Meerman, J. N. Commandeur and N. P. Vermeulen (1999). 

"Biomarkers of free radical damage applications in experimental animals and 
in humans." Free Radic Biol Med 26(1-2): 202-26. 

 
Dell'Anna, M. L., V. Maresca, S. Briganti, E. Camera, M. Falchi and M. Picardo 

(2001). "Mitochondrial impairment in peripheral blood mononuclear cells 
during the active phase of vitiligo." J Invest Dermatol 117(4): 908-13. 

 
Dell'Anna, M. L., M. Ottaviani, V. Albanesi, A. P. Vidolin, G. Leone, C. Ferraro, A. 

Cossarizza, L. Rossi and M. Picardo (2007). "Membrane lipid alterations as a 
possible basis for melanocyte degeneration in vitiligo." J Invest Dermatol 
127(5): 1226-33. 

 
Dell'Anna, M. L., M. Ottaviani and M. Picardo (2006). "Functional and structural 

index of cellular impairment during vitiligo." J Invest Dermatol 126 Suppl 3: 
Abstract 403. 

 
Dell'anna, M. L. and M. Picardo (2006). "A review and a new hypothesis for non-

immunological pathogenetic mechanisms in vitiligo." Pigment Cell Res 19(5): 
406-11. 

 
Dell'Anna, M. L., S. Urbanelli, A. Mastrofrancesco, E. Camera, P. Iacovelli, G. 

Leone, P. Manini, M. D'Ischia and M. Picardo (2003). "Alterations of 
mitochondria in peripheral blood mononuclear cells of vitiligo patients." 
Pigment Cell Res 16(5): 553-9. 



 221 

Demple, B. and L. Harrison (1994). "Repair of oxidative damage to DNA: 
enzymology and biology." Annu Rev Biochem 63: 915-48. 

 
Dianov, G. L., R. Prasad, S. H. Wilson and V. A. Bohr (1999). "Role of DNA 

polymerase beta in the excision step of long patch mammalian base excision 
repair." J Biol Chem 274(20): 13741-3. 

 
Dianov, G. L., N. Souza-Pinto, S. G. Nyaga, T. Thybo, T. Stevnsner and V. A. Bohr 

(2001). "Base excision repair in nuclear and mitochondrial DNA." Prog 
Nucleic Acid Res Mol Biol 68: 285-97. 

 
Dianova, II, V. A. Bohr and G. L. Dianov (2001). "Interaction of human AP 

endonuclease 1 with flap endonuclease 1 and proliferating cell nuclear antigen 
involved in long-patch base excision repair." Biochemistry 40(42): 12639-44. 

 
Dincer, Y., Y. Erzin, S. Himmetoglu, K. N. Gunes, K. Bal and T. Akcay (2007). 

"Oxidative DNA damage and antioxidant activity in patients with 
inflammatory bowel disease." Dig Dis Sci 52(7): 1636-41. 

 
Dixon, M. (1926). "Studies on Xanthine Oxidase: The Specificity of the System." 

Biochem J 20(4): 703-18. 
 
Dixon, M. and R. Lemberg (1934). "Studies on xanthine oxidase: The oxidation of 

nucleosides." Biochem J 28(6): 2065-79. 
 
Dizdaroglu, M. (2005). "Base-excision repair of oxidative DNA damage by DNA 

glycosylases." Mutat Res 591(1-2): 45-59. 
 
Dogliotti, E., P. Fortini, B. Pascucci and E. Parlanti (2001). "The mechanism of 

switching among multiple BER pathways." Prog Nucleic Acid Res Mol Biol 
68: 3-27. 

 
Dong, Q. Y., Y. Cui, L. Chen, J. Song and L. Sun (2008). "Urinary 8-

hydroxydeoxyguanosine levels in diabetic retinopathy patients." Eur J 
Ophthalmol 18(1): 94-8. 

 
Dunkley, P. R., L. Bobrovskaya, M. E. Graham, E. I. von Nagy-Felsobuki and P. W. 

Dickson (2004). "Tyrosine hydroxylase phosphorylation: regulation and 
consequences." J Neurochem 91(5): 1025-43. 

 
el-Deiry, W. S. (1998). "Regulation of p53 downstream genes." Semin Cancer Biol 

8(5): 345-57. 
 
el-Deiry, W. S., J. W. Harper, P. M. O'Connor, V. E. Velculescu, C. E. Canman, J. 

Jackman, J. A. Pietenpol, M. Burrell, D. E. Hill, Y. Wang and et al. (1994). 
"WAF1/CIP1 is induced in p53-mediated G1 arrest and apoptosis." Cancer 
Res 54(5): 1169-74. 

 
Elias, P. M. (2005). "Stratum corneum defensive functions: an integrated view." J 

Invest Dermatol 125(2): 183-200. 



 222 

Ellenbogen, L., R. J. Taylor, Jr. and G. B. Brundage (1965). "On the role of pteridines 
as cofactors for tyrosine hydroxylase." Biochem Biophys Res Commun 19(6): 
708-15. 

 
Eller, M. S. and B. A. Gilchrest (2000). "Tanning as part of the eukaryotic SOS 

response." Pigment Cell Res 13 Suppl 8: 94-7. 
 
Enroth, C., B. T. Eger, K. Okamoto, T. Nishino, T. Nishino and E. F. Pai (2000). 

"Crystal structures of bovine milk xanthine dehydrogenase and xanthine 
oxidase: structure-based mechanism of conversion." Proc Natl Acad Sci U S A 
97(20): 10723-8. 

 
Esterbauer, H., M. Dieber-Rotheneder, G. Waeg, H. Puhl and F. Tatzber (1990). 

"Endogenous antioxidants and lipoprotein oxidation." Biochem Soc Trans 
18(6): 1059-61. 

 
Esterbauer, H., P. Eckl and A. Ortner (1990). "Possible mutagens derived from lipids 

and lipid precursors." Mutat Res 238(3): 223-33. 
 
Fayolle, C., J. Pourchet, A. Cohen, R. Pedeux, A. Puisieux, C. C. de Fromentel, J. F. 

Dore and T. Voeltzel (2006). "UVB-induced G2 arrest of human melanocytes 
involves Cdc2 sequestration by Gadd45a in nuclear speckles." Cell Cycle 
5(16): 1859-64. 

 
Fayolle, C., J. Pourchet, C. C. de Fromentel, A. Puisieux, J. F. Dore and T. Voeltzel 

(2008). "Gadd45a activation protects melanoma cells from ultraviolet B-
induced apoptosis." J Invest Dermatol 128(1): 196-202. 

 
Finucane, D. M., E. Bossy-Wetzel, N. J. Waterhouse, T. G. Cotter and D. R. Green 

(1999). "Bax-induced caspase activation and apoptosis via cytochrome c 
release from mitochondria is inhibitable by Bcl-xL." J Biol Chem 274(4): 
2225-33. 

 
Fitzpatrick, P. F. (1999). "Tetrahydropterin-dependent amino acid hydroxylases." 

Annu Rev Biochem 68: 355-81. 
 
Fitzpatrick, T. B. (1965). "Mammalian melanin biosynthesis." Trans St Johns Hosp 

Dermatol Soc 51(1): 1-26. 
 
Fitzpatrick, T. B. (1988). "The validity and practicality of sun-reactive skin types I 

through VI." Arch Dermatol 124(6): 869-71. 
 
Fitzpatrick, T. B., S. W. Becker, Jr., A. B. Lerner and H. Montgomery (1950). 

"Tyrosinase in human skin: demonstration of its presence and of its role in 
human melanin formation." Science 112(2904): 223-5. 

 
Fitzpatrick, T. B. and A. S. Breathnach (1963). "[the Epidermal Melanin Unit 

System.]." Dermatol Wochenschr 147: 481-9. 
 



 223 

Fitzpatrick, T. B. and A. B. Lerner (1954). "Biochemical basis of human melanin 
pigmentation." AMA Arch Derm Syphilol 69(2): 133-49. 

 
Fitzpatrick, T. B., M. Miyamoto and K. Ishikawa (1967). "The evolution of concepts 

of melanin biology." Arch Dermatol 96(3): 305-23. 
 
Fitzpatrick, T. B., M. Seiji and G. A. Mc (1961). "Melanin pigmentation." N Engl J 

Med 265: 430-4 concl. 
 
Floyd, R. A. (1990). "The role of 8-hydroxyguanine in carcinogenesis." 

Carcinogenesis 11(9): 1447-50. 
 
Fornace, A. J., Jr., I. Alamo, Jr. and M. C. Hollander (1988). "DNA damage-inducible 

transcripts in mammalian cells." Proc Natl Acad Sci U S A 85(23): 8800-4. 
 
Fornace, A. J., Jr., J. Jackman, M. C. Hollander, B. Hoffman-Liebermann and D. A. 

Liebermann (1992). "Genotoxic-stress-response genes and growth-arrest 
genes. gadd, MyD, and other genes induced by treatments eliciting growth 
arrest." Ann N Y Acad Sci 663: 139-53. 

 
Fornace, A. J., Jr., D. W. Nebert, M. C. Hollander, J. D. Luethy, M. Papathanasiou, J. 

Fargnoli and N. J. Holbrook (1989). "Mammalian genes coordinately 
regulated by growth arrest signals and DNA-damaging agents." Mol Cell Biol 
9(10): 4196-203. 

 
Fortini, P., E. Parlanti, O. M. Sidorkina, J. Laval and E. Dogliotti (1999). "The type of 

DNA glycosylase determines the base excision repair pathway in mammalian 
cells." J Biol Chem 274(21): 15230-6. 

 
Fortini, P., B. Pascucci, E. Parlanti, M. D'Errico, V. Simonelli and E. Dogliotti 

(2003). "8-Oxoguanine DNA damage: at the crossroad of alternative repair 
pathways." Mutat Res 531(1-2): 127-39. 

 
Fraga, C. G., M. K. Shigenaga, J. W. Park, P. Degan and B. N. Ames (1990). 

"Oxidative damage to DNA during aging: 8-hydroxy-2'-deoxyguanosine in rat 
organ DNA and urine." Proc Natl Acad Sci U S A 87(12): 4533-7. 

 
Friedberg, E. C. (2003). "DNA damage and repair." Nature 421(6921): 436-40. 
 
Friedberg, E. C., A. Aguilera, M. Gellert, P. C. Hanawalt, J. B. Hays, A. R. Lehmann, 

T. Lindahl, N. Lowndes, A. Sarasin and R. D. Wood (2006). "DNA repair: 
from molecular mechanism to human disease." DNA Repair (Amst) 5(8): 986-
96. 

 
Fromme, J. C. and G. L. Verdine (2004). "Base excision repair." Adv Protein Chem 

69: 1-41. 
 
Frosina, G., P. Fortini, O. Rossi, F. Carrozzino, G. Raspaglio, L. S. Cox, D. P. Lane, 

A. Abbondandolo and E. Dogliotti (1996). "Two pathways for base excision 
repair in mammalian cells." J Biol Chem 271(16): 9573-8. 



 224 

Fukuda, M., H. Yamauchi, H. Yamamoto, M. Aminaka, H. Murakami, N. Kamiyama, 
Y. Miyamoto and Y. Koitabashi (2008). "The evaluation of oxidative DNA 
damage in children with brain damage using 8-hydroxydeoxyguanosine 
levels." Brain Dev 30(2): 131-6. 

 
Garattini, E., R. Mendel, M. J. Romao, R. Wright and M. Terao (2003). "Mammalian 

molybdo-flavoenzymes, an expanding family of proteins: structure, genetics, 
regulation, function and pathophysiology." Biochem J 372(Pt 1): 15-32. 

 
Garcia, R. I., E. A. Flynn and G. Szabo (1983). "Autophagocytosis of melanosomes in 

cultured embryonic retinal pigment cells." Experientia 39(4): 391-2. 
 
Gartner, L. P. a. H., James L. (2001). Color textbook of Histology, W.B. Saunders 

company. 
 
Gauthier, Y., M. Cario Andre and A. Taieb (2003). "A critical appraisal of vitiligo 

etiologic theories. Is melanocyte loss a melanocytorrhagy?" Pigment Cell Res 
16(4): 322-32. 

 
George, S. K., M. T. Dipu, U. R. Mehra, P. Singh, A. K. Verma and J. S. Ramgaokar 

(2006). "Improved HPLC method for the simultaneous determination of 
allantoin, uric acid and creatinine in cattle urine." J Chromatogr B Analyt 
Technol Biomed Life Sci 832(1): 134-7. 

 
Giaccia, A. J. and M. B. Kastan (1998). "The complexity of p53 modulation: 

emerging patterns from divergent signals." Genes Dev 12(19): 2973-83. 
Gillbro, J. M., L. K. Marles, N. A. Hibberts and K. U. Schallreuter (2004). "Autocrine 

catecholamine biosynthesis and the beta-adrenoceptor signal promote 
pigmentation in human epidermal melanocytes." J Invest Dermatol 123(2): 
346-53. 

 
Glantzounis, G. K., E. C. Tsimoyiannis, A. M. Kappas and D. A. Galaris (2005). 

"Uric acid and oxidative stress." Curr Pharm Des 11(32): 4145-51. 
 
Goldstein, S. and G. Czapski (1986). "The role and mechanism of metal ions and their 

complexes in enhancing damage in biological systems or in protecting these 
systems from the toxicity of O2." J Free Radic Biol Med 2(1): 3-11. 

 
Granger, D. N. and D. A. Parks (1983). "Role of oxygen radicals in the pathogenesis 

of intestinal ischemia." Physiologist 26(3): 159-64. 
 
Granger, D. N., G. Rutili and J. M. McCord (1981). "Superoxide radicals in feline 

intestinal ischemia." Gastroenterology 81(1): 22-9. 
 
Green, D. E. (1934). "Studies of reversible dehydrogenase systems: The reversibility 

of the xanthine oxidase system." Biochem J 28(4): 1550-60. 
 
Grollman, A. P. and M. Moriya (1993). "Mutagenesis by 8-oxoguanine: an enemy 

within." Trends Genet 9(7): 246-9. 



 225 

Grootveld, M. and B. Halliwell (1987). "Measurement of allantoin and uric acid in 
human body fluids. A potential index of free-radical reactions in vivo?" 
Biochem J 243(3): 803-8. 

 
Gros, L., M. K. Saparbaev and J. Laval (2002). "Enzymology of the repair of free 

radicals-induced DNA damage." Oncogene 21(58): 8905-25. 
 
Gutteridge, J. M. and B. Halliwell (2000). "Free radicals and antioxidants in the year 

2000. A historical look to the future." Ann N Y Acad Sci 899: 136-47. 
 
Guyton, K. Z., Q. Xu and N. J. Holbrook (1996). "Induction of the mammalian stress 

response gene GADD153 by oxidative stress: role of AP-1 element." Biochem 
J 314 ( Pt 2): 547-54. 

 
Haber, F. and J. Weiss (1932). "On the catalysis of hydroperoxide." 

Naturwissenschaften 20: 948–950. 
 
Hadley, M. E. and W. C. Quevedo, Jr. (1966). "Vertebrate epidermal melanin unit." 

Nature 209(5030): 1334-5. 
 
Hall, P. A., J. M. Kearsey, P. J. Coates, D. G. Norman, E. Warbrick and L. S. Cox 

(1995). "Characterisation of the interaction between PCNA and Gadd45." 
Oncogene 10(12): 2427-33. 

 
Halliwell, B. (1989). "Free radicals, reactive oxygen species and human disease: a 

critical evaluation with special reference to atherosclerosis." Br J Exp Pathol 
70(6): 737-57. 

 
Halliwell, B. and J. M. C. Gutteridge (1989). Free Radicals in Biology and Medicine. 

New York, Oxford University Press. 
 
Happold, F. C. and H. S. Raper (1925). "The Tyrosinase-Tyrosine Reaction. III: The 

Supposed Deaminising Action of Tyrosinase on Amino Acids." Biochem J 
19(1): 92-100. 

 
Harkin, D. P., J. M. Bean, D. Miklos, Y. H. Song, V. B. Truong, C. Englert, F. C. 

Christians, L. W. Ellisen, S. Maheswaran, J. D. Oliner and D. A. Haber 
(1999). "Induction of GADD45 and JNK/SAPK-dependent apoptosis 
following inducible expression of BRCA1." Cell 97(5): 575-86. 

 
Harris, C. C. (1996). "Structure and function of the p53 tumor suppressor gene: clues 

for rational cancer therapeutic strategies." J Natl Cancer Inst 88(20): 1442-55. 
 
Harris, S. S., E. Soteriades, J. A. Coolidge, S. Mudgal and B. Dawson-Hughes (2000). 

"Vitamin D insufficiency and hyperparathyroidism in a low income, 
multiracial, elderly population." J Clin Endocrinol Metab 85(11): 4125-30. 

 
Hasse, S., N. C. Gibbons, H. Rokos, L. K. Marles and K. U. Schallreuter (2004). 

"Perturbed 6-tetrahydrobiopterin recycling via decreased dihydropteridine 



 226 

reductase in vitiligo: more evidence for H2O2 stress." J Invest Dermatol 
122(2): 307-13. 

Hasse, S., S. Kothari, H. Rokos, S. Kauser, N. Y. Schürer and K. U. Schallreuter 
(2005). "In vivo and in vitro evidence for autocrine DCoH/HNF-1alpha 
transcription of albumin in the human epidermis." Exp Dermatol 14(3): 182-7. 

 
Hattori-Nakakuki, Y., C. Nishigori, K. Okamoto, S. Imamura, H. Hiai and S. 

Toyokuni (1994). "Formation of 8-hydroxy-2'-deoxyguanosine in epidermis of 
hairless mice exposed to near-UV." Biochem Biophys Res Commun 201(3): 
1132-9. 

 
Hattori, Y., C. Nishigori, T. Tanaka, K. Uchida, O. Nikaido, T. Osawa, H. Hiai, S. 

Imamura and S. Toyokuni (1996). "8-hydroxy-2'-deoxyguanosine is increased 
in epidermal cells of hairless mice after chronic ultraviolet B exposure." J 
Invest Dermatol 107(5): 733-7. 

 
Hazra, T. K., A. Das, S. Das, S. Choudhury, Y. W. Kow and R. Roy (2007). 

"Oxidative DNA damage repair in mammalian cells: a new perspective." DNA 
Repair (Amst) 6(4): 470-80. 

 
Hearing, V. J. and T. M. Ekel (1976). "Mammalian tyrosinase. A comparison of 

tyrosine hydroxylation and melanin formation." Biochem J 157(3): 549-57. 
 
Helbock, H. J., K. B. Beckman and B. N. Ames (1999). "8-Hydroxydeoxyguanosine 

and 8-hydroxyguanine as biomarkers of oxidative DNA damage." Methods 
Enzymol 300: 156-66. 

 
Hill, H. Z. (1992). "The function of melanin or six blind people examine an elephant." 

Bioessays 14(1): 49-56. 
 
Hille, R. (1991). "Electron transfer within xanthine oxidase: a solvent kinetic isotope 

effect study." Biochemistry 30(35): 8522-9. 
 
Hille, R. (1994). "The reaction mechanism of oxomolybdenum enzymes." Biochim 

Biophys Acta 1184(2-3): 143-69. 
 
Hille, R. (1996). "The Mononuclear Molybdenum Enzymes." Chem Rev 96(7): 2757-

2816. 
 
Hille, R. (2002). "Molybdenum and tungsten in biology." Trends Biochem Sci 27(7): 

360-7. 
 
Hille, R. (2005). "Molybdenum-containing hydroxylases." Arch Biochem Biophys 

433(1): 107-16. 
 
Hille, R. and R. F. Anderson (1991). "Electron transfer in milk xanthine oxidase as 

studied by pulse radiolysis." J Biol Chem 266(9): 5608-15. 
 
Hille, R. and R. F. Anderson (2001). "Coupled electron/proton transfer in complex 

flavoproteins: solvent kinetic isotope effect studies of electron transfer in 



 227 

xanthine oxidase and trimethylamine dehydrogenase." J Biol Chem 276(33): 
31193-201. 

Hille, R., J. H. Kim and C. Hemann (1993). "Reductive half-reaction of xanthine 
oxidase: mechanistic role of the species giving rise to the "rapid type 1" 
molybdenum(V) electron paramagnetic resonance signal." Biochemistry 
32(15): 3973-80. 

 
Hille, R. and V. Massey (1981). "Studies on the oxidative half-reaction of xanthine 

oxidase." J Biol Chem 256(17): 9090-5. 
 
Hille, R. and V. Massey (1986). "The equilibration of reducing equivalents within 

milk xanthine oxidase." J Biol Chem 261(3): 1241-7. 
 
Hille, R. and V. Massey (1991). "The kinetic behavior of xanthine oxidase containing 

chemically modified flavins." J Biol Chem 266(26): 17401-8. 
 
Hille, R. and T. Nishino (1995). "Flavoprotein structure and mechanism. 4. Xanthine 

oxidase and xanthine dehydrogenase." Faseb J 9(11): 995-1003. 
 
Hille, R. and H. Sprecher (1987). "On the mechanism of action of xanthine oxidase. 

Evidence in support of an oxo transfer mechanism in the molybdenum-
containing hydroxylases." J Biol Chem 262(23): 10914-7. 

 
Hirobe, T. (2005). "Role of keratinocyte-derived factors involved in regulating the 

proliferation and differentiation of mammalian epidermal melanocytes." 
Pigment Cell Res 18(1): 2-12. 

 
Hofstee, B. H. (1949). "Inhibition of the enzymic oxidation of xanthine and 

xanthopterin by pteridines." J Biol Chem 179(2): 633-43. 
 
Holbrook, K. A. and K. Wolff (1993). The structure and development of skin. 

Dermatology in General Medicine. P. F. Fitzpatrick, A. Z. Eisen, K. Wolff, I. 
M. Freedberg and K. F. Austen, McGraw Hill. 1: 97-145. 

 
Hollander, M. C., I. Alamo, J. Jackman, M. G. Wang, O. W. McBride and A. J. 

Fornace, Jr. (1993). "Analysis of the mammalian gadd45 gene and its response 
to DNA damage." J Biol Chem 268(32): 24385-93. 

 
Honda, M., Y. Yamada, M. Tomonaga, H. Ichinose and S. Kamihira (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." Leuk Res 24(6): 461-8. 

 
Hooper, D. C., S. Spitsin, R. B. Kean, J. M. Champion, G. M. Dickson, I. Chaudhry 

and H. Koprowski (1998). "Uric acid, a natural scavenger of peroxynitrite, in 
experimental allergic encephalomyelitis and multiple sclerosis." Proc Natl 
Acad Sci U S A 95(2): 675-80. 

 
Hopkins, F. G. (1920). "Note on the Vitamine Content of Milk." Biochem J 14(6): 

721-4. 



 228 

Horecker, B. L. and L. A. Heppel (1949). "The reduction of cytochrome c by xanthine 
oxidase." J Biol Chem 178(2): 683-90. 

 
Huang, C. L., J. J. Nordlund and R. Boissy (2002). "Vitiligo: a manifestation of 

apoptosis?" Am J Clin Dermatol 3(5): 301-8. 
 
Huber, R., P. Hof, R. O. Duarte, J. J. Moura, I. Moura, M. Y. Liu, J. LeGall, R. Hille, 

M. Archer and M. J. Romao (1996). "A structure-based catalytic mechanism 
for the xanthine oxidase family of molybdenum enzymes." Proc Natl Acad Sci 
U S A 93(17): 8846-51. 

 
Hussain, S. P. and C. C. Harris (1998). "Molecular epidemiology of human cancer: 

contribution of mutation spectra studies of tumor suppressor genes." Cancer 
Res 58(18): 4023-37. 

 
Hussain, S. P., L. J. Hofseth and C. C. Harris (2003). "Radical causes of cancer." Nat 

Rev Cancer 3(4): 276-85. 
 
Ichida, K., Y. Amaya, K. Noda, S. Minoshima, T. Hosoya, O. Sakai, N. Shimizu and 

T. Nishino (1993). "Cloning of the cDNA encoding human xanthine 
dehydrogenase (oxidase): structural analysis of the protein and chromosomal 
location of the gene." Gene 133(2): 279-84. 

 
Ichihashi, M., M. Ueda, A. Budiyanto, T. Bito, M. Oka, M. Fukunaga, K. Tsuru and 

T. Horikawa (2003). "UV-induced skin damage." Toxicology 189(1-2): 21-39. 
 
Im, M. J., W. H. Shen, C. J. Pak, P. N. Manson, G. B. Bulkley and J. E. Hoopes 

(1984). "Effect of allopurinol on the survival of hyperemic island skin flaps." 
Plast Reconstr Surg 73(2): 276-8. 

 
Imokawa, G. (2004). "Autocrine and paracrine regulation of melanocytes in human 

skin and in pigmentary disorders." Pigment Cell Res 17(2): 96-110. 
 
Imokawa, G., Y. Yada, M. Kimura and N. Morisaki (1996). 

"Granulocyte/macrophage colony-stimulating factor is an intrinsic 
keratinocyte-derived growth factor for human melanocytes in UVA-induced 
melanosis." Biochem J 313 ( Pt 2): 625-31. 

 
Imokawa, G., Y. Yada and M. Miyagishi (1992). "Endothelins secreted from human 

keratinocytes are intrinsic mitogens for human melanocytes." J Biol Chem 
267(34): 24675-80. 

 
Iozumi, K., G. E. Hoganson, R. Pennella, M. A. Everett and B. B. Fuller (1993). 

"Role of tyrosinase as the determinant of pigmentation in cultured human 
melanocytes." J Invest Dermatol 100(6): 806-11. 

 
Isaka, S. (1952). "Inhibitory effect of xanthopterin upon the formation of melanin in 

vitro." Nature 169(4289): 74-5. 
 



 229 

Ishizakai, M., K. Yoshida, N. Nishimoto, A. M. Saleh, C. Ishii, H. Handa, H. 
Ogawara, T. Nagamine, M. Murakami and H. Murakami (2004). "[Urinary 8-
hydroxy-2'-deoxyguanosin (8-OHdG) in patients with chronic liver diseases]." 
Rinsho Byori 52(9): 732-6. 

 
Ito, A., M. Shinkai, K. Hakamada, H. Honda and T. Kobayashi (2001). "Radiation-

inducible TNF-alpha gene expression under stress-inducible promoter gadd 
153 for cancer therapy." J Biosci Bioeng 92(6): 598-601. 

 
Ito, S. (2003). "The IFPCS presidential lecture: a chemist's view of melanogenesis." 

Pigment Cell Res 16(3): 230-6. 
 
Iwata, M., T. Corn, S. Iwata, M. A. Everett and B. B. Fuller (1990). "The relationship 

between tyrosinase activity and skin color in human foreskins." J Invest 
Dermatol 95(1): 9-15. 

 
Jablonski, N. G. and G. Chaplin (2000). "The evolution of human skin coloration." J 

Hum Evol 39(1): 57-106. 
 
Jiang, H. and X. J. Zhang (2008). "Acetylcholinesterase and apoptosis. A novel 

perspective for an old enzyme." Febs J 275(4): 612-7. 
 
Jimbow, K., S. K. Lee, M. G. King, H. Hara, H. Chen, J. Dakour and H. Marusyk 

(1993). "Melanin pigments and melanosomal proteins as differentiation 
markers unique to normal and neoplastic melanocytes." J Invest Dermatol 
100(3): 259S-268S. 

 
Jin, S., F. Fan, W. Fan, H. Zhao, T. Tong, P. Blanck, I. Alomo, B. Rajasekaran and Q. 

Zhan (2001). "Transcription factors Oct-1 and NF-YA regulate the p53-
independent induction of the GADD45 following DNA damage." Oncogene 
20(21): 2683-90. 

 
Johnson, T. M., Z. X. Yu, V. J. Ferrans, R. A. Lowenstein and T. Finkel (1996). 

"Reactive oxygen species are downstream mediators of p53-dependent 
apoptosis." Proc Natl Acad Sci U S A 93(21): 11848-52. 

 
Kachnic, L. A., B. Wu, H. Wunsch, K. L. Mekeel, J. S. DeFrank, W. Tang and S. N. 

Powell (1999). "The ability of p53 to activate downstream genes 
p21(WAF1/cip1) and MDM2, and cell cycle arrest following DNA damage is 
delayed and attenuated in scid cells deficient in the DNA-dependent protein 
kinase." J Biol Chem 274(19): 13111-7. 

 
Kadekaro, A. L., R. J. Kavanagh, K. Wakamatsu, S. Ito, M. A. Pipitone and Z. A. 

Abdel-Malek (2003). "Cutaneous photobiology. The melanocyte vs. the sun: 
who will win the final round?" Pigment Cell Res 16(5): 434-47. 

 
Kaidbey, K. H. and A. M. Kligman (1978). "Sunburn protection by longwave 

ultraviolet radiation-induced pigmentation." Arch Dermatol 114(1): 46-8. 
 



 230 

Kalb, V. F., Jr. and R. W. Bernlohr (1977). "A new spectrophotometric assay for 
protein in cell extracts." Anal Biochem 82(2): 362-71. 

 
Kalckar, H. M., N. O. Kjeldgaard and H. Klenow (1948). "Inhibition of xanthine 

oxidase and related enzymes by 6-pteridyl aldehyde." J. Biol. Chem 174(2): 
771-772. 

 
Kalckar, H. M., N. O. Kjeldgaard and H. Klenow (1950). "2-Amino-4hydroxy-6-

formylpteridine, an inhibitor of purine and pterine oxidases." Biochim 
Biophys Acta 5(3/4): 586-94. 

 
Kalckar, H. M. and H. Klenow (1948). "Milk xanthopterin oxidase and 

pteroylglutamic acid " J. Biol. Chem 172(1): 351-352. 
 
Kasai, H. (1997). "Analysis of a form of oxidative DNA damage, 8-hydroxy-2'-

deoxyguanosine, as a marker of cellular oxidative stress during 
carcinogenesis." Mutat Res 387(3): 147-63. 

 
Kasai, H. (2002). "Chemistry-based studies on oxidative DNA damage: formation, 

repair, and mutagenesis." Free Radic Biol Med 33(4): 450-6. 
 
Kasai, H., P. F. Crain, Y. Kuchino, S. Nishimura, A. Ootsuyama and H. Tanooka 

(1986). "Formation of 8-hydroxyguanine moiety in cellular DNA by agents 
producing oxygen radicals and evidence for its repair." Carcinogenesis 7(11): 
1849-51. 

 
Kasai, H. and S. Nishimura (1984). "DNA damage induced by asbestos in the 

presence of hydrogen peroxide." Gann 75(10): 841-4. 
 
Kasai, H. and S. Nishimura (1984). "Hydroxylation of deoxyguanosine at the C-8 

position by ascorbic acid and other reducing agents." Nucleic Acids Res 12(4): 
2137-45. 

 
Kastan, M. B., O. Onyekwere, D. Sidransky, B. Vogelstein and R. W. Craig (1991). 

"Participation of p53 protein in the cellular response to DNA damage." Cancer 
Res 51(23 Pt 1): 6304-11. 

 
Kastan, M. B., Q. Zhan, W. S. el-Deiry, F. Carrier, T. Jacks, W. V. Walsh, B. S. 

Plunkett, B. Vogelstein and A. J. Fornace, Jr. (1992). "A mammalian cell 
cycle checkpoint pathway utilizing p53 and GADD45 is defective in ataxia-
telangiectasia." Cell 71(4): 587-97. 

 
Kaufman, S. (1957). "The enzymatic conversion of phenylalanine to tyrosine." J Biol 

Chem 226(1): 511-24. 
 
Kaufman, S. (1958). "A new cofactor required for the enzymatic conversion of 

phenylalanine to tyrosine." J Biol Chem 230(2): 931-9. 
 
Kaufman, S. (1959). "Studies on the mechanism of the enzymatic conversion of 

phenylalanine to tyrosine." J Biol Chem 234: 2677-82. 



 231 

Kaufman, S. (1997). Tetrahydrobiopterin: Basic Biochemistry and Role in Human 
Disease. Baltimore, USA, John Hopkins University Press. 

 
Kaufman, S. and B. Levenberg (1959). "Further studies on the phenylalanine-

hydroxylation cofactor." J Biol Chem 234: 2683-8. 
 
Kaur, H. and B. Halliwell (1990). "Action of biologically-relevant oxidizing species 

upon uric acid. Identification of uric acid oxidation products." Chem Biol 
Interact 73(2-3): 235-47. 

 
Kean, R. B., S. V. Spitsin, T. Mikheeva, G. S. Scott and D. C. Hooper (2000). "The 

peroxynitrite scavenger uric acid prevents inflammatory cell invasion into the 
central nervous system in experimental allergic encephalomyelitis through 
maintenance of blood-central nervous system barrier integrity." J Immunol 
165(11): 6511-8. 

 
Kearsey, J. M., P. J. Coates, A. R. Prescott, E. Warbrick and P. A. Hall (1995). 

"Gadd45 is a nuclear cell cycle regulated protein which interacts with 
p21Cip1." Oncogene 11(9): 1675-83. 

 
Kearsey, J. M., M. K. Shivji, P. A. Hall and R. D. Wood (1995). "Does the p53 up-

regulated Gadd45 protein have a role in excision repair?" Science 270(5238): 
1004-5; author reply 1005-6. 

 
Kemp, E. H., E. A. Waterman, B. E. Hawes, K. O'Neill, R. V. Gottumukkala, D. J. 

Gawkrodger, A. P. Weetman and P. F. Watson (2002). "The melanin-
concentrating hormone receptor 1, a novel target of autoantibody responses in 
vitiligo." J Clin Invest 109(7): 923-30. 

 
Kemp, E. H., E. A. Waterman and A. P. Weetman (2001). "Autoimmune aspects of 

vitiligo." Autoimmunity 34(1): 65-77. 
 
Kemp, E. H., E. A. Waterman and A. P. Weetman (2001). "Immunological 

pathomechanisms in vitiligo." Expert Rev Mol Med 2001: 1-22. 
 
Kiistala, U. (1968). "Suction blister device for separation of viable epidermis from 

dermis." J Invest Dermatol 50(2): 129-37. 
 
Kim, J. H. and R. Hille (1993). "Reductive half-reaction of xanthine oxidase with 

xanthine. Observation of a spectral intermediate attributable to the 
molybdenum center in the reaction of enzyme with xanthine." J Biol Chem 
268(1): 44-51. 

 
Kim, J. H., M. G. Ryan, H. Knaut and R. Hille (1996). "The reductive half-reaction of 

xanthine oxidase. The involvement of prototropic equilibria in the course of 
the catalytic sequence." J Biol Chem 271(12): 6771-80. 

 
Kinoshita, A., H. Wanibuchi, S. Imaoka, M. Ogawa, C. Masuda, K. Morimura, Y. 

Funae and S. Fukushima (2002). "Formation of 8-hydroxydeoxyguanosine and 
cell-cycle arrest in the rat liver via generation of oxidative stress by 



 232 

phenobarbital: association with expression profiles of p21(WAF1/Cip1), 
cyclin D1 and Ogg1." Carcinogenesis 23(2): 341-9. 

 
Kinoshita, A., H. Wanibuchi, M. Wei, T. Yunoki and S. Fukushima (2007). 

"Elevation of 8-hydroxydeoxyguanosine and cell proliferation via generation 
of oxidative stress by organic arsenicals contributes to their carcinogenicity in 
the rat liver and bladder." Toxicol Appl Pharmacol 221(3): 295-305. 

 
Kisker, C., H. Schindelin, D. Baas, J. Retey, R. U. Meckenstock and P. M. Kroneck 

(1998). "A structural comparison of molybdenum cofactor-containing 
enzymes." FEMS Microbiol Rev 22(5): 503-21. 

 
Kisker, C., H. Schindelin and D. C. Rees (1997). "Molybdenum-cofactor-containing 

enzymes: structure and mechanism." Annu Rev Biochem 66: 233-67. 
 
Klaus, S. N. (1969). "Pigment transfer in mammalian epidermis." Arch Dermatol 

100(6): 756-62. 
 
Klungland, A. and T. Lindahl (1997). "Second pathway for completion of human 

DNA base excision-repair: reconstitution with purified proteins and 
requirement for DNase IV (FEN1)." Embo J 16(11): 3341-8. 

 
Ko, L. J. and C. Prives (1996). "p53: puzzle and paradigm." Genes Dev 10(9): 1054-

72. 
 
Koch, P. J. and D. R. Roop (2004). "The role of keratins in epidermal development 

and homeostasis--going beyond the obvious." J Invest Dermatol 123(5): x-xi. 
 
Komai, H., V. Massey and G. Palmer (1969). "The preparation and properties of 

deflavo xanthine oxidase." J Biol Chem 244(7): 1692-700. 
 
Korner, A. and J. Pawelek (1982). "Mammalian tyrosinase catalyzes three reactions in 

the biosynthesis of melanin." Science 217(4565): 1163-5. 
 
Korytowski, W., B. Kalyanaraman, I. A. Menon, T. Sarna and R. C. Sealy (1986). 

"Reaction of superoxide anions with melanins: electron spin resonance and 
spin trapping studies." Biochim Biophys Acta 882(2): 145-53. 

 
Kroemer, G. (1997). "The proto-oncogene Bcl-2 and its role in regulating apoptosis." 

Nat Med 3(6): 614-20. 
 
Ku, Y. P., M. Jin, K. H. Kim, Y. J. Ahn, S. P. Yoon, H. J. You and I. Y. Chang 

(2008). "Immunolocalization of 8-OHdG and OGG1 in pancreatic islets of 
streptozotocin-induced diabetic rats." Acta Histochem. 

 
Kubota, Y., R. A. Nash, A. Klungland, P. Schar, D. E. Barnes and T. Lindahl (1996). 

"Reconstitution of DNA base excision-repair with purified human proteins: 
interaction between DNA polymerase beta and the XRCC1 protein." Embo J 
15(23): 6662-70. 



 233 

Kuida, K., T. S. Zheng, S. Na, C. Kuan, D. Yang, H. Karasuyama, P. Rakic and R. A. 
Flavell (1996). "Decreased apoptosis in the brain and premature lethality in 
CPP32-deficient mice." Nature 384(6607): 368-72. 

 
Kuwabara, Y., T. Nishino, K. Okamoto, T. Matsumura, B. T. Eger, E. F. Pai and T. 

Nishino (2003). "Unique amino acids cluster for switching from the 
dehydrogenase to oxidase form of xanthine oxidoreductase." Proc Natl Acad 
Sci U S A 100(14): 8170-5. 

 
Landmesser, U., S. Dikalov, S. R. Price, L. McCann, T. Fukai, S. M. Holland, W. E. 

Mitch and D. G. Harrison (2003). "Oxidation of tetrahydrobiopterin leads to 
uncoupling of endothelial cell nitric oxide synthase in hypertension." J Clin 
Invest 111(8): 1201-9. 

 
Le Page, F., A. Margot, A. P. Grollman, A. Sarasin and A. Gentil (1995). 

"Mutagenicity of a unique 8-oxoguanine in a human Ha-ras sequence in 
mammalian cells." Carcinogenesis 16(11): 2779-84. 

 
Le Pape, E., K. Wakamatsu, S. Ito, R. Wolber and V. J. Hearing (2008). "Regulation 

of eumelanin/pheomelanin synthesis and visible pigmentation in melanocytes 
by ligands of the melanocortin 1 receptor." Pigment Cell Melanoma Res 
21(4): 477-86. 

 
Le Poole, C. and R. E. Boissy (1997). "Vitiligo." Semin Cutan Med Surg 16(1): 3-14. 
 
Lerner, A. B. (1959). "Vitiligo." J Invest Dermatol 32(2, Part 2): 285-310. 
 
Lerner, A. B. and T. B. Fitzpatrick (1950). "Biochemistry of melanin formation." 

Physiol Rev 30(1): 91-126. 
 
Lerner, A. B., T. B. Fitzpatrick, E. Calkins and W. H. Summerson (1948). 

"Mammalian Tyrosinase: Preparation and Properties." J Biol Chem 178: 185-
195. 

 
Lerner, A. B., T. B. Fitzpatrick, E. Calkins and W. H. Summerson (1950). 

"Mammalian tyrosinase; the relationship of copper to enzymatic activity." J 
Biol Chem 187(2): 793-802. 

 
Lerner, A. B. and J. J. Nordlund (1978). "Vitiligo: the loss of pigment in skin, hair 

and eyes." J Dermatol 5(1): 1-8. 
 
Li, H., S. K. Kolluri, J. Gu, M. I. Dawson, X. Cao, P. D. Hobbs, B. Lin, G. Chen, J. 

Lu, F. Lin, Z. Xie, J. A. Fontana, J. C. Reed and X. Zhang (2000). 
"Cytochrome c release and apoptosis induced by mitochondrial targeting of 
nuclear orphan receptor TR3." Science 289(5482): 1159-64. 

 
Liebermann, D. A. and B. Hoffman (2007). "Gadd45 in the response of hematopoietic 

cells to genotoxic stress." Blood Cells Mol Dis 39(3): 329-35. 
 



 234 

Lindahl, T. (2001). "Keynote: past, present, and future aspects of base excision 
repair." Prog Nucleic Acid Res Mol Biol 68: xvii-xxx. 

 
Lisi, P. (1972). "Vitiliginic Cancio Cutaneo." Minerva Dermatol 47: 427-429. 
 
Liu, X., C. N. Kim, J. Yang, R. Jemmerson and X. Wang (1996). "Induction of 

apoptotic program in cell-free extracts: requirement for dATP and cytochrome 
c." Cell 86(1): 147-57. 

 
Loft, S., A. Fischer-Nielsen, I. B. Jeding, K. Vistisen and H. E. Poulsen (1993). "8-

Hydroxydeoxyguanosine as a urinary biomarker of oxidative DNA damage." J 
Toxicol Environ Health 40(2-3): 391-404. 

 
Loft, S., K. Vistisen, M. Ewertz, A. Tjonneland, K. Overvad and H. E. Poulsen 

(1992). "Oxidative DNA damage estimated by 8-hydroxydeoxyguanosine 
excretion in humans: influence of smoking, gender and body mass index." 
Carcinogenesis 13(12): 2241-7. 

 
Lovell, M. A., S. P. Gabbita and W. R. Markesbery (1999). "Increased DNA 

oxidation and decreased levels of repair products in Alzheimer's disease 
ventricular CSF." J Neurochem 72(2): 771-6. 

 
Lowry, O. H., O. A. Bessey and E. J. Crawford (1949). "Pterine oxidase." J Biol 

Chem 180(1): 399-410. 
 
Lu, A. L. and W. P. Fawcett (1998). "Characterization of the recombinant MutY 

homolog, an adenine DNA glycosylase, from yeast Schizosaccharomyces 
pombe." J Biol Chem 273(39): 25098-105. 

 
Lu, A. L., X. Li, Y. Gu, P. M. Wright and D. Y. Chang (2001). "Repair of oxidative 

DNA damage: mechanisms and functions." Cell Biochem Biophys 35(2): 141-
70. 

 
Maeda, T., A. N. Hanna, A. B. Sim, P. P. Chua, M. T. Chong and V. A. Tron (2002). 

"GADD45 regulates G2/M arrest, DNA repair, and cell death in keratinocytes 
following ultraviolet exposure." J Invest Dermatol 119(1): 22-6. 

 
Maiti, N. C., T. Tomita, T. Kitagawa, K. Okamoto and T. Nishino (2003). "Resonance 

Raman studies on xanthine oxidase: observation of Mo(VI)-ligand vibrations." 
J Biol Inorg Chem 8(3): 327-33. 

 
Maki, H. and M. Sekiguchi (1992). "MutT protein specifically hydrolyses a potent 

mutagenic substrate for DNA synthesis." Nature 355(6357): 273-5. 
 
Malins, D. C. (1993). "Identification of hydroxyl radical-induced lesions in DNA base 

structure: biomarkers with a putative link to cancer development." J Toxicol 
Environ Health 40(2-3): 247-61. 

 



 235 

Manson, P. N., R. M. Anthenelli, M. J. Im, G. B. Bulkley and J. E. Hoopes (1983). 
"The role of oxygen-free radicals in ischemic tissue injury in island skin 
flaps." Ann Surg 198(1): 87-90. 

 
Maresca, V., E. Flori, S. Briganti, A. Mastrofrancesco, C. Fabbri, A. M. Mileo, M. G. 

Paggi and M. Picardo (2008). "Correlation between melanogenic and catalase 
activity in in vitro human melanocytes: a synergic strategy against oxidative 
stress." Pigment Cell Melanoma Res 21(2): 200-5. 

 
Maresca, V., M. Roccella, F. Roccella, E. Camera, G. Del Porto, S. Passi, P. 

Grammatico and M. Picardo (1997). "Increased sensitivity to peroxidative 
agents as a possible pathogenic factor of melanocyte damage in vitiligo." J 
Invest Dermatol 109(3): 310-3. 

 
Marles, L. K., E. M. Peters, D. J. Tobin, N. A. Hibberts and K. U. Schallreuter (2003). 

"Tyrosine hydroxylase isoenzyme I is present in human melanosomes: a 
possible novel function in pigmentation." Exp Dermatol 12(1): 61-70. 

 
Marnett, L. J. (2000). "Oxyradicals and DNA damage." Carcinogenesis 21(3): 361-70. 
 
Massey, V. and D. Edmondson (1970). "On the mechanism of inactivation of 

xanthine oxidase by cyanide." J Biol Chem 245(24): 6595-8. 
 
Matsumoto, Y., K. Kim and D. F. Bogenhagen (1994). "Proliferating cell nuclear 

antigen-dependent abasic site repair in Xenopus laevis oocytes: an alternative 
pathway of base excision DNA repair." Mol Cell Biol 14(9): 6187-97. 

 
McCord, J. M. (1985). "Oxygen-derived free radicals in postischemic tissue injury." 

N Engl J Med 312(3): 159-63. 
 
McCord, J. M. and I. Fridovich (1968). "The reduction of cytochrome c by milk 

xanthine oxidase." J Biol Chem 243(21): 5753-60. 
 
McCord, J. M., R. S. Roy and S. W. Schaffer (1985). "Free radicals and myocardial 

ischemia. The role of xanthine oxidase." Adv Myocardiol 5: 183-9. 
 
McKelvey, T. G., M. E. Hollwarth, D. N. Granger, T. D. Engerson, U. Landler and H. 

P. Jones (1988). "Mechanisms of conversion of xanthine dehydrogenase to 
xanthine oxidase in ischemic rat liver and kidney." Am J Physiol 254(5 Pt 1): 
G753-60. 

 
McWhirter, R. B. and R. Hille (1991). "The reductive half-reaction of xanthine 

oxidase. Identification of spectral intermediates in the hydroxylation of 2-
hydroxy-6-methylpurine." J Biol Chem 266(35): 23724-31. 

 
Michaels, M. L., J. Tchou, A. P. Grollman and J. H. Miller (1992). "A repair system 

for 8-oxo-7,8-dihydrodeoxyguanine." Biochemistry 31(45): 10964-8. 
 
Mills, A. A. (2005). "p53: link to the past, bridge to the future." Genes Dev 19(18): 

2091-9. 



 236 

Miranda, F. F., K. Teigen, M. Thorolfsson, R. M. Svebak, P. M. Knappskog, T. 
Flatmark and A. Martinez (2002). "Phosphorylation and mutations of Ser(16) 
in human phenylalanine hydroxylase. Kinetic and structural effects." J Biol 
Chem 277(43): 40937-43. 

 
Miranda, F. F., M. Thorolfsson, K. Teigen, J. M. Sanchez-Ruiz and A. Martinez 

(2004). "Structural and stability effects of phosphorylation: Localized 
structural changes in phenylalanine hydroxylase." Protein Sci 13(5): 1219-26. 

 
Miyake, Z., M. Takekawa, Q. Ge and H. Saito (2007). "Activation of MTK1/MEKK4 

by GADD45 through induced N-C dissociation and dimerization-mediated 
trans autophosphorylation of the MTK1 kinase domain." Mol Cell Biol 27(7): 
2765-76. 

 
Miyamura, Y., S. G. Coelho, R. Wolber, S. A. Miller, K. Wakamatsu, B. Z. Zmudzka, 

S. Ito, C. Smuda, T. Passeron, W. Choi, J. Batzer, Y. Yamaguchi, J. Z. Beer 
and V. J. Hearing (2007). "Regulation of human skin pigmentation and 
responses to ultraviolet radiation." Pigment Cell Res 20(1): 2-13. 

 
Miyashita, T., S. Krajewski, M. Krajewska, H. G. Wang, H. K. Lin, D. A. 

Liebermann, B. Hoffman and J. C. Reed (1994). "Tumor suppressor p53 is a 
regulator of bcl-2 and bax gene expression in vitro and in vivo." Oncogene 
9(6): 1799-805. 

 
Mo, J. Y., H. Maki and M. Sekiguchi (1992). "Hydrolytic elimination of a mutagenic 

nucleotide, 8-oxodGTP, by human 18-kilodalton protein: sanitization of 
nucleotide pool." Proc Natl Acad Sci U S A 89(22): 11021-5. 

 
Moore, J., J. M. Wood and K. U. Schallreuter (1999). "Evidence for specific complex 

formation between alpha-melanocyte stimulating hormone and 6(R)-L-
erythro-5,6,7,8-tetrahydrobiopterin using near infrared Fourier transform 
Raman spectroscopy." Biochemistry 38(46): 15317-24. 

 
Morell, D. B. (1952). "The nature and catalytic activities of milk xanthine oxidase." 

Biochem J 51(5): 657-66. 
 
Morgan, E. J. (1926). "The Distribution of Xanthine Oxidase I." Biochem J 20(6): 

1282-91. 
 
Moriya, M. (1993). "Single-stranded shuttle phagemid for mutagenesis studies in 

mammalian cells: 8-oxoguanine in DNA induces targeted G.C-->T.A 
transversions in simian kidney cells." Proc Natl Acad Sci U S A 90(3): 1122-
6. 

 
Mottaz, J. H. and A. S. Zelickson (1967). "Melanin transfer: a possible phagocytic 

process." J Invest Dermatol 49(6): 605-10. 
 
Nagatsu, T., M. Levitt and S. Udenfriend (1964). "Tyrosine Hydroxylase. the Initial 

Step in Norepinephrine Biosynthesis." J Biol Chem 239: 2910-7. 



 237 

Nakano, M., Y. Kawanishi, S. Kamohara, Y. Uchida, M. Shiota, Y. Inatomi, T. 
Komori, K. Miyazawa, K. Gondo and I. Yamasawa (2003). "Oxidative DNA 
damage (8-hydroxydeoxyguanosine) and body iron status: a study on 2507 
healthy people." Free Radic Biol Med 35(7): 826-32. 

 
Naughton, G. K., M. Eisinger and J. C. Bystryn (1983). "Antibodies to normal human 

melanocytes in vitiligo." J Exp Med 158(1): 246-51. 
 
Neeley, W. L. and J. M. Essigmann (2006). "Mechanisms of formation, genotoxicity, 

and mutation of guanine oxidation products." Chem Res Toxicol 19(4): 491-
505. 

 
Newsholm, E. A. and A. R. Leech (1984). Biochemistry for the medical sciences, 

John Wiley & Sons, Inc., Wiley Europe Ltd, The Atrium, Southern Gate, 
Chichester, West Sussex PO19 8SQ England. 

 
Nichol, C. A., G. K. Smith and D. S. Duch (1985). "Biosynthesis and metabolism of 

tetrahydrobiopterin and molybdopterin." Annu Rev Biochem 54: 729-64. 
 
Nicholson, D. W. and N. A. Thornberry (1997). "Caspases: killer proteases." Trends 

Biochem Sci 22(8): 299-306. 
 
Nishigori, C., S. Wang, J. Miyakoshi, M. Sato, T. Tsukada, T. Yagi, S. Imamura and 

H. Takebe (1994). "Mutations in ras genes in cells cultured from mouse skin 
tumors induced by ultraviolet irradiation." Proc Natl Acad Sci U S A 91(15): 
7189-93. 

 
Nishino, T., S. Nakanishi, K. Okamoto, J. Mizushima, H. Hori, T. Iwasaki, T. 

Nishino, K. Ichimori and H. Nakazawa (1997). "Conversion of xanthine 
dehydrogenase into oxidase and its role in reperfusion injury." Biochem Soc 
Trans 25(3): 783-6. 

 
Nishino, T. and K. Okamoto (2000). "The role of the [2Fe-2s] cluster centers in 

xanthine oxidoreductase." J Inorg Biochem 82(1-4): 43-9. 
 
Nishino, T., K. Okamoto, B. T. Eger, E. F. Pai and T. Nishino (2008). "Mammalian 

xanthine oxidoreductase - mechanism of transition from xanthine 
dehydrogenase to xanthine oxidase." Febs J 275(13): 3278-89. 

 
Nishino, T., K. Okamoto, Y. Kawaguchi, H. Hori, T. Matsumura, B. T. Eger, E. F. Pai 

and T. Nishino (2005). "Mechanism of the conversion of xanthine 
dehydrogenase to xanthine oxidase: identification of the two cysteine disulfide 
bonds and crystal structure of a non-convertible rat liver xanthine 
dehydrogenase mutant." J Biol Chem 280(26): 24888-94. 

 
Nunomura, A., G. Perry, K. Hirai, G. Aliev, A. Takeda, S. Chiba and M. A. Smith 

(1999). "Neuronal RNA oxidation in Alzheimer's disease and Down's 
syndrome." Ann N Y Acad Sci 893: 362-4. 



 238 

Nunomura, A., G. Perry, M. A. Pappolla, R. Wade, K. Hirai, S. Chiba and M. A. 
Smith (1999). "RNA oxidation is a prominent feature of vulnerable neurons in 
Alzheimer's disease." J Neurosci 19(6): 1959-64. 

 
O'Neil, N. and A. Rose (2006). "DNA repair." WormBook: 1-12. 
 
Oettl, K. and G. Reibnegger (1999). "Pteridines as inhibitors of xanthine oxidase: 

structural requirements." Biochim Biophys Acta 1430(2): 387-95. 
 
Ogawa, F., C. S. Sander, A. Hansel, W. Oehrl, H. Kasperczyk, P. Elsner, K. Shimizu, 

S. H. Heinemann and J. J. Thiele (2006). "The repair enzyme peptide 
methionine-S-sulfoxide reductase is expressed in human epidermis and 
upregulated by UVA radiation." J Invest Dermatol 126(5): 1128-34. 

 
Okazaki, K., M. Uzuka, F. Morikawa, K. Toda and M. Seiji (1976). "Transfer 

mechanism of melanosomes in epidermal cell culture." J Invest Dermatol 
67(4): 541-7. 

 
Oliner, J. D., K. W. Kinzler, P. S. Meltzer, D. L. George and B. Vogelstein (1992). 

"Amplification of a gene encoding a p53-associated protein in human 
sarcomas." Nature 358(6381): 80-3. 

 
Olivares, C., J. C. Garcia-Borron and F. Solano (2002). "Identification of active site 

residues involved in metal cofactor binding and stereospecific substrate 
recognition in Mammalian tyrosinase. Implications to the catalytic cycle." 
Biochemistry 41(2): 679-86. 

 
Olson, J. S., D. P. Ballou, G. Palmer and V. Massey (1974). "The mechanism of 

action of xanthine oxidase." J Biol Chem 249(14): 4363-82. 
 
Olson, J. S., D. P. Ballow, G. Palmer and V. Massey (1974). "The reaction of 

xanthine oxidase with molecular oxygen." J Biol Chem 249(14): 4350-62. 
 
Orlow, S. J. (1995). "Melanosomes are specialized members of the lysosomal lineage 

of organelles." J Invest Dermatol 105(1): 3-7. 
 
Ortonne, J. P., N. Pelletier, M. Chabanon and J. Thivolet (1978). "[Vitiligo and 

cutaneous epitheliomas]." Ann Dermatol Venereol 105(12): 1063-4. 
 
Papathanasiou, M. A., N. C. Kerr, J. H. Robbins, O. W. McBride, I. Alamo, Jr., S. F. 

Barrett, I. D. Hickson and A. J. Fornace, Jr. (1991). "Induction by ionizing 
radiation of the gadd45 gene in cultured human cells: lack of mediation by 
protein kinase C." Mol Cell Biol 11(2): 1009-16. 

 
Parikh, S. S., C. D. Mol and J. A. Tainer (1997). "Base excision repair enzyme family 

portrait: integrating the structure and chemistry of an entire DNA repair 
pathway." Structure 5(12): 1543-50. 

 



 239 

Park, E. S., S. Y. Kim, J. I. Na, H. S. Ryu, S. W. Youn, D. S. Kim, H. Y. Yun and K. 
C. Park (2007). "Glutathione prevented dopamine-induced apoptosis of 
melanocytes and its signaling." J Dermatol Sci 47(2): 141-9. 

 
Park, S. E., N. D. Kim and Y. H. Yoo (2004). "Acetylcholinesterase plays a pivotal 

role in apoptosome formation." Cancer Res 64(8): 2652-5. 
 
Parks, D. A. and D. N. Granger (1983). "Ischemia-induced vascular changes: role of 

xanthine oxidase and hydroxyl radicals." Am J Physiol 245(2): G285-9. 
 
Parks, D. A. and D. N. Granger (1986). "Xanthine oxidase: biochemistry, distribution 

and physiology." Acta Physiol Scand Suppl 548: 87-99. 
 
Parlanti, E., P. Fortini, P. Macpherson, J. Laval and E. Dogliotti (2002). "Base 

excision repair of adenine/8-oxoguanine mispairs by an aphidicolin-sensitive 
DNA polymerase in human cell extracts." Oncogene 21(34): 5204-12. 

 
Passeron, T. and J. P. Ortonne (2005). "Physiopathology and genetics of vitiligo." J 

Autoimmun 25 Suppl: 63-8. 
 
Pawelek, J. M. (1991). "After dopachrome?" Pigment Cell Res 4(2): 53-62. 
 
Pedeux, R., K. Lefort, C. Cuenin, U. Cortes, K. Kellner, J. F. Dore and H. Nakazawa 

(2002). "Specific induction of gadd45 in human melanocytes and melanoma 
cells after UVB irradiation." Int J Cancer 98(6): 811-6. 

 
Perra, M. T., C. Maxia, A. Corbu, L. Minerba, P. Demurtas, R. Colombari, D. Murtas, 

S. Bravo, F. Piras and P. Sirigu (2006). "Oxidative stress in pterygium: 
relationship between p53 and 8-hydroxydeoxyguanosine." Mol Vis 12: 1136-
42. 

 
Perry, M. E., S. M. Mendrysa, L. J. Saucedo, P. Tannous and M. Holubar (2000). 

"p76(MDM2) inhibits the ability of p90(MDM2) to destabilize p53." J Biol 
Chem 275(8): 5733-8. 

 
Pey, A. L., A. Martinez, R. Charubala, D. J. Maitland, K. Teigen, A. Calvo, W. 

Pfleiderer, J. M. Wood and K. U. Schallreuter (2006). "Specific interaction of 
the diastereomers 7(R)- and 7(S)-tetrahydrobiopterin with phenylalanine 
hydroxylase: implications for understanding primapterinuria and vitiligo." 
Faseb J 20(12): 2130-2. 

 
Pey, A. L., B. Perez, L. R. Desviat, M. A. Martinez, C. Aguado, H. Erlandsen, A. 

Gamez, R. C. Stevens, M. Thorolfsson, M. Ugarte and A. Martinez (2004). 
"Mechanisms underlying responsiveness to tetrahydrobiopterin in mild 
phenylketonuria mutations." Hum Mutat 24(5): 388-99. 

 
Picard-Ami, L. A., Jr., A. MacKay and C. L. Kerrigan (1991). "Pathophysiology of 

ischemic skin flaps: differences in xanthine oxidase levels among rats, pigs, 
and humans." Plast Reconstr Surg 87(4): 750-5. 

 



 240 

Polevoda, B. and F. Sherman (2000). "Nalpha -terminal acetylation of eukaryotic 
proteins." J Biol Chem 275(47): 36479-82. 

 
Poli, G., G. Leonarduzzi, F. Biasi and E. Chiarpotto (2004). "Oxidative stress and cell 

signalling." Curr Med Chem 11(9): 1163-82. 
 
Pomerantz, S. H. (1966). "The tyrosine hydroxylase activity of mammalian 

tyrosinase." J Biol Chem 241(1): 161-8. 
 
Potterf, S. B. and V. J. Hearing (1998). "Tyrosine transport into melanosomes is 

increased following stimulation of melanocyte differentiation." Biochem 
Biophys Res Commun 248(3): 795-800. 

 
Potterf, S. B., J. Muller, I. Bernardini, F. Tietze, T. Kobayashi, V. J. Hearing and W. 

A. Gahl (1996). "Characterization of a melanosomal transport system in 
murine melanocytes mediating entry of the melanogenic substrate tyrosine." J 
Biol Chem 271(8): 4002-8. 

 
Potterf, S. B., V. Virador, K. Wakamatsu, M. Furumura, C. Santis, S. Ito and V. J. 

Hearing (1999). "Cysteine transport in melanosomes from murine 
melanocytes." Pigment Cell Res 12(1): 4-12. 

 
Prasad, R., G. L. Dianov, V. A. Bohr and S. H. Wilson (2000). "FEN1 stimulation of 

DNA polymerase beta mediates an excision step in mammalian long patch 
base excision repair." J Biol Chem 275(6): 4460-6. 

 
Prota, G. (1992). Melanins and Melanogenesis. San Diego, Academic Press. 
 
Prota, G. (1992). "The role of peroxidase in melanogenesis revisited." Pigment Cell 

Res Suppl 2: 25-31. 
 
Prota, G. (1995). "The chemistry of melanins and melanogenesis." Fortschr Chem 

Org Naturst 64: 93-148. 
 
Prota, G. (2000). "Melanins, melanogenesis and melanocytes: looking at their 

functional significance from the chemist's viewpoint." Pigment Cell Res 13(4): 
283-93. 

 
Prota, G., S. Crescenzi, G. Misuraca and R. A. Nicolaus (1970). "New intermediates 

in phaemelanogenesis in vitro." Experientia 26(10): 1058-9. 
 
Prota, G. and M. d'Ischia (1993). "Neuromelanin: a key to Parkinson's disease." 

Pigment Cell Res 6(5): 333-5. 
 
Prota, G. and R. H. Thomson (1976). "Melanin pigmentation in mammals." 

Endeavour 35(224): 32-8. 
 
Prunieras, M. (1969). "Interactions between keratinocytes and dendritic cells." J 

Invest Dermatol 52(1): 1-17. 



 241 

Puri, N., J. M. Gardner and M. H. Brilliant (2000). "Aberrant pH of melanosomes in 
pink-eyed dilution (p) mutant melanocytes." J Invest Dermatol 115(4): 607-13. 

 
Rajagopalan, K. V. (1991). "Novel aspects of the biochemistry of the molybdenum 

cofactor." Adv Enzymol Relat Areas Mol Biol 64: 215-90. 
 
Rajagopalan, K. V. and J. L. Johnson (1992). "The pterin molybdenum cofactors." J 

Biol Chem 267(15): 10199-202. 
 
Rajpara, V., S. Hu and R. S. Kirsner (2008). "The role of Gadd45a in the survival of 

melanocytes and melanoma cells." J Invest Dermatol 128(1): 4. 
 
Raper, H. S. (1926). "The Tyrosinase-Tyrosine Reaction: Production of l-3.4-

Dihydroxyphenylalanine from Tyrosine." Biochem J 20(4): 735-42. 
 
Raper, H. S. (1927). "The Tyrosinase-tyrosine Reaction: Production from Tyrosine of 

5: 6-Dihydroxyindole and 5: 6-Dihydroxyindole-2-carboxylic Acid-the 
Precursors of Melanin." Biochem J 21(1): 89-96. 

 
Raper, H. S. and A. Wormall (1923). "The Tyrosinase-Tyrosine Reaction." Biochem J 

17(4-5): 454-69. 
 
Raper, H. S. and A. Wormall (1925). "The Tyrosinase-Tyrosine Reaction. II: The 

Theory of Deamination." Biochem J 19(1): 84-91. 
 
Repine, J. E. (1991). "Oxidant-antioxidant balance: some observations from studies of 

ischemia-reperfusion in isolated perfused rat hearts." Am J Med 91(3C): 45S-
53S. 

 
Richert, D. A. and W. W. Westerfeld (1951). "Xanthine oxidase in different species." 

Proc Soc Exp Biol Med 76(2): 252-4. 
 
Roberts, E. A. (1936). "Liver xanthine oxidase." Biochem J 30(12): 2166-76. 
 
Rokos, H., W. D. Beazley and K. U. Schallreuter (2002). "Oxidative stress in vitiligo: 

photo-oxidation of pterins produces H(2)O(2) and pterin-6-carboxylic acid." 
Biochem Biophys Res Commun 292(4): 805-11. 

 
Rokos, H., J. Moore, S. Hasse, J. M. Gillbro, J. M. Wood and K. U. Schallreuter 

(2004). "In vivo Fluorescence Excitation Spectroscopy and in vivo FT-Raman 
Spectroscopy in human skin: Evidence of H2O2 oxidation of epidermal 
albumin in patients with vitiligo." J Raman Spectrosc 35: 125-130. 

 
Romao, M. J., M. Archer, I. Moura, J. J. Moura, J. LeGall, R. Engh, M. Schneider, P. 

Hof and R. Huber (1995). "Crystal structure of the xanthine oxidase-related 
aldehyde oxido-reductase from D. gigas." Science 270(5239): 1170-6. 

 
Romao, M. J., J. Knablein, R. Huber and J. J. Moura (1997). "Structure and function 

of molybdopterin containing enzymes." Prog Biophys Mol Biol 68(2-3): 121-
44. 



 242 

Rozan, L. M. and W. S. El-Deiry (2007). "p53 downstream target genes and tumor 
suppression: a classical view in evolution." Cell Death Differ 14(1): 3-9. 

 
Ruiz-Arguelles, A., G. J. Brito, P. Reyes-Izquierdo, B. Perez-Romano and S. 

Sanchez-Sosa (2007). "Apoptosis of melanocytes in vitiligo results from 
antibody penetration." J Autoimmun 29(4): 281-6. 

 
Russo, M. T., G. De Luca, P. Degan and M. Bignami (2007). "Different DNA repair 

strategies to combat the threat from 8-oxoguanine." Mutat Res 614(1-2): 69-
76. 

 
Russo, T., N. Zambrano, F. Esposito, R. Ammendola, F. Cimino, M. Fiscella, J. 

Jackman, P. M. O'Connor, C. W. Anderson and E. Appella (1995). "A p53-
independent pathway for activation of WAF1/CIP1 expression following 
oxidative stress." J Biol Chem 270(49): 29386-91. 

 
Ryan, M. G., K. Ratnam and R. Hille (1995). "The molybdenum centers of xanthine 

oxidase and xanthine dehydrogenase. Determination of the spectral change 
associated with reduction from the Mo(VI) to the Mo(IV) state." J Biol Chem 
270(33): 19209-12. 

 
Saeki, H. and A. Oikawa (1985). "Stimulation by ionophores of tyrosinase activity of 

mouse melanoma cells in culture." J Invest Dermatol 85(5): 423-5. 
 
Saitoh, T., K. Shinmura, S. Yamaguchi, M. Tani, S. Seki, H. Murakami, Y. Nojima 

and J. Yokota (2001). "Enhancement of OGG1 protein AP lyase activity by 
increase of APEX protein." Mutat Res 486(1): 31-40. 

 
Salem, M. M. A. E. L. (2009). H2O2-mediated oxidation and nitration enhances DNA 

binding capacity / DNA repair via upregulated epidermal wild-type p53 in 
vitiligo. Department of Biomedical Sciences. Bradford, University of 
Bradford. PhD Thesis. 

 
Sancar, A. (1994). "Mechanisms of DNA excision repair." Science 266(5193): 1954-

6. 
 
Sancar, A. (1996). "DNA excision repair." Annu Rev Biochem 65: 43-81. 
 
J. J. Nordlund, R. E. Boissy, V. J. Hearing, R. A. King and J. P. Ortonne. Oxford, 

Oxford University Press: 333-357. 
 
Sarna, T. and R. C. Sealy (1984). "Photoinduced oxygen consumption in melanin 

systems. Action spectra and quantum yields for eumelanin and synthetic 
melanin." Photochem Photobiol 39(1): 69-74. 

 
Sarnesto, A., N. Linder and K. O. Raivio (1996). "Organ distribution and molecular 

forms of human xanthine dehydrogenase/xanthine oxidase protein." Lab Invest 
74(1): 48-56. 

 



 243 

Sato, C., S. Ito and T. Takeuchi (1987). "Enhancement of pheomelanogenesis by L-
dopa in the mouse melanocyte cell line, TM10, in vitro." J Cell Sci 87 ( Pt 4): 
507-12. 

 
Schallreuter, K. (2005). "Oxidative stress in human epidermis." Giornale Italiano di 

Dermatologia e Venerologia 140 - N. 5(5): 505-14. 
 
Schallreuter, K., A. Slominski, J. M. Pawelek, K. Jimbow and B. A. Gilchrest (1998). 

"What controls melanogenesis?" Exp Dermatol 7(4): 143-50. 
 
Schallreuter, K. U. (1999). "Successful treatment of oxidative stress in vitiligo." Skin 

Pharmacol Appl Skin Physiol 12(3): 132-8. 
 
Schallreuter, K. U. (2005). Vitiligo. Autoimmune Diseases of the Skin. Pathogenesis, 

Diagnosis, Management. M. Hertl. Wien, Springer: 367-384. 
 
Schallreuter, K. U. (2006). "Functioning methionine-S-sulfoxide reductases A and B 

are present in human skin." J Invest Dermatol 126(5): 947-9. 
 
Schallreuter, K. U., P. Bahadoran, M. Picardo, A. Slominski, Y. E. Elassiuty, E. H. 

Kemp, C. Giachino, J. B. Liu, R. M. Luiten, T. Lambe, I. C. Le Poole, I. 
Dammak, H. Onay, M. A. Zmijewski, M. L. Dell'Anna, M. P. Zeegers, R. J. 
Cornall, R. Paus, J. P. Ortonne and W. Westerhof (2008). "Vitiligo 
pathogenesis: autoimmune disease, genetic defect, excessive reactive oxygen 
species, calcium imbalance, or what else?" Exp Dermatol 17(2): 139-40; 
discussion 141-60. 

 
Schallreuter, K. U., S. Behrens-Williams, T. P. Khaliq, S. M. Picksley, E. M. Peters, 

L. K. Marles, W. Westerhof, B. Miehe and J. Fanghänel (2003). "Increased 
epidermal functioning wild-type p53 expression in vitiligo." Exp Dermatol 
12(3): 268-277. 

 
Schallreuter, K. U., B. Chavan, H. Rokos, N. Hibberts, A. Panske and J. M. Wood 

(2005). "Decreased phenylalanine uptake and turnover in patients with 
vitiligo." Mol Genet Metab 86 Suppl 1: S27-33. 

 
Schallreuter, K. U., G. Chiuchiarelli, E. Cemeli, S. M. Elwary, J. M. Gillbro, J. D. 

Spencer, H. Rokos, A. Panske, B. Chavan, J. M. Wood and D. Anderson 
(2006). "Estrogens can contribute to hydrogen peroxide generation and 
quinone-mediated DNA damage in peripheral blood lymphocytes from 
patients with vitiligo." J Invest Dermatol 126(5): 1036-42. 

 
Schallreuter, K. U. and S. Elwary (2007). "Hydrogen peroxide regulates the 

cholinergic signal in a concentration dependent manner." Life Sci 80(24-25): 
2221-6. 

 
Schallreuter, K. U., S. M. Elwary, N. C. Gibbons, H. Rokos and J. M. Wood (2004). 

"Activation/deactivation of acetylcholinesterase by H2O2: more evidence for 
oxidative stress in vitiligo." Biochem Biophys Res Commun 315(2): 502-8. 

 



 244 

Schallreuter, K. U., N. C. Gibbons, S. M. Elwary, S. M. Parkin and J. M. Wood 
(2007). "Calcium-activated butyrylcholinesterase in human skin protects 
acetylcholinesterase against suicide inhibition by neurotoxic 
organophosphates." Biochem Biophys Res Commun 355(4): 1069-74. 

 
Schallreuter, K. U., N. C. Gibbons, C. Zothner, S. M. Elwary, H. Rokos and J. M. 

Wood (2006). "Butyrylcholinesterase is present in the human epidermis and is 
regulated by H2O2: more evidence for oxidative stress in vitiligo." Biochem 
Biophys Res Commun 349(3): 931-8. 

 
Schallreuter, K. U., M. K. Hordinsky and J. M. Wood (1987). "Thioredoxin reductase. 

Role in free radical reduction in different hypopigmentation disorders." Arch 
Dermatol 123(5): 615-9. 

 
Schallreuter, K. U., S. Kothari, B. Chavan and J. D. Spencer (2007). "Regulation of 

melanogenesis - controversies and new concepts." Exp Dermatol. 
 
Schallreuter, K. U., J. Moore, D. J. Tobin, N. J. Gibbons, H. S. Marshall, T. Jenner, 

W. D. Beazley and J. M. Wood (1999). "alpha-MSH can control the essential 
cofactor 6-tetrahydrobiopterin in melanogenesis." Ann N Y Acad Sci 885: 
329-41. 

 
Schallreuter, K. U., J. Moore, J. M. Wood, W. D. Beazley, D. C. Gaze, D. J. Tobin, H. 

S. Marshall, A. Panske, E. Panzig and N. A. Hibberts (1999). "In vivo and in 
vitro evidence for hydrogen peroxide (H2O2) accumulation in the epidermis of 
patients with vitiligo and its successful removal by a UVB-activated 
pseudocatalase." J Investig Dermatol Symp Proc 4(1): 91-6. 

 
Schallreuter, K. U., J. Moore, J. M. Wood, W. D. Beazley, E. M. Peters, L. K. Marles, 

S. C. Behrens-Williams, R. Dummer, N. Blau and B. Thony (2001). 
"Epidermal H(2)O(2) accumulation alters tetrahydrobiopterin (6BH4) 
recycling in vitiligo: identification of a general mechanism in regulation of all 
6BH4-dependent processes?" J Invest Dermatol 116(1): 167-74. 

 
Schallreuter, K. U., J. Moore, J. M. Wood, W. D. Beazley, E. M. Peters, L. K. Marles, 

S. C. Behrens-Williams, R. Dummer, N. Blau and B. Thöny (2001). 
"Epidermal H2O2 accumulation alters tetrahydrobiopterin (6BH4) recycling in 
vitiligo: identification of a general mechanism in regulation of all 6BH4-
dependent processes?" J Invest Dermatol 116(1): 167-74. 

 
Schallreuter, K. U. and M. R. Pittelkow (1988). "Defective calcium uptake in 

keratinocyte cell cultures from vitiliginous skin." Arch Dermatol Res 280(3): 
137-9. 

 
Schallreuter, K. U., M. R. Pittelkow, F. K. Gleason and J. M. Wood (1986). "The role 

of calcium in the regulation of free radical reduction by thioredoxin reductase 
at the surface of the skin." J Inorg Biochem 28(2-3): 227-38. 

 



 245 

Schallreuter, K. U., M. R. Pittelkow and J. M. Wood (1986). "Free radical reduction 
by thioredoxin reductase at the surface of normal and vitiliginous human 
keratinocytes." J Invest Dermatol 87(6): 728-32. 

 
Schallreuter, K. U., K. Rübsam, B. Chavan, C. Zothner, J. M. Gillbro, J. D. Spencer 

and J. M. Wood (2006). "Functioning methionine sulfoxide reductases A and 
B are present in human epidermal melanocytes in the cytosol and in the 
nucleus." Biochem Biophys Res Commun 342(1): 145-52. 

 
Schallreuter, K. U., K. Rübsam, N. C. Gibbons, D. J. Maitland, B. Chavan, C. 

Zothner, H. Rokos and J. M. Wood (2008). "Methionine sulfoxide reductases 
A and B are deactivated by hydrogen peroxide (H2O2) in the epidermis of 
patients with vitiligo." J Invest Dermatol 128(4): 808-15. 

 
Schallreuter, K. U., D. J. Tobin and A. Panske (2002). "Decreased photodamage and 

low incidence of non-melanoma skin cancer in 136 sun-exposed caucasian 
patients with vitiligo." Dermatology 204(3): 194-201. 

 
Schallreuter, K. U. and J. M. Wood (1999). "The importance of L-phenylalanine 

transport and its autocrine turnover to L-tyrosine for melanogenesis in human 
epidermal melanocytes." Biochem Biophys Res Commun 262(2): 423-8. 

 
Schallreuter, K. U. and J. M. Wood (2001). "Thioredoxin reductase - its role in 

epidermal redox status." J Photochem Photobiol B 64(2-3): 179-84. 
 
Schallreuter, K. U., J. M. Wood and J. Berger (1991). "Low catalase levels in the 

epidermis of patients with vitiligo." J Invest Dermatol 97(6): 1081-5. 
 
Schallreuter, K. U., J. M. Wood, C. Körner, K. M. Harle, V. Schulz-Douglas and E. 

R. Werner (1998). "6-Tetrahydrobiopterin functions as a UVB-light switch for 
de novo melanogenesis." Biochim Biophys Acta 1382(2): 339-44. 

 
Schallreuter, K. U., J. M. Wood, R. Lemke, C. LePoole, P. Das, W. Westerhof, M. R. 

Pittelkow and A. J. Thody (1992). "Production of catecholamines in the 
human epidermis." Biochem Biophys Res Commun 189(1): 72-8. 

 
Schallreuter, K. U., J. M. Wood, M. R. Pittelkow, G. Buttner, N. Swanson, C. Korner 

and C. Ehrke (1996). "Increased monoamine oxidase A activity in the 
epidermis of patients with vitiligo." Arch Dermatol Res 288(1): 14-8. 

 
Schallreuter, K. U., J. M. Wood, M. R. Pittelkow, M. Gutlich, K. R. Lemke, W. Rodl, 

N. N. Swanson, K. Hitzemann and I. Ziegler (1994). "Regulation of melanin 
biosynthesis in the human epidermis by tetrahydrobiopterin." Science 
263(5152): 1444-6. 

 
Schallreuter, K. U., J. M. Wood, I. Ziegler, K. R. Lemke, M. R. Pittelkow, N. J. 

Lindsey and M. Gutlich (1994). "Defective tetrahydrobiopterin and 
catecholamine biosynthesis in the depigmentation disorder vitiligo." Biochim 
Biophys Acta 1226(2): 181-92. 



 246 

Schallreuter, K. U., J. M. Wood, I. Ziegler, K. R. Lemke, M. R. Pittelkow, N. J. 
Lindsey and M. Gütlich (1994). "Defective tetrahydrobiopterin and 
catecholamine biosynthesis in the depigmentation disorder vitiligo." Biochim 
Biophys Acta 1226(2): 181-92. 

 
Schallreuter, K. U., M. Zschiesche, J. Moore, A. Panske, N. A. Hibberts, F. H. 

Herrmann, H. R. Metelmann and J. Sawatzki (1998). "In vivo evidence for 
compromised phenylalanine metabolism in vitiligo." Biochem Biophys Res 
Commun 243(2): 395-9. 

 
Schardinger, F. (1902). "Über das Verhalten der Kuhmilch gegen Methyleneblau und 

seine Verwendung zur Unterscheidung von ungekochter und gekochter 
Milch." Z. Untersuch NahrungsGenussmittel 5: 1113-1121. 

 
Schindelin, H., C. Kisker, J. Hilton, K. V. Rajagopalan and D. C. Rees (1996). 

"Crystal structure of DMSO reductase: redox-linked changes in molybdopterin 
coordination." Science 272(5268): 1615-21. 

 
Schliwa, M., U. Euteneuer, W. Herzog and K. Weber (1979). "Evidence for rapid 

structural and functional changes of the melanophore microtubule-organizing 
center upon pigment movements." J Cell Biol 83(3): 623-32. 

 
Schmitt, E., C. Paquet, M. Beauchemin and R. Bertrand (2007). "DNA-damage 

response network at the crossroads of cell-cycle checkpoints, cellular 
senescence and apoptosis." J Zhejiang Univ Sci B 8(6): 377-97. 

 
Seiji, M., T. B. Fitzpatrick and M. S. Birbeck (1961). "The melanosome: a distinctive 

subcellular particle of mammalian melanocytes and the site of 
melanogenesis." J Invest Dermatol 36: 243-52. 

 
Seiji, M., K. Shimao, T. B. Fitzpatrick and M. S. Birbeck (1961). "The site of 

biosynthesis of mammalian tyrosinase." J Invest Dermatol 37: 359-68. 
 
Sengupta, S. and C. C. Harris (2005). "p53: traffic cop at the crossroads of DNA 

repair and recombination." Nat Rev Mol Cell Biol 6(1): 44-55. 
 
Shalbaf, M., N. C. Gibbons, J. M. Wood, D. J. Maitland, H. Rokos, S. M. Elwary, L. 

K. Marles and K. U. Schallreuter (2008). "Presence of epidermal allantoin 
further supports oxidative stress in vitiligo." Exp Dermatol 17(9): 761-70. 

 
Sheikh, M. S., M. C. Hollander and A. J. Fornance, Jr. (2000). "Role of Gadd45 in 

apoptosis." Biochem Pharmacol 59(1): 43-5. 
 
Shibutani, S., M. Takeshita and A. P. Grollman (1991). "Insertion of specific bases 

during DNA synthesis past the oxidation-damaged base 8-oxodG." Nature 
349(6308): 431-4. 

 
Shiihara, T., M. Kato, T. Ichiyama, Y. Takahashi, N. Tanuma, R. Miyata and K. 

Hayasaka (2006). "Acute encephalopathy with refractory status epilepticus: 



 247 

bilateral mesial temporal and claustral lesions, associated with a peripheral 
marker of oxidative DNA damage." J Neurol Sci 250(1-2): 159-61. 

 
Shinmura, K. and J. Yokota (2001). "The OGG1 gene encodes a repair enzyme for 

oxidatively damaged DNA and is involved in human carcinogenesis." 
Antioxid Redox Signal 3(4): 597-609. 

 
Shu, K. X., B. Li and L. X. Wu (2007). "The p53 network: p53 and its downstream 

genes." Colloids Surf B Biointerfaces 55(1): 10-8. 
 
Sies, H. and E. Cadenas (1985). "Oxidative stress: damage to intact cells and organs." 

Philos Trans R Soc Lond B Biol Sci 311(1152): 617-31. 
 
Simoyi, M. F., E. Falkenstein, K. Van Dyke, K. P. Blemings and H. Klandorf (2003). 

"Allantoin, the oxidation product of uric acid is present in chicken and turkey 
plasma." Comp Biochem Physiol B Biochem Mol Biol 135(2): 325-35. 

 
Skulachev, V. P. (1998). "Cytochrome c in the apoptotic and antioxidant cascades." 

FEBS Lett 423(3): 275-80. 
 
Slominski, A., D. J. Tobin, S. Shibahara and J. Wortsman (2004). "Melanin 

pigmentation in mammalian skin and its hormonal regulation." Physiol Rev 
84(4): 1155-228. 

 
Smith, C., A. Marks and M. Lieberman (2004). "Oxygen Toxicity and Free Radical 

Injury"  in:  Marks' Basic Medical Biochemistry, A clinical approach. 
Baltimore, Williams and Wilkins. 

 
Smith, G. B. and E. S. Mocarski (2005). "Contribution of GADD45 family members 

to cell death suppression by cellular Bcl-xL and cytomegalovirus vMIA." J 
Virol 79(23): 14923-32. 

 
Smith, M. L., I. T. Chen, Q. Zhan, I. Bae, C. Y. Chen, T. M. Gilmer, M. B. Kastan, P. 

M. O'Connor and A. J. Fornace, Jr. (1994). "Interaction of the p53-regulated 
protein Gadd45 with proliferating cell nuclear antigen." Science 266(5189): 
1376-80. 

 
Smith, M. L. and A. J. Fornace, Jr. (1997). "p53-mediated protective responses to UV 

irradiation." Proc Natl Acad Sci U S A 94(23): 12255-7. 
 
Smith, M. L. and Y. R. Seo (2002). "p53 regulation of DNA excision repair 

pathways." Mutagenesis 17(2): 149-56. 
 
Song, X., A. Xu, W. Pan, B. Wallin, R. Kivlin, S. Lu, C. Cao, Z. Bi and Y. Wan 

(2008). "Minocycline protects melanocytes against H2O2-induced cell death 
via JNK and p38 MAPK pathways." Int J Mol Med 22(1): 9-16. 

 
Song, Z. and H. Steller (1999). "Death by design: mechanism and control of 

apoptosis." Trends Cell Biol 9(12): M49-52. 



 248 

Soreq, H., D. Patinkin, E. Lev-Lehman, M. Grifman, D. Ginzberg, F. Eckstein and H. 
Zakut (1994). "Antisense oligonucleotide inhibition of acetylcholinesterase 
gene expression induces progenitor cell expansion and suppresses 
hematopoietic apoptosis ex vivo." Proc Natl Acad Sci U S A 91(17): 7907-11. 

 
Soreq, H. and S. Seidman (2001). "Acetylcholinesterase--new roles for an old actor." 

Nat Rev Neurosci 2(4): 294-302. 
 
Spencer, J. D. (2007). "PhD thesis." University of Bradford, UK. 
 
Spencer, J. D., B. Chavan, L. K. Marles, S. Kauser, H. Rokos and K. U. Schallreuter 

(2005). "A novel mechanism in control of human pigmentation by {beta}-
melanocyte-stimulating hormone and 7-tetrahydrobiopterin." J Endocrinol 
187(2): 293-302. 

 
Spencer, J. D., N. C. Gibbons, M. Bohm and K. U. Schallreuter (2008). "The Ca2+ 

binding capacity of epidermal furin is disrupted by H2O2-mediated oxidation 
in vitiligo." Endocrinology. 

 
Spencer, J. D., N. C. Gibbons, H. Rokos, E. M. Peters, J. M. Wood and K. U. 

Schallreuter (2006). "Oxidative Stress Via Hydrogen Peroxide Affects 
Proopiomelanocortin Peptides Directly in the Epidermis of Patients with 
Vitiligo." J Invest Dermatol. 

 
Spencer, J. D., N. C. J. Gibbons, H. Rokos, E. M. J. Peters, J. M. Wood and K. U. 

Schallreuter (2007). "Oxidative stress via hydrogen peroxide affects 
proopiomelanocortin-peptides directly in the epidermis of patients with 
vitiligo." J Invest Dermatol 127(2): 411-20. 

 
Stamatas, G. N. and N. Kollias (2004). "Blood stasis contributions to the perception 

of skin pigmentation." J Biomed Opt 9(2): 315-22. 
 
Steenken, S. and S. V. Jovanovic (1997). "How Easily Oxidizable Is DNA? One-

Electron Reduction Potentials of Adenosine and Guanosine Radicals in 
Aqueous Solution." J. Am. Chem. Soc. 119: 617-618. 

 
Steller, H. (1995). "Mechanisms and genes of cellular suicide." Science 267(5203): 

1445-9. 
 
Stockert, A. L. (2004 ). Spectroscopic and kinetic studies of bovine xanthine oxidase 

and Rhodobacter capsulatus xanthine dehydrogenase. Department of Medical 
Biochemistry. Columbus, Ohio, The Ohio state University. PhD Thesis. 

 
Stockert, A. L., S. S. Shinde, R. F. Anderson and R. Hille (2002). "The reaction 

mechanism of xanthine oxidase: evidence for two-electron chemistry rather 
than sequential one-electron steps." J Am Chem Soc 124(49): 14554-5. 

 
Sunaga, N., T. Kohno, K. Shinmura, T. Saitoh, T. Matsuda, R. Saito and J. Yokota 

(2001). "OGG1 protein suppresses G:C-->T:A mutation in a shuttle vector 
containing 8-hydroxyguanine in human cells." Carcinogenesis 22(9): 1355-62. 



 249 

Sung, J. S. and B. Demple (2006). "Roles of base excision repair subpathways in 
correcting oxidized abasic sites in DNA." Febs J 273(8): 1620-9. 

 
Swift, J. A. (1964). "Transfer of Melanin Granules from Melanocytes to the Cortical 

Cells of Human Hair." Nature 203: 976-7. 
 
Szabo, G. (1954). "The number of melanocytes in human epidermis." Br Med J 

1(4869): 1016-7. 
 
Tadokoro, T., Y. Yamaguchi, J. Batzer, S. G. Coelho, B. Z. Zmudzka, S. A. Miller, R. 

Wolber, J. Z. Beer and V. J. Hearing (2005). "Mechanisms of skin tanning in 
different racial/ethnic groups in response to ultraviolet radiation." J Invest 
Dermatol 124(6): 1326-32. 

 
Tajiri, T., H. Maki and M. Sekiguchi (1995). "Functional cooperation of MutT, MutM 

and MutY proteins in preventing mutations caused by spontaneous oxidation 
of guanine nucleotide in Escherichia coli." Mutat Res 336(3): 257-67. 

 
Takekawa, M. and H. Saito (1998). "A family of stress-inducible GADD45-like 

proteins mediate activation of the stress-responsive MTK1/MEKK4 
MAPKKK." Cell 95(4): 521-30. 

 
Tchou, J., H. Kasai, S. Shibutani, M. H. Chung, J. Laval, A. P. Grollman and S. 

Nishimura (1991). "8-oxoguanine (8-hydroxyguanine) DNA glycosylase and 
its substrate specificity." Proc Natl Acad Sci U S A 88(11): 4690-4. 

 
Teigen, K., N. A. Froystein and A. Martinez (1999). "The structural basis of the 

recognition of phenylalanine and pterin cofactors by phenylalanine 
hydroxylase: implications for the catalytic mechanism." J Mol Biol 294(3): 
807-23. 

 
Teigen, K. and A. Martinez (2003). "Probing cofactor specificity in phenylalanine 

hydroxylase by molecular dynamics simulations." J Biomol Struct Dyn 20(6): 
733-40. 

 
Teraki, Y. and T. Shiohara (1999). "Apoptosis and the skin." Eur J Dermatol 9(5): 

413-25; quiz 426. 
 
Tewari, M., L. T. Quan, K. O'Rourke, S. Desnoyers, Z. Zeng, D. R. Beidler, G. G. 

Poirier, G. S. Salvesen and V. M. Dixit (1995). "Yama/CPP32 beta, a 
mammalian homolog of CED-3, is a CrmA-inhibitable protease that cleaves 
the death substrate poly(ADP-ribose) polymerase." Cell 81(5): 801-9. 

 
Thannickal, V. J., R. M. Day, S. G. Klinz, M. C. Bastien, J. M. Larios and B. L. 

Fanburg (2000). "Ras-dependent and -independent regulation of reactive 
oxygen species by mitogenic growth factors and TGF-beta1." Faseb J 14(12): 
1741-8. 

 
Thannickal, V. J. and B. L. Fanburg (2000). "Reactive oxygen species in cell 

signaling." Am J Physiol Lung Cell Mol Physiol 279(6): L1005-28. 



 250 

Thody, A. J. (1993). Skin Pigmentation and its Regulation from Molecular Aspects of 
Dermatology, John Wiley & Sons Ltd. 

 
Thody, A. J., E. M. Higgins, K. Wakamatsu, S. Ito, S. A. Burchill and J. M. Marks 

(1991). "Pheomelanin as well as eumelanin is present in human epidermis." J 
Invest Dermatol 97(2): 340-4. 

 
Thöny, B., G. Auerbach and N. Blau (2000). "Tetrahydrobiopterin biosynthesis, 

regeneration and functions." Biochem J 347 Pt 1: 1-16. 
 
Thöny, B., Z. Ding and A. Martinez (2004). "Tetrahydrobiopterin protects 

phenylalanine hydroxylase activity in vivo: implications for 
tetrahydrobiopterin-responsive hyperphenylalaninemia." FEBS Lett 577(3): 
507-11. 

 
Thornton, M. J. (2002). "The biological actions of estrogens on skin." Exp Dermatol 

11(6): 487-502. 
 
Tobin, D. and A. J. Thody (1994). "The superoxide anion may mediate short- but not 

long-term effects of ultraviolet radiation on melanogenesis." Exp Dermatol 
3(3): 99-105. 

 
Tobin, D. J. (2006). "Biochemistry of human skin-our brain on the outsite." Chem. 

Soc. Rev.(35): 52-67. 
 
Tobin, D. J., N. N. Swanson, M. R. Pittelkow, E. M. Peters and K. U. Schallreuter 

(2000). "Melanocytes are not absent in lesional skin of long duration vitiligo." 
J Pathol 191(4): 407-16. 

 
Townsend, D., P. Guillery and R. A. King (1984). "Optimized assay for mammalian 

tyrosinase (polyhydroxyl phenyloxidase)." Anal Biochem 139(2): 345-52. 
 
Tsuboi, H., K. Kouda, H. Takeuchi, M. Takigawa, Y. Masamoto, M. Takeuchi and H. 

Ochi (1998). "8-hydroxydeoxyguanosine in urine as an index of oxidative 
damage to DNA in the evaluation of atopic dermatitis." Br J Dermatol 138(6): 
1033-5. 

 
Tsujii, A. and T. Nishino (2008). "Mechanism of Transition from Xanthine 

Dehydrogenase to Xanthine Oxidase: Effect of Guanidine-HCL or Urea on the 
Activity." Nucleosides Nucleotides Nucleic Acids 27(6): 881-7. 

 
Ullrich, R. and M. Hofrichter (2007). "Enzymatic hydroxylation of aromatic 

compounds." Cell Mol Life Sci 64(3): 271-93. 
 
Vairapandi, M., N. Azam, A. G. Balliet, B. Hoffman and D. A. Liebermann (2000). 

"Characterization of MyD118, Gadd45, and proliferating cell nuclear antigen 
(PCNA) interacting domains. PCNA impedes MyD118 AND Gadd45-
mediated negative growth control." J Biol Chem 275(22): 16810-9. 

 



 251 

Vairapandi, M., A. G. Balliet, A. J. Fornace, Jr., B. Hoffman and D. A. Liebermann 
(1996). "The differentiation primary response gene MyD118, related to 
GADD45, encodes for a nuclear protein which interacts with PCNA and 
p21WAF1/CIP1." Oncogene 12(12): 2579-94. 

 
van den Wijngaard, R. M., J. Aten, A. Scheepmaker, I. C. Le Poole, A. J. Tigges, W. 

Westerhof and P. K. Das (2000). "Expression and modulation of apoptosis 
regulatory molecules in human melanocytes: significance in vitiligo." Br J 
Dermatol 143(3): 573-81. 

 
van der Kemp, P. A., D. Thomas, R. Barbey, R. de Oliveira and S. Boiteux (1996). 

"Cloning and expression in Escherichia coli of the OGG1 gene of 
Saccharomyces cerevisiae, which codes for a DNA glycosylase that excises 
7,8-dihydro-8-oxoguanine and 2,6-diamino-4-hydroxy-5-N-
methylformamidopyrimidine." Proc Natl Acad Sci U S A 93(11): 5197-202. 

 
van der Schroeff, J. G., L. M. Evers, A. J. Boot and J. L. Bos (1990). "Ras oncogene 

mutations in basal cell carcinomas and squamous cell carcinomas of human 
skin." J Invest Dermatol 94(4): 423-5. 

 
Wagner, J. R., C. C. Hu and B. N. Ames (1992). "Endogenous oxidative damage of 

deoxycytidine in DNA." Proc Natl Acad Sci U S A 89(8): 3380-4. 
 
Wan, Y., Z. Wang, Y. Shao, Y. Xu, J. Voorhees and G. Fisher (2000). "UV-induced 

expression of GADD45 is mediated by an oxidant sensitive pathway in 
cultured human keratinocytes and in human skin in vivo." Int J Mol Med 6(6): 
683-8. 

 
Wang, N. and D. N. Hebert (2006). "Tyrosinase maturation through the mammalian 

secretory pathway: bringing color to life." Pigment Cell Res 19(1): 3-18. 
 
Wang, X. W., Q. Zhan, J. D. Coursen, M. A. Khan, H. U. Kontny, L. Yu, M. C. 

Hollander, P. M. O'Connor, A. J. Fornace, Jr. and C. C. Harris (1999). 
"GADD45 induction of a G2/M cell cycle checkpoint." Proc Natl Acad Sci U 
S A 96(7): 3706-11. 

 
Wang, Y., A. M. Schmeichel, H. Iida, J. D. Schmelzer and P. A. Low (2005). 

"Ischemia-reperfusion injury causes oxidative stress and apoptosis of Schwann 
cell in acute and chronic experimental diabetic neuropathy." Antioxid Redox 
Signal 7(11-12): 1513-20. 

 
Watabe, H., J. C. Valencia, K. Yasumoto, T. Kushimoto, H. Ando, J. Muller, W. D. 

Vieira, M. Mizoguchi, E. Appella and V. J. Hearing (2004). "Regulation of 
tyrosinase processing and trafficking by organellar pH and by proteasome 
activity." J Biol Chem 279(9): 7971-81. 

 
Wede, I., Z. Z. Altindag, B. Widner, H. Wachter and D. Fuchs (1998). "Inhibition of 

xanthine oxidase by pterins." Free Radic Res 29(4): 331-8. 
 



 252 

Weiss, L. W. and A. S. Zelickson (1975). "Embryology of the epidermis: 
ultrastructural aspects. 1. Formation and early development in the mouse with 
mammalian comparisons." Acta Derm Venereol 55(3): 161-8. 

 
Westerhof, W. (2006). "The discovery of the human melanocyte." Pigment Cell Res 

19(3): 183-93. 
 
Westerhof, W. and M. d'Ischia (2007). "Vitiligo puzzle: the pieces fall in place." 

Pigment Cell Res 20(5): 345-59. 
 
Westerhof, W., M. D. Njoo and K. U. Schallreuter (1997). "[Vitiligo]." Hautarzt 

48(9): 677-93; quiz 693. 
 
Westerhof, W. and K. U. Schallreuter (1997). "PUVA for vitiligo and skin cancer." 

Clin Exp Dermatol 22(1): 54. 
 
White, E. (1996). "Life, death, and the pursuit of apoptosis." Genes Dev 10(1): 1-15. 
 
Wilson, D. M., 3rd and L. H. Thompson (1997). "Life without DNA repair." Proc 

Natl Acad Sci U S A 94(24): 12754-7. 
 
Wilson, K. and J. Walker (2005). Principles and Techniques of Biochemistry and 

Molecular Biology, CAMBRIDGE UNIVERSITY PRESS. 
 
Wolber, R., K. Schlenz, K. Wakamatsu, C. Smuda, Y. Nakanishi, V. J. Hearing and S. 

Ito (2008). "Pigmentation effects of solar-simulated radiation as compared 
with UVA and UVB radiation." Pigment Cell Melanoma Res 21(4): 487-91. 

 
Wood, J. M., B. Chavan, I. Hafeez and K. U. Schallreuter (2004). "Regulation of 

tyrosinase by tetrahydropteridines and H2O2." Biochem Biophys Res Commun 
325(4): 1412-7. 

 
Wood, J. M., H. Decker, H. Hartmann, B. Chavan, H. Rokos, J. D. Spencer, S. Hasse, 

M. J. Thornton, M. Shalbaf, R. Paus and K. U. Schallreuter (2009). "Senile 
hair graying: H2O2-mediated oxidative stress affects human hair color by 
blunting methionine sulfoxide repair." Faseb J. 

 
Wood, J. M., K. Jimbow, R. E. Boissy, A. Slominski, P. M. Plonka, J. Slawinski, J. 

Wortsman and J. Tosk (1999). "What's the use of generating melanin?" Exp 
Dermatol 8(2): 153-64. 

 
Wood, J. M., K. U. Schallreuter-Wood, N. J. Lindsey, S. Callaghan and M. L. 

Gardner (1995). "A specific tetrahydrobiopterin binding domain on tyrosinase 
controls melanogenesis." Biochem Biophys Res Commun 206(2): 480-5. 

 
Wood, J. M. and K. U. Schallreuter (1991). "Studies on the reactions between human 

tyrosinase, superoxide anion, hydrogen peroxide and thiols." Biochim Biophys 
Acta 1074(3): 378-85. 

 



 253 

Wood, M. L., M. Dizdaroglu, E. Gajewski and J. M. Essigmann (1990). "Mechanistic 
studies of ionizing radiation and oxidative mutagenesis: genetic effects of a 
single 8-hydroxyguanine (7-hydro-8-oxoguanine) residue inserted at a unique 
site in a viral genome." Biochemistry 29(30): 7024-32. 

 
Wu, L. L., C. C. Chiou, P. Y. Chang and J. T. Wu (2004). "Urinary 8-OHdG: a 

marker of oxidative stress to DNA and a risk factor for cancer, atherosclerosis 
and diabetics." Clin Chim Acta 339(1-2): 1-9. 

 
Xia, M., R. Dempski and R. Hille (1999). "The reductive half-reaction of xanthine 

oxidase. Reaction with aldehyde substrates and identification of the 
catalytically labile oxygen." J Biol Chem 274(6): 3323-30. 

 
Xie, Y., H. Yang, C. Cunanan, K. Okamoto, D. Shibata, J. Pan, D. E. Barnes, T. 

Lindahl, M. McIlhatton, R. Fishel and J. H. Miller (2004). "Deficiencies in 
mouse Myh and Ogg1 result in tumor predisposition and G to T mutations in 
codon 12 of the K-ras oncogene in lung tumors." Cancer Res 64(9): 3096-102. 

 
Xu, P., T. P. Huecksteadt and J. R. Hoidal (1996). "Molecular cloning and 

characterization of the human xanthine dehydrogenase gene (XDH)." 
Genomics 34(2): 173-80. 

 
Xu, P., X. L. Zhu, T. P. Huecksteadt, A. R. Brothman and J. R. Hoidal (1994). 

"Assignment of human xanthine dehydrogenase gene to chromosome 2p22." 
Genomics 23(1): 289-91. 

 
Yaar, M. and B. A. Gilchrest (1991). "Human melanocyte growth and differentiation: 

a decade of new data." J Invest Dermatol 97(4): 611-7. 
 
Yaar, M., K. Grossman, M. Eller and B. A. Gilchrest (1991). "Evidence for nerve 

growth factor-mediated paracrine effects in human epidermis." J Cell Biol 
115(3): 821-8. 

 
Yada, Y., K. Higuchi and G. Imokawa (1991). "Effects of endothelins on signal 

transduction and proliferation in human melanocytes." J Biol Chem 266(27): 
18352-7. 

 
Yamaguchi, Y., M. Brenner and V. J. Hearing (2007). "The regulation of skin 

pigmentation." J Biol Chem 282(38): 27557-61. 
 
Yamaguchi, Y., K. Takahashi, B. Z. Zmudzka, A. Kornhauser, S. A. Miller, T. 

Tadokoro, W. Berens, J. Z. Beer and V. J. Hearing (2006). "Human skin 
responses to UV radiation: pigment in the upper epidermis protects against 
DNA damage in the lower epidermis and facilitates apoptosis." Faseb J 20(9): 
1486-8. 

 
Yamamoto, O. and J. Bhawan (1994). "Three modes of melanosome transfers in 

Caucasian facial skin: hypothesis based on an ultrastructural study." Pigment 
Cell Res 7(3): 158-69. 



 254 

Yang, J., X. Liu, K. Bhalla, C. N. Kim, A. M. Ibrado, J. Cai, T. I. Peng, D. P. Jones 
and X. Wang (1997). "Prevention of apoptosis by Bcl-2: release of 
cytochrome c from mitochondria blocked." Science 275(5303): 1129-32. 

 
Yardim-Akaydin, S., A. Sepici, Y. Ozkan, B. Simsek and V. Sepici (2006). 

"Evaluation of allantoin levels as a new marker of oxidative stress in Behcet's 
disease." Scand J Rheumatol 35(1): 61-4. 

 
Yardim-Akaydin, S., A. Sepici, Y. Ozkan, M. Torun, B. Simsek and V. Sepici (2004). 

"Oxidation of uric acid in rheumatoid arthritis: is allantoin a marker of 
oxidative stress?" Free Radic Res 38(6): 623-8. 

 
Young, A. R. (2006). "Acute effects of UVR on human eyes and skin." Prog Biophys 

Mol Biol 92(1): 80-5. 
 
Yu, B. P. (1994). "Cellular defenses against damage from reactive oxygen species." 

Physiol Rev 74(1): 139-62. 
 
Zhan, Q. (2005). "Gadd45a, a p53- and BRCA1-regulated stress protein, in cellular 

response to DNA damage." Mutat Res 569(1-2): 133-43. 
 
Zhan, Q., M. J. Antinore, X. W. Wang, F. Carrier, M. L. Smith, C. C. Harris and A. J. 

Fornace, Jr. (1999). "Association with Cdc2 and inhibition of Cdc2/Cyclin B1 
kinase activity by the p53-regulated protein Gadd45." Oncogene 18(18): 2892-
900. 

 
Zhan, Q., S. Fan, M. L. Smith, I. Bae, K. Yu, I. Alamo, Jr., P. M. O'Connor and A. J. 

Fornace, Jr. (1996). "Abrogation of p53 function affects gadd gene responses 
to DNA base-damaging agents and starvation." DNA Cell Biol 15(10): 805-
15. 

 
Zhang, W., I. Bae, K. Krishnaraju, N. Azam, W. Fan, K. Smith, B. Hoffman and D. 

A. Liebermann (1999). "CR6: A third member in the MyD118 and Gadd45 
gene family which functions in negative growth control." Oncogene 18(35): 
4899-907. 

 
Zhivotovsky, B. and G. Kroemer (2004). "Apoptosis and genomic instability." Nat 

Rev Mol Cell Biol 5(9): 752-62. 
 
 
 
 
 
 
 
 
 
 
 
 



 255 

9.0 APPENDIX 

 

Working solutions for SDS-PAGE 

All chemicals were from Sigma, Dorset, UK unless otherwise stated. 

 

Solution B (4x separating buffer or resolving gel): 

1.5M Tris base, 0.4% SDS, pH ???, ??ml final volume made using dH2O. 

 

Solution C (4x stacking buffer): 

0.5M Tris base, 0.4% SDS, pH ???, ??ml final volume made using dH2O. 

 

 

 

    

 

 

 

 

 

Table 3: The quantities of each solution required for preparation of polyacrylamine gels for 

SDS-PAGE. 

 
 
 
 

75 µl90 µl90 µl90 µlAPS (10%)

10 µl8 µl8 µl8 µlTEMED

750 µl10.4 ml8 ml4 mlAcrylamide

1.87 ml 

sol. C

6 ml sol. B6 ml sol. B6 ml sol. BSolution 

B/C

4.87 ml7.2 ml9.6 ml13.6 mldH2O

3% 

stacking gel

13% 

resolving 

gel

10% 

resolving 

gel

5% 

resolving 

gel

75 µl90 µl90 µl90 µlAPS (10%)

10 µl8 µl8 µl8 µlTEMED

750 µl10.4 ml8 ml4 mlAcrylamide
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6 ml sol. B6 ml sol. B6 ml sol. BSolution 

B/C

4.87 ml7.2 ml9.6 ml13.6 mldH2O

3% 

stacking gel

13% 

resolving 

gel

10% 

resolving 

gel

5% 

resolving 

gel
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Sample buffer (x5): 10% SDS 4ml, mercaptoethanol 1ml, glycerol 2ml, 0.5M 

Tris/HCl 1ml, distilled water 2ml, and a trace of brilliant blue. 

 

Running buffer (x4): 192mM glycine, 0.025M Tris base, 0.1% SDS, made to a final 

volume of 1L with dH2O. 

 

Transfer buffer (x4): 0.2M glycine, 25mM Tris base, 20% methanol, made to a final 

volume of 1L with dH2O. 

 

TBS/Tween (NATT) buffer (x4): 150mM NaCl, 20mM Tris base, 0.047% Tween 

20, pH 7.4, made to a final volume of 1L with dH2O. 

  

ECL1: 

250mM luminol in DMSO  1ml 

90mM p-coumaric acid in DMSO 0.44ml 

1M Tris base (pH 8.5)   10ml 

dH2O to a final volume of    100 ml 

 

ECL2: 

30% H2O2    64µl  

1M Tris base (pH 8.5)   10ml 

dH2O to a final volume of   100 ml 
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