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1.1 Structure and Function of the Skin  

          The skin is the largest organ in the body and accounts for on average 12-15% of 

our total body weight (Tobin, 2006). It serves as a physical barrier protecting us from the 

vast number of insults offered by the external environment. It also has numerous other 

functions such as sensory perception, immune defense, protection from water loss, 

protection from friction and impact wounds, production of vitamin D (from 7-

dehydrocholesterol) when exposed to ultraviolet (UV) light and it helps regulate body 

temperature and metabolism. It consists of three main layers; the most proximal layer is 

known as the subcutis/hypodermis, then more distally is the dermis and finally the most 

distal layer is the epidermis. The dermis and epidermis are separated by the Basement 

Membrane Zone (BMZ). 

1.1.1 Epidermis 

          The epidermis is divided into four distinct layers (see figure 1); stratum corneum 

(most distal), stratum granulosum, stratum spinosum and the stratum basale (most 

proximal).  

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the human epidermis (adapted from Fuchs and 
Raghaven, 2002). 
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          The most abundant cell type found throughout the epidermis is the keratinocyte 

(about 95% of total cell number) (Proksch et al, 2008). However, many other specialized 

cells are also found in the epidermis of the skin such as Langerhans cells, which act as 

the major antigen presenting cell in the skin, melanocytes which produce melanin, and 

Merkel cells which act as mechanoreceptors.  

1.1.1.1 Keratinocytes 
 
          In the stratum basale keratinocytes exist as either stem cell-like cells i.e. they 

generate progeny by mitosis (some of which retain stem cell characteristics), or 

transiently amplifying cells i.e. they replicate with a higher frequency than the stem cell-

like keratinocytes but are only capable of limited population doublings. Once a 

keratinocyte becomes fully committed to differentiation it will detach from the basement 

membrane, differentiate, and ultimately cease to proliferate as it migrates toward the 

skin surface, where it will be sloughed off as a fully differentiated dead (but 

biochemically active), cornified cell. As the keratinocyte migrates it expresses a 

progressive array of different keratins, which are a family of tough and insoluble 

structural proteins that help the skin protect from the external environment and help 

maintain its structure. Keratinocytes in the basal layer of the epidermis produce keratin 

type 5 and type 14 (Heyden et al, 1992), and throughout the epidermis they are joined to 

one another by intercellular junctions known as desmosomes. 

          As the keratinocyte differentiates to the stratum spinosum layer its replicative 

potential is reduced as its ability to produce keratin increases and its ability to produce 

different types of keratin changes. In addition to the production of keratin the 

keratinocytes also produce keratinosomes. These are membrane-bound vacuoles that 

contain the precursors of the epidermal lipids in the form of lamellar lipid bilayer 
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membranes (Wilgram, 1965). At this stage of terminal differentiation the keratinocytes 

mainly produce keratin types 1 and 10 (Heyden et al, 1992).  

          Once the keratinocyte reaches the stratum granulosum it can no longer undergo 

cell division and instead undergoes cornification. Cornification is due to the presence of 

keratohyalin granules and filaggrins (Candi et al, 2005). A corneocyte is the terminal stage 

of differentiation for the keratinocyte and at this point the cell is no longer viable but 

remains biochemically active. The main types of keratin now produced are types 6 and 

16.  

          The epidermis is between 5 µm and 150 µm thick (depending on body site) and it 

takes about 30 days for a keratinocyte to differentiate from the stratum basale to the 

stratum corneum (Terskikh and Vasil’ev, 2005). For a keratinocyte to differentiate from 

one layer of the epidermis to the next certain factors are needed. Calcium is required for 

a keratinocyte to differentiate from the stratum basale to the stratum spinulosum and 

from the stratum granulosum to the stratum corneum (Bikle, 2004), whereas protein 

kinase-C (PKC) is required for a keratinocyte to differentiate from the stratum spinosum 

to the stratum granulosum (Denning, 2004). The intra-cellular concentration of calcium 

increases as keratinocytes differentiate from the stratum basale to the stratum corneum, 

allowing the cells to increase the number of intercellular connections (E-Cadherins) 

(Denda et al, 2003).  

          Keratinocytes exist in an “epidermal melanin unit” in normal healthy skin and 

release a myriad of paracrine factors that act upon melanocytes under both basal (i.e. 

unstimulated) and UV-stimulated conditions to promote their viability or in response to 

UVR to stimulate melanogenesis. These factors include basic fibroblast growth factor 

(bFGF) (mitogen) (Halaban, 1997), stem cell factor (SCF) (mitogen) (Welker et al, 

1995), leukemia inhibitory factor (LIF) (mitogen) (Hirobe, 2002), endothelin-1 (ET-1) 
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(mitogen) (Bohm et al, 2005), melanocortin peptides (melanogenesis) (Luger et al, 

1997) and nitric oxide (NO) (melanogenesis) (Heck et al, 1992) amongst others. NO has 

also been shown to be capable of promoting inflammation in response to UVR via 

increasing vascular permeability, and therefore promoting leukocyte infiltration into the 

skin (DiScipio and Schraufstatter, 2007). NO can promote eicosanoid formation via 

activation of guanylyl cyclase, moreover, it has been shown that melatonin acting via the 

melatonin 1B receptor (MEL-1B) can block guanylyl cyclase and therefore inhibit NO-

induced eicosanoid formation (Von Gall et al, 2002).  

          Keratinocytes are also known to produce cytokines such as interleukins (IL) and 

tumor necrosis factor-alpha (TNF-α), which serve to modulate the inflammatory 

response in response to UVR in both pro- and anti-inflammatory ways. In response to 

UVR keratinocytes up-regulate TNF-α and IL-1α, which subsequently up-regulates the 

nuclear factor-κB (NF-κB) transcription factor. The NF-κB transcription factor controls 

expression of around 90 genes involved in inflammation including cyclooxygenase-2 

(COX-2) (Tsatsanis et al, 2006). UVR has also been shown to increase expression of IL-

10 in keratinocytes (Rivas and Ullrich, 1992). IL-10 is an anti-inflammatory cytokine, 

which functions by down-regulating other pro-inflammatory cytokines e.g. IL-1 and IL-

6.   

          The stratum corneum is the tough layer that protects our body from most of the 

insults offered by the external environment. It is composed of protein-rich, lipid-poor, 

corneocytes and the protein-poor lipid-rich cornefied envelope, described as assuming a 

“bricks and mortar” arrangement (Elias and Menon, 1991) (see figure 2). The cornefied 

envelope is essentially impervious to aqueous solutions and this regulates trans-

epidermal water loss that would result in dehydration.  
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Figure 2. Representation of the structure of the stratum corneum (modified from Tobin, 
2006).  
The stratum corneum is composed of between 75-80% protein, 5-15% lipid and 5-10% 
unidentified material. The protein is located mainly within the corneocytes and is mainly 
alpha keratin, whereas the lipid is located mainly within the intercellular domains and is 
composed of ceramides, fatty acids, cholesterol, cholesterol sulphate and wax esters. 
 
          The stratum corneum also contains trans-urocanic acid (trans-UCA) (about 0.5% 

of its dry weight), and ultraviolet B radiation (UVB) can convert this trans-UCA to its 

more soluble cis isomer (Noonan and De Fabo, 1992). cis-UCA can activate sensory 

nerves in the skin (although the actual receptor for cis-UCA on the nerves remains 

elusive) to release neuropeptides such as calcitonin gene related peptide (CGRP) and 

substance P (Khalil et al, 2001). These neuropeptides can induce immunosuppression 

(CGRP), increase microvascular flow (CGRP more so than substance P) and increase 

vascular inflammation (substance P). It is thought that CGRP causes 

immunosuppression via down-regulating the activity of Langerhans cells by increasing 

cyclic-adenosine monophosphate (cAMP) and augmenting lipopolysaccharide- and 

granulocyte-macrophage colony stimulating factor-induced IL-10 production (Asahina 

et al, 1995). IL-10 down-regulates Cluster of Differentiation 86 (CD86) and inhibits 

antigen presentation by Langerhans cells (Lambert and Granstein, 1998). Substance P 

Corneocytes Intercellular lipid domain Desmosomes 
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however, via its neurokinin-1 receptor can induce keratinocytes to produce IL-1, IL-6 

and tumor necrosis factor-alpha (TNFα) and therefore create a pro-inflammatory 

environment (Lambert and Granstein, 1998, Peters et al, 2006, Scholzen et al, 1999). It 

is thought that the release of these 2 substances (CGRP and Substance P) from the same 

site in response to the same stimulus is a mechanism by which each substance can 

reduce the immunoregulatory properties of the other. It is also known that substance P 

can increase histamine release from mast cells (Katsanos et al, 2008). Tryptase when 

released from degranulating mast cells can cleave the proteinase-activated receptor 2 

(PAR2) at the plasma membrane of peripheral neurons and stimulate the release of 

substance P and CGRP, which perpetuates the cycle of inflammation (Bunnett, 2006).           

1.1.1.2 Melanocytes 
 
          Epidermal melanocytes are located in the stratum basale and remain attached to 

the basement membrane. They are highly specialized neural crest-derived cells whose 

main obvious function is to produce melanin of two main types; the black/brown 

eumelanin and the red/yellow pheomelanin. Both are melanins synthesized from the 

amino acid tyrosine by the rate-limiting enzyme tyrosinase (Hunt et al, 1994). 

Melanogenesis occurs in specialized melanocyte-specific organelles known as 

melanosomes. The melanin is transferred to the adjacent keratinocytes in fully mature 

melanosomes by a process that remains poorly understood. Since melanocytes share the 

basal layer with rapidly-dividing and upwardly-mobile keratinocytes their melanin 

becomes distributed throughout the epidermis.           

          Melanin pigment protects keratinocyte components from being damaged by UV 

light as melanin can absorb electromagnetic radiation of this wavelength, as well as 

acting as a scavenger of free-radicals produced by UV light (Prota, 1997). Therefore 
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melanin reduces the possibility that these cells and any other cells located more 

proximally will be damaged. This is a very important defense mechanism which helps 

protect cells from becoming cancerous.  

1.1.1.3 Langerhans Cells 
 
          These cells were first described in 1868 by Paul Langerhans (Langerhans, 1868) 

and are found throughout the epidermis (constituting 2-4% of epidermal cells); however 

they are most abundant in the upper spinosous layer. They have a commonly indented, 

nucleus and a pale or clear cytoplasm. These cells are not attached to other cells by 

desmosomes and so can participate in the cutaneous immune response where they can 

migrate from the skin to the lymph nodes. They possess surface proteins common to 

macrophages (i.e. Fc receptors, C3 complement receptors and major histocompatibility 

complex II molecules) and can present antigen to T or B lymphocytes (Stingl et al, 

1978). It is thought that the mechanisms of UVR-induced local immunosuppression 

involve modified antigen presentation by UVR-damaged Langerhans cells (Beissert et 

al, 2006); however, the mechanisms behind systemic immunosuppression are less clear.  

1.1.1.4 Merkel Cells 
 
          Merkel cells, first described in 1875 by F. S. Merkel, are derived from the neural 

crest and are found in low numbers in the stratum basale among keratinocytes. These 

cells are known to contain neuropeptides and neurotransmitter-like substances such as 

vasoactive intestinal peptide, CGRP, substance P, neuron-specific enolase, 

synaptophysin, met-enkephalin and chromogranin A (Fantini and Johansson, 1995). 

They are most often associated with an afferent nerve terminal, forming a structure 

known as a Merkel cell-neuron complex (Saxod, 1996). This complex functions as a 

sensory mechanoreceptor allowing the cell to act like a typical sensory cell i.e. 
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deformation of the microvilli stimulates neurotransmitter release which in turn 

stimulates the associated afferent neuron. However, it has been shown that this synapse 

activity is too slow for the cell to act as the primary transducer and therefore it is thought 

that these cells serve to lower the threshold of response in the neuron (Ogawa, 1996). 

Merkel cells are also thought to have a neurotrophic function and to participate in the 

paracrine and autocrine regulation of inflammatory diseases.  

1.1.2 Basement Membrane Zone 

          The Basement Membrane Zone (BMZ) at the junction between the epidermis and 

the dermis contains calcium-dependent integrins, laminins and collagens. Collagen 17 

acts as the anchoring filament attaching the basal keratinocytes to the basement 

membrane and collagen 7 acts as the anchoring fibrils attaching the upper dermis to the 

basement membrane (Nerlich, 1995). The connection junction between the keratinocyte 

and the basement membrane is known as a hemidesmosome. Together the 

hemidesmosome, anchoring fibrils and anchoring filaments are known as the 

hemidesmosome-stable adhesion complex. The basement membrane anchors down the 

epidermis to the tissue underneath. This is achieved by cell-matrix adhesions through 

cell adhesion molecules (CAMs). The basement membrane also acts as a mechanical 

barrier, preventing malignant cells from invading the deeper tissues (Lohi, 2001). 

1.1.3 Dermis  

          The dermis is usually less than 2 mm thick and is divided into 2 main layers; the 

upper papillary dermis and the lower reticular dermis. Both layers of the dermis consist 

of fibroblasts, mast cells and other transiently migratory cells and extracellular matrix 

(ECM) components.  

http://en.wikipedia.org/wiki/Fibril�
http://en.wikipedia.org/wiki/Filament�
http://en.wikipedia.org/wiki/Extracellular_matrix�
http://en.wikipedia.org/wiki/Cell_adhesion_molecules�
http://en.wikipedia.org/wiki/Malignant�
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1.1.3.1 Fibroblasts 
 
          The function of fibroblasts is to maintain the structural integrity of the connective 

tissue by continuously secreting precursors of the ECM. Fibroblasts secrete the 

precursors of all the components of the ECM including collagens (for support), elastins 

(for flexibility), fibronectin (binding of ECM components), enzymes, laminins 

(basement membrane), integrins (intracellular signaling), proteoglycans (binding of 

ECM) etc. The composition of the ECM determines the physical properties of 

connective tissues. Because of the fibroblast’s ability to secrete all these components it 

is hardly surprising that these cells play a major role in wound healing (Ross et al, 

1970).  

1.1.3.2 Mast Cells 
 
          Mast cells are derived from the bone marrow and exert powerful 

immunoregulatory functions. They trigger inflammation by degranulating in response to 

the binding of immunoglobulin E (IgE) to their Fc receptors (Boyce et al, 2009). Upon 

degranulation they release histamine, TNFα, eicosanoids and cytokines. The proximity 

of these cells to the vasculature and nerve terminals ensures that these secreted 

mediators reach their intended target, with resultant increased vascular permeability and 

increased expression of adhesion molecules for immune cells on vascular endothelium. 

In addition some of these cytokines act as chemoattractants.   
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1.1.3.3 Appendages of the Skin 
 
          In addition to the aforementioned cells and the ECM, the dermis also houses the 

lymphatic, neural and vascular systems, excretory glands, keratinizing structures, 

sensory nerve receptors, free terminals and hair follicle endings. The extensive 

vasculature housed within the dermis is essential for regulation of body temperature and 

for the delivery of oxygen and nutrients and the removal of toxins and waste products. 

The sebaceous gland, which is also housed within the dermis, is responsible for secreting 

sebum; this is a composition of free fatty acids, waxes and triglycerides which serves to 

maintain the surface pH of the skin at around 5 while also keeping the skin well 

lubricated. Another major appendage housed within this layer of the skin is the eccrine 

gland which produces sweat. Sweat helps maintain the homeostasis of the body but also 

helps to maintain the surface pH at around 5. The hair follicle is also located within this 

layer of the skin and serves to help transmit sensory information as well as contribute to 

gender identity. 

1.1.4 Subcutaneous Layer 

          Proximal to the skin proper is a subcutaneous layer composed of fatty connective 

tissue that connects the dermis to skeletal components underneath. The subcutis is 

heavily interlaced with blood vessels, ensuring a quick delivery of stored nutrients as 

needed. The functions carried out by the subcutaneous fatty tissue, beside the storage of 

nutrients in the form of liquid fats, include insulation of the body from cold and shock 

absorption.  
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1.2 Response of the Skin to Ultraviolet Radiation 

          As mentioned previously the skin serves as a physical barrier protecting us from a 

vast array of insults offered by the external environment. One of the main insults, if not 

the main insult, is ultraviolet radiation (UVR). Over-exposure of the skin to UVR results 

in a number of responses such as; immunosuppression (which protects the skin from 

immune responses induced by nuclear antigens exposed by UVR-damaged “sunburn” 

cells e.g. keratinocytes); thickening of the stratum corneum (due to increased 

keratinocyte proliferation) and “aging” (impairment of collagen synthesis and 

degradation of elastin). However; two other major responses include the production of 

melanin by melanocytes resulting in darkening of the skin and an inflammatory response 

resulting in reddening (called erythema) and possibly even blistering of the skin. The 

degree to which one of these responses predominates may depend on the amount of 

preformed melanin available and the ability of the cell to synthesize new melanin in 

response to the UVR insult. Thus, fewer inflammatory mediators may be likely to be 

formed in skin with more preformed melanin present and/or the ability to form new 

melanin. 

          The response of the skin to UVR can be divided into 2 phases; an early immediate 

response and a late delayed response. The early response involves an immediate 

darkening of existing melanin caused by photo-oxidation of the preformed melanin 

(Ortonne, 1990) but also an erythema or reddening of the skin caused by the production 

of inflammatory mediators. The latter may include eicosanoids produced when plasma 

membrane fatty acids are released into the cell (Young, 2006). The late phase response 

involves a delayed tanning response initiated and propagated by reactive oxygen species 

(ROS), DNA damage and also by some inflammatory mediators (Kawada, 1986). The 
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ROS and DNA damage have been shown to activate signaling cascades that result in the 

up-regulation of key melanogenic genes (Eller et al, 1996). It has also been shown that 

in addition to causing inflammation some of the eicosanoids can stimulate 

melanogenesis and melanocyte dendricity (Tomita et al, 1992). If this delayed tanning 

response does not occur then the initial inflammatory response continues for longer 

exposing the individual to even greater cellular damage and therefore a greater risk of 

skin cancers e.g. basal cell cancer (keratinocyte), squamous cell cancer (keratinocyte), 

and melanoma (epidermal melanocytes).   

1.3 Melanocyte Biology 

1.3.1 Melanocyte Function 

          There are a number of subpopulations of melanocytes in the body and all but one 

(i.e. optic cup-derived retinal epithelium) originate from melanoblasts in the neural crest 

(Nataf et al, 1995). During embryonic development they migrate (as melanoblasts) along 

the dorsolateral pathway to the basal layer of the skin (and from there into the hair 

follicle), the uveal tract and conjunctiva of the eye, the inner ear, and meninges of the 

brain. Stem cell factor (SCF) is thought to play a critical role in the migration of 

melanocytes during embryogenesis because mutations in either the SCF gene or its 

receptor, c-kit, result in defects in skin pigmentation (Hachiya et al, 2001). One way in 

which SCF is thought to direct melanocyte migration is by regulating integrin expression 

at the protein level and by having pleiotropic (one gene influencing many phenotypic 

traits) effects on melanocyte attachment and migration on ECM ligands (Scott et al, 

1994). Melanocytes can control morphological color changes by alterations in their 

number or in the amount and type of pigment they produce and store in their unique 

http://en.wikipedia.org/wiki/Basal_cell_cancer�
http://en.wikipedia.org/wiki/Squamous_cell_cancer�
http://en.wikipedia.org/wiki/Melanoma�


 14 

organelles, melanosomes. Therefore the most obvious function of melanocytes is to 

produce melanin to protect cells from UVR. However, why should such cells also exist 

in the brain or inner ear where it is highly unlikely that they will be affected, at least 

directly, by UVR? Here they may also protect their associated tissues from other sources 

of oxidative stress.  

          As melanocytes release a wide range of signaling molecules such as nitric oxide 

(NO) (Tsatmali et al, 2000), cytokines (Zachariae et al, 1991) e.g. immunomodulatory 

IL-1 and IL-10, melanocortin peptides (Abdel-Malek et al, 1995), catecholamines, 

serotonin and eicosanoids, these cells are likely to have a number of other functions. 

Moreover, because of their close proximity to a number of different systems (nervous, 

vascular, lymphatic) it has been proposed that melanocytes can act as a link between the 

different systems. For example melanocytes could connect the skin with the nervous 

system, as melanocytes can also produce neuropeptides and therefore can act as a 

neuroendocrine cell. It is also known that melanocytes are able to produce cytokines and 

therefore could have an immune modulatory role etc.  

1.3.2 Melanogenesis 

          Melanogenesis is the production of the pigments eumelanin (brown/black) and 

pheomelanin (red/yellow) in melanocyte-specific organelles known as melanosomes. 

Two main types of melanosomes exist (Jimbow et al, 1984). The first of these is the 

eumelanosome which is large (up to 1 µm long) and ellipsoidal and contains a highly 

ordered glycoprotein matrix. The organization of the glycoprotein matrix is essential for 

the production of the eumelanin pigments (Imokawa and Mishima, 1986). The other 

type of melanosome is the pheomelanosome, which is smaller, spherical and contains a 

loosely aggregated and disordered glycoprotein matrix and produces pheomelanin 
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pigments. There are four stages involved in the maturation of melanosomes (see figure 

3).  

 
Figure 3. The melanosomal organelles (Raposo and Marks, 2002). 
(Left) An electron micrograph of plastic-embedded MNT-1 melanoma cell illustrating 
the four stages of melanosome development. (Right) A schematic diagram of each of the 
four stages of melanosome development and their morphological features.  
 

          During maturation, fusion of premelanosomes (stage II) with coated vesicles 

containing tyrosinase derived from the Golgi results in the formation of the melanosome 

(stage III). Moreover, the maturing melanosomes move from the perinuclear area 

towards the dendritic processes of the cell via a complex process involving microtubules 

and actin filaments (Rogers and Gelfand, 1998). Within the melanocytes these melanin 

granules are moved along dendritic processes before being transferred to adjacent 

keratinocytes via a process, which remains poorly understood. In addition to 

cytophagacytosis 3 other mechanisms of transfer have been proposed (Seiberg, 2001); 

transfer of melanosomes through an inter-cellular communication gap (after membrane 

fusion), direct inoculation into keratinocytes, and filopodial transfer.  

Stage IV 
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          According to the classical pathway of melanin biosynthesis, the production of 

both eumelanin and pheomelanin within the melanosome starts with the amino acid 

tyrosine and the rate-limiting enzyme tyrosinase (Pawelek and Charaborty, 1998). 

Tyrosinase converts tyrosine via a number of chemical reactions to one of the two main 

subtypes of melanin (see figure 4). Recent findings in the study of melanin biosynthesis 

have suggested that the amino acid phenylalanine may also be an initial building block 

for melanin biosynthesis (Schallreuter and Wood, 1999). Two main routes exist for the 

formation of eumelanin i.e. DOPAchrome can either be converted to 5, 6-

dihydroxyindole-2-carboxylic acid (DHICA) or to 5, 6-dihydroxyindole (DHI) before 

being converted to indole 5, 6 quinone and then eumelanin. The presence of two distinct 

routes that lead to the same endpoint in this biochemical pathway highlights the 

importance of melanin to mammals, though profound species-specific differences exist. 

Mutations in the three main melanogenic enzymes can have significant effects on human 

phenotype and therefore human health i.e. mutations in the tyrosinase gene result in 

Oculocutaneous Albinism Type 1 (OCA1) (Oetting and King, 1994). The effected 

individual cannot produce any pigment and is at a greater risk of accumulating genetic 

damage in response to UVR and so is more likely to develop skin cancer. Mutations in 

dopachrome tautomerase (DCT) result in the production of pheomelanin over eumelanin 

(Costin et al, 2005) and mutations in tyrosinase related protein-1 (TRP-1) result in 

inhibited interactions of TRP-1 with tyrosinase with resultant brown instead of black 

melanin production (Boissy et al, 1996).     
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Figure 4. A schematic diagram of a modified melanogenic pathway (adapted from 
Tobin, 2004).  
Tyrosinase is a melanosomal, 529 amino acid, copper-containing protein that catalyzes 
at least two major steps in the formation of melanin i.e. the hydroxylation of tyrosine to 
dihydroxyphenylalanine (DOPA) and the oxidation of DOPA to DOPAquinone. TRP 
(tyrosinase-related protein), DHI (5, 6-dihydroxyindole), DHICA (5, 6-duhydroxyindole-
2-carboxylic acid), P (Phosphorylation). 
 

1.3.3 Melanin Structure 

          The exact chemical structure of melanin is not known and this area of research 

remains very active. While melanins are complex polymers that exist in 2 main forms, 

eumelanin and pheomelanin, mixed melanins have also been reported (Iko and 

Wakamatsu, 2008). Under the microscope these complex polymers appear to be non-

refractile and finely granular with individual granules having a diameter of less than 800 

nanometers. Eumelanin consists of repeated units of indole-5, 6-quinone synthesized 
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from tyrosine interspersed randomly with degraded indole units (Swift, 2009). 

Pheomelanin, on the otherhand, is thought to be a red-brown polymer of benzothiazine 

units (Di Donato and Napolitano, 2003). These benzothiazine units are thought to form, 

instead of the 5, 6-dihydroxyindole (DHI) and 5, 6-duhydroxyindole-2-carboxylic acid 

(DHICA) units, when the amino acid L-cysteine is abundant. The photochemical 

properties of eumelanin make it an excellent photoprotectant. It absorbs harmful UV-

radiation and transforms the energy into harmless amounts of heat through a process 

termed ultrafast internal conversion (UIC) (Sobolewski and Domcke, 2007). UIC is the 

transition of the electronic state of a molecule from a high to a low state and it reduces 

the excited state lifetime thereby preventing bimolecular reactions such as the generation 

of ROS. This property enables eumelanin to dissipate more than 99.9% of the absorbed 

UV radiation as heat and it keeps the generation of free radicals at a minimum (Meredith 

and Riesz, 2004). It has been proposed that the ability of eumelanin to act as an 

antioxidant is directly proportional to its degree of polymerization or molecular weight 

(Sarangarajan and Apte, 2004). Suboptimal conditions for the effective polymerization 

of melanin monomers may lead to formation of lower-molecular-weight, pro-oxidant 

melanin (pheomelanin). Also it has been shown that melanin is the best sound-absorbing 

material known due to strong electron-phonon (a quantized mode of vibration occurring 

in a rigid crystal lattice) coupling and this may be related to melanin's role in the inner 

ear (Crippa et al, 1991).  

1.3.3 Regulation of Melanogenesis 

          Since tyrosinase is rate-limiting, the activi ty and expression of this protein within 

the melanosome determines the rate of melanogenesis. The activi ty and expression of 

tyrosinase can be influenced by a number of cleavage products of the precursor pro-

http://en.wikipedia.org/wiki/Polymer�
http://en.wikipedia.org/wiki/Benzothiazine�
http://en.wikipedia.org/wiki/Photoprotection�
http://en.wikipedia.org/wiki/Internal_conversion_(chemistry)�
http://en.wikipedia.org/wiki/Antioxidant�
http://en.wikipedia.org/wiki/Molecular_weight�
http://en.wikipedia.org/wiki/Monomer�
http://en.wikipedia.org/wiki/Phonon�
http://en.wikipedia.org/wiki/Quantum�
http://en.wikipedia.org/wiki/Crystal_structure�
http://en.wikipedia.org/wiki/Inner_ear�
http://en.wikipedia.org/wiki/Inner_ear�
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hormone pro-opiomelanocortin (POMC). The gene at position 2p23 on the human 

chromosome codes for the POMC protein which is a glycosylated, 31 kDa, 241-amino 

acid precursor pro-hormone expressed in the anterior pituitary gland and in some 

peripheral tissues e.g. skin (Farooqui et al, 1993). POMC undergoes enzymatic cleavage 

by pro-hormone convertase 1 and pro-hormone convertase 2 with the aid of a helper 

protein 7B2 (Laurent et al, 2004) to release a number of products including the 

melanocortins (see figure 5). Many of these are pharmacologically active and so together 

with their corresponding receptors play an important role in a variety of essential 

functions such as energy homeostasis (Marshall et al, 1984), steroid production 

(O’Connell et al, 1996) and regulation of pigmentation (Kauser et al, 2003, 2004, 2005). 

 

 
 

Figure 5. Diagram depicting the post-translational processing of POMC (taken from 
Yeo et al, 2000).  
Cleavage sites are indicated by black arrows and are denoted in single letter amino acid 
abbreviations: K, lysine and R, arginine. The 3 major cleavage products of POMC are 
adrenocorticotropic hormone (ACTH), β-lipotropic hormone (β-LPH) and a large N-
terminal fragment. ACTH undergoes further enzymatic cleavage to produce α-
melanocyte stimulating hormone (α-MSH) and corticotropin-like intermediate peptide 
(CLIP); β-LPH undergoes further enzymatic cleavage to produce γ-lipotropic hormone 
(γ-LPH), β-melanocyte stimulating hormone (β-MSH) and β-endorphin (β-END) and the 
large N-terminal fragment undergoes further enzymatic cleavage to produce pro γ-
melanocyte stimulating hormone (γ3MSH) and γ-melanocyte stimulating hormone 
(γ1MSH). 
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          The main cleavage products of POMC that are known to play a role in human hair 

and skin pigmentation are adrenocorticotropic hormone (ACTH), α-melanocyte 

stimulating hormone (α-MSH), β-melanocyte stimulating hormone (β-MSH) and β-

endorphin (β-END) (Kauser et al, 2005, Spencer et al, 2006, Böhm et al, 2005). These 

cleavage products all stimulate melanogenesis, dendricity and proliferation of 

melanocytes although the effects of ACTH and α-MSH are much stronger than β-MSH 

(Kadekaro et al, 2003). ACTH, α-MSH and β-MSH are known to produce their effects 

on melanocytes by acting upon the melanocortin-1 receptor (MC1R). Thus, because the 

regulation of human skin pigmentation is considered to signal via the MC1R, a “MC1R-

centric” view of the regulation of human pigmentation has predominated.  

          The MC1R is a G-protein coupled receptor (GCPR) and as its name implies is 

coupled to a G-protein. G-proteins are so called because of their interaction with the 

guanine nucleotides, guanine triphosphate (GTP) and guanine diphosphate (GDP). G-

proteins are heterotrimeric consisting of α, β and γ subunits and under most 

circumstances the βγ-subunit cannot be separated and it is the α-subunit that confers the 

signal from the receptor to the interior of the cell (Thompson et al, 2008). Four main 

types of G-protein exist. G-proteins from the “stimulatory” family couple to the enzyme 

adenylate cyclase (AC) when activated, whereas those from the “inhibitory" family 

inhibit AC when activated. G-proteins from the “q/11” family couple to phospholipase 

C-β when activated and those from the “12/13” family couple to largely unidentified 

enzymes. 

          Activation of MC1R increases the activity of adenylate cyclase (AC) which 

subsequently results in the accumulation of cyclic adenosine monophosphate (cAMP) 

and therefore activation of protein kinase A (PKA). Activation of PKA ultimately results 

in the activation of microphthalmia induced transcription factor (MITF) which increases 
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the expression of tyrosinase thereby stimulating melanogenesis. It has also been shown 

in vitro that α-MSH can activate p38 mitogen-activated protein kinase (p38) (Smalley 

and Eisen, 2000). Once activated, p38 can bind to and phosphorylate upstream 

transcription factor-1 (USF-1), which in turn can then bind to the promoter region of the 

tyrosinase gene to increase the latter’s expression.  

           β-END acts via the µ-opiate receptor (µ-OR) (GPCR coupled to G-proteins from 

the “inhibitory” family) system and can modify melanocyte phenotype by up-regulating 

EM dendricity, proliferation and melanogenesis (Kauser et al, 2003). Following this 

observation it was subsequently found that β-END also stimulates dendricity, 

proliferation and melanogenesis in human hair follicle melanocytes (HFMs) (Kauser et 

al, 2004). One way in which the β-END/µ-OR system has been proposed to stimulate 

melanogenesis is via activation of protein kinase C (PKC), which then activates 

tyrosinase (Park et al, 1993). This work therefore provided the first evidence for a 

functional paracrine role of β-END in melanogenesis and since no data has yet been 

produced indicating cross-talk between the µ-OR and MC1R it also provided evidence 

that the current view of the “MC1R-centric” state of the regulation of human 

pigmentation may need to be expanded.    

1.4 Variation in Skin Pigmentation and Inflammation in 
Response to UVR 
 
          Much variation exists in human skin pigmentation and although part of this 

variation is due to environmental factors such as different amounts of exposure to UVR, 

a large proportion can be attributed to genetic factors. As mentioned previously skin 

pigmentation largely results from the synthesis of melanin by melanocytes. The melanin 

produced by these cells can be loosely classified as either black/brown eumelanin or 
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red/yellow pheomelanin; so depending on the ratio of these types of melanin will 

determine whether the skin is black/brown, white or somewhere in between.  

          It has been shown that the number of melanocytes differs very little between 

people of different skin colour (Szabo et al, 1969) however; the number of 

eumelanosomes produced in dark skin is significantly greater and they are also 

significantly larger than in light skin. Also the melanosomes produced in dark skin are 

more likely to produce supranuclear caps in keratinocytes and are therein packaged as 

single units rather than in groups (Tsatmali et al, 2002). The former situation retards 

their degradation and therefore they contribute more to protection from UVR and to a 

more pigmented skin phenotype.  

          To date polymorphisms in only two genes have been attributed to differences in 

human skin pigmentation. One of these genes is MC1R and it has been shown that 

signaling via this protein stimulates the synthesis of eumelanosomes, whereas 

antagonism stimulates production of pheomelanosomes (Barsh, 1996). It has also been 

shown that αMSH signaling via this receptor can also have anti-inflammatory properties 

i.e. can inhibit melanocyte apoptosis and reduce the formation of DNA photoproducts by 

enhancing DNA repair via activation of the inositol triphosphate (IP3) kinase pathway 

(Kadekaro et al, 2005). Activation of this pathway results in increased levels of 

phosphatidylinositol-3, 4, 5-triphosphate (PIP3) and inositol 3, 4-bisphosphate, which 

leads to the activation of the serine-threonine kinase Akt (Kandel and Hay, 1999). 

Activated Akt then inhibits apoptosis by inactivating the pro-apoptotic Bad and caspase 

9 and by NFκB (Blume-Jensen et al, 1998, Datta et al, 1997 and Cardone et al, 1998). 

As mentioned previously signaling through MC1R via αMSH increases cAMP and this 

is also known to activate Akt. It has also been shown that in response to UVR the 

activation of NFκB increases expression of cyclooxygenase-2 (COX-2) (Marwaha et al, 
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2005), an enzyme responsible for the production of inflammatory mediators. Therefore, 

by inhibiting the activation of this transcription factor αMSH can reduce the production 

of inflammatory mediators. Furthermore, it has also been shown that αMSH signaling 

via MC1R has anti-tumorigenic properties as it can suppress melanoma cells by 

inhibiting their anchorage-independent growth via inhibition of NFκB (Guei-Sheung et 

al, 2006). To date around 30 allelic variations of the MC1R gene have been described 

(Valverde et al, 1995, Box et al, 1997, Smith et al, 1998 and Rees, 2000) but only 4 of 

these polymorphisms have consistently been associated with red hair/pale skin 

phenotype and reduced tanning ability. These polymorphisms include Arg142His, 

Arg151Cys, Arg160Trp and Asp294His and have been shown to reduce the coupling of 

MC1R to AC (Frandberg et al, 1998, Schioth et al, 1999).  

          More recently however, polymorphisms in another gene termed SLC24A5 have 

correlated with light skin (Lamason et al, 2005). In this particular mutation a fully-

conserved alanine is substituted by a threonine, although it is not fully understood how 

this substitution actually contributes to light skin phenotype. This protein is present in 

melanosomes and is a multipass transmembrane protein of the NCKX class of 

potassium-dependent sodium/calcium exchangers. Therefore, it has been proposed that 

this mutation may prevent the uptake of calcium into the melanosome in exchange for 

sodium, as it has been shown that lower levels of calcium in melanosomes results in the 

production of paler melanin (Salceda et al, 1990). 

1.5 Skin Phototypes   
 
          Variation in melanosome type and melanin production gives rise to the 

classification of skin phototypes first described by Fitzpatrick in 1972. He divided 

people into 6 groups depending on their ability to undergo melanogenesis (tan) in 
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response to UVR. The groups were; group 1, those who burn easily and do not tan at all; 

group 2, those who burn easily and tan with difficulty; group 3, those who burn 

moderately, show immediate pigment darkening and tan moderately after UVR 

exposure; group 4, those who burn minimally, always tan well and have brown skin; 

group 5, those who rarely burn, tan profusely and have dark brown skin and group 6; 

those who never burn, are deeply pigmented and have black skin.  

          The term “burn” refers to the induction of an erythema and inflammatory response 

in the skin in response to UVR and is caused in part by inflammatory mediators known 

as eicosanoids. For example, inhibition of prostaglandins and NO by indomethacin and 

L-NAME respectively reduces erythema post-UVR irradiation (Rhodes et al, 2001). A 

large body of evidence suggests that the source of these mediators is the keratinocyte 

(Thompson et al, 2001). However; recent evidence suggests that melanocytes not 

actively producing melanin may also participate in this reaction cascade. Recent 

evidence for this has been provided by showing that EM can produce NO in response to 

UVR, and in greater amounts than keratinocytes (Tsatmali et al, 2000). Moreover, 

pigment cells express the necessary cellular machinery required for the production of 

some classes of eicosanoids (Nicolaou et al, 2004). 

1.6 Eicosanoids 

1.6.1 Origins 

          All eicosanoids are derived from prostanoic acid, which is derived from 

arachidonic acid (AA), di-homo-gamma-linoleic acid and eicosapentanoic acid. 

However, in humans the main source of eicosanoids is from AA. AA is a 

polyunsaturated fatty acid present in phospholipids (mainly phosphatidylethanolamine, 

phosphatidylcholine and phosphatidylinositides) of cell membranes (figure 6) 
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Figure 6. A) Schematic representation of the polyunsaturated fatty acid, Arachidonic 
Acid, showing its 20 carbon backbone and 4 double bonds. B) Schematic representation 
of a phospholipid that incorporates arachidonic acid (adapted from Chakraborti, 2002). 
R (rest of molecule). * (site of action of phospholipase A2). 
 
 
          Eicosanoids include the prostanoids (which are products of the cyclooxygenase 

pathway), leukotrienes, lipoxins, hepoxilins and monohydroxy fatty acids (which are 

products of the lipoxygenase pathway), epoxy and dihydroxy fatty acids (formed by 

cytochrome P450s) and the isoprostanes, isoleukotrienes and other peroxidised fatty 

acids that are formed non-enzymatically. The eicosanoids act as autocrine and paracrine 

factors which regulate cellular function by binding to cell surface receptors.  

 

1.6.2 Phospholipase-A2 

          Before AA can be converted to any of the eicosanoids it must be first liberated 

from the cell membrane and this is facilitated by phospholipase A2 (PLA2). PLA2 

deacylates fatty acids from the second carbon atom of the diglyceride backbone of 

phospholipids. Three of the nineteen known mammalian PLA2 isoforms have been 

implicated in eicosanoid biosynthesis (see figure 7) (Chakraborti, 2002). 
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Figure 7. Arachidonic acid mobilization (adapted from Fitzpatrick and Soberman, 
2001).  
Under basal conditions, release and metabolism of arachidonic acid (AA) are balanced, 
leaving little AA available as a substrate for eicosanoid formation. With the breaching 
(lightning bolts) of two successive metabolic thresholds, two additional phospholipases 
(sPLA2, cPLA2) are activated, permitting the accumulation of AA and the formation of 
its downstream metabolites. Prior to stimulation, the cycle shown in red predominates, 
wherein membrane phospholipids are hydrolyzed by the iPLA2 isoform, yielding low 
quantities of AA that are recycled by the action of acylases to reform membrane 
phospholipid. However, following receptor activation, Ca2+ levels rise and the inducible 
phospholipase cPLA2 (shown in blue) begins to generate AA. Following prolonged 
receptor occupancy and activation, yet another phospholipase, sPLA2 (shown in green), 
is induced. This enzyme is secreted and can therefore activate eicosanoid synthesis in 
neighbouring cells by a paracrine mechanism. 
 
 
          Under basal (un-stimulated) conditions it is the calcium-independent 

phospholipase A2 (iPLA2) that predominantly frees AA from the cell membrane. Under 

basal conditions the amount of AA released is equal to or less than the amount 

reincorporated back into the cell membrane. Therefore iPLA2 is not responsible for 

eicosanoid biosynthesis.  

  

 

Eicosanoids 

Enzymatic/Non-enzymatic 
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          A second isoform of PLA2 implicated in eicosanoid biosynthesis in humans is 

activated when the intracellular levels of calcium rise above a certain level. Thus, this 

isoform is termed calcium-dependent cytosolic phospholipase A2 (cPLA2). In this case 

the rate of AA release is greater than the rate at which it is reincorporated back into the 

cell membrane. Therefore, there is an accumulation of free AA that can be converted 

into eicosanoids either by the cyclooxygenase (COX) enzymes, lipoxygenase (LOX) 

enzymes or cytochrome P450 enzymes. It has been shown that melatonin acting via the 

melatonin 1A receptor (MEL-1A) can activate cPLA2 and therefore promote eicosanoid 

production (Godson and Reppert, 1997). 

          A third isoform of PLA2 implicated in eicosanoid biosynthesis in humans is 

known as secretory phospholipase A2 (sPLA2). This isoform is induced when there is 

prolonged exposure to a stimulus e.g. ligand-receptor interaction. This form of the 

enzyme creates a paracrine amplification loop as it can generate eicosanoid biosynthesis 

in surrounding cells. However, it has also been shown that sPLA2 released by 

keratinocytes in response to UVR can bind to membrane receptors on melanocytes 

(Scott et al, 2006). This causes the release of lysophosphatidylcholine (LPC) which can 

act in an autocrine manner upon melanocytes via their two G-protein coupled receptors 

for LPC. LPC also activates PKC zeta, which inturn stimulates melanocyte dendricity 

and therefore facilitates melanosome transfer from the melanocyte to the keratinocyte 

(Scott et al, 2006). 

1.6.3 Cyclooxygenase Pathway   

          If acted upon by cyclooxygenase-1 (COX-1) or cyclooxygenase-2 (COX-2) AA 

will firstly undergo a cyclooxygenase reaction where it will combine with two molecules 

of oxygen and be converted to prostaglandin G2 (PGG2). PGG2 will then undergo a 
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peroxidase reaction where it will have 2 electrons added and be converted to 

prostaglandin H2 (PGH2) (see figure 8). These two reactions occur at distinct but 

structurally- and functionally-connected sites. The cyclooxygenase reaction requires the 

presence of a hydroperoxide to proceed and this can be supplied when ROS cause lipids 

in the cell membrane to undergo peroxidation. The peroxidation reaction requires the 

presence of peroxynitrite, which is formed when nitric oxide (NO) reacts with the 

superoxide anion (O2-). It has also been shown that NO directly increases the catalytic 

activity of COX-2 by binding to its iron heme center in its catalytic domain (Kurumbail 

et al, 2001). NO can also induce COX-2 mRNA expression via the beta catenin/TCF 

pathway leading to activation of the polyoma enhancer activator 3 (PEA3) transcription 

factor (Liu et al, 2004). Moreover, NO utilizes the cAMP/PKA/CREB and 

JNK/Jun/ATF2 signaling cascades affecting COX-2 transcription (Park et al, 2005). 

Additionally it has been shown that one of the enzymes responsible for the production of 

NO i.e. inducible nitric oxide synthase (NOS-2) directly binds to COX-2 and s-

nitrosylates it which enhances its catalytic activity (Kim et al, 2005). 

 
Figure 8. Diagram depicting the formation of Prostaglandin G2 (PGG2) and 
prostaglandin H2 (PGH2) from arachidonic acid (adapted from Granstrom, 1984). 
 

          Because the active site of COX-2 is larger and more accommodating than the 

active site of COX-1, COX-2 becomes activated at 10 times less hydroperoxide 
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concentration than for COX-1 (Smith et al, 2000). Also because COX-1 exhibits 

negative allosterism at low AA concentrations it is possible for COX-2 to compete more 

effectively for newly released AA. This means that AA released in response to a 

stimulus is much more likely to be converted to one of the prostanoids by COX-2. It has 

been shown that COX-2 expression is induced in vitro in melanoma cells by UVB as it 

activates CREB and ATF-1 transcription factors in a cAMP-dependent manner 

(Bachelor et al, 2005). This induction in COX-2 expression requires p38MAPK and 

PI3K but not NFκB. 

          Once AA has been converted to PGH2 it can be converted to one of a number of 

important biologically-active end products such as PGD2, PGE2, PGF2ά or PGI2 via 

specific terminal synthases that are cell and tissue specific (see figure 9).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Biosynthetic pathways of prostanoids (adapted from Granstrom, 1984).  
Formation of series 2 (derived from AA and containing 2 double bonds) prostaglandins 
(PG), PGD2, PGE2, PGF2 , PGG2, PGH2, and PGI2, and a thromoboxane (Tx), TxA2, 
from arachidonic acid is shown. First 2 steps of pathway, i.e., conversion of arachidonic 
acid to PGG2 and then to PGH2, are catalyzed by cyclooxygenase, and subsequent 
conversion of PGH2 to each PG is catalyzed by the respective terminal synthase.   
 

Cyclooxygenase 
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          Once these prostanoids have been produced they are released by the cell and can 

act in both an autocrine and paracrine manner. It has been shown that the half-life of the 

prostanoids is very short i.e. from 30 seconds to a few minutes (Botting and Vane, 

1989). Therefore it is believed that they only act locally. Prostanoids have a wide range 

of effects such as contraction or relaxation of smooth muscle, inhibiting or stimulating 

neurotransmitter release, sensitizing sensory fibres to noxious stimuli, generating fever, 

inducing sleep and many more (Ushikubi and Narumya, 2002). These effects are 

induced by the prostanoid end-product binding to its respective GPCR.  

1.6.3.1 Prostaglandin I2 (PGI2) 
 
          The receptor for PGI2 is termed IP and can couple to G-proteins from the Gs and 

Gq families resulting in an increase in cAMP and a phosphatidylinositol (PI) response, 

where diacylglycerol (DAG) and Ca2+ are produced. This means PGI2 could contribute 

to the late pro-melanogenic response (via cAMP) by increasing tyrosinase expression or 

a possible early pro-melanogenic response by increasing both DAG and Ca2+ in the cell. 

An elevation of DAG and Ca2+ is a requirement for the activation of the conventional 

protein kinase C-β (PKCβ). Once PKCβ has been activated it is known to bind to its 

receptor for activated C-kinase-1 (RACK-1), then move to the melanosome where it can 

phosphorylate and activate tyrosinase to stimulate melanogenesis (Park et al, 1993). 

However, work by Hu et al, 2001 showed that a PGI2 analogue had no effect on 

melanogenesis or dendricity in cultured human iridal melanocytes, therefore its 

contribution to melanogenesis in the skin may be negligible. It has also been shown that 

PGI2 is a powerful vasodilator at precapillary arterioles (Wang and Chen, 1996); 

therefore this prostaglandin could possibly contribute to erythema (reddening of the 

skin). 
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1.6.3.2 Prostaglandin E2 (PGE2) 
 
          The receptor for PGE2 is termed EP of which 4 subtypes are known to exist; EP1, 

EP2, EP3 and EP4. EP1 couples to Gq resulting in a PI response that may contribute 

toward a melanogenic response. It has been shown that activation of this receptor in 

melanocytes results in increased melanocyte dendricity (Scott et al, 2006). EP2 and EP4 

both couple to Gs proteins; however melanocytes do not appear to express these 

receptors (Scott et al, 2006). EP3, of which 4 extra subtypes exist, couples to Gi (EP3A) 

and Gs (EP3B and EP3C) but has no effect on cAMP. The EP3D receptor couples to Gi, 

Gs and Gq and so could possibly produce a PI response via Gq resulting in a possible 

early pro-melanogenic effect. It has been shown that PGE2 can have a post-inflammatory 

melanogenic effect on melanocytes and can increase melanocyte dendricity (Scott et al, 

2004). Although PGE2 has been shown to be pro-melanogenic it has also been shown to 

be a powerful vasodilator at precapillary arterioles. Therefore PGE2 could contribute to 

erythema and so may mask the early melanogenic response in vivo. Also in 

keratinocytes it has been shown that PGE2 invokes a positive feedback loop whereby 

PGE2 binds to the EP2 receptor and activates CREB. This results in an increase in COX-

2 expression (Ansari et al, 2007) leading to a further production of PGE2 and the other 

prostanoids contributing to inflammation in vivo. Since melanocytes do not express the 

EP2 receptor they may contribute to this source of inflammation only indirectly i.e. in a 

paracrine manner.   

1.6.3.3 Prostaglandin F2α (PGF2α) 
 
          The receptor for PGF2ά, termed FP, binds to Gq proteins resulting in a PI response. 

Thus, PGF2ά may be pro-melanogenic and it has already been shown to increase 

melanocyte dendricity (Scott et al, 2004). 
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1.6.3.4 Prostaglandin D2 (PGD2)  
 
          The receptor for PGD2, termed DP, binds to Gs proteins and so may increase 

cAMP. It has been shown that it can stimulate both melanocyte dendricity and tyrosinase 

levels (Tomita et al, 1992), thereby contributing to the late phase melanogenic response. 

Also it has been shown that a metabolite of PGD2 (15-deoxy-12, 14-prostaglandin J2) is 

an endogenous activator of peroxisome proliferator-activated receptor gamma (PPARγ), 

which is a powerful anti-inflammatory transcriptional regulator (Mindrescu et al, 2005). 

However, it has also been shown to have a powerful vasodilator effect at precapillary 

arterioles and so could contribute to erythema.   

1.6.4 Lipoxygenase Pathway 

          One alternative pathway of AA metabolism is the lipoxygenase pathway. This 

includes 4 main routes to AA metabolism catalyzed by 4 distinct enzymes termed 5-, 8-, 

12- and 15-lipoxygenase (LOX). However; to date only 12-LOX has been shown to be 

expressed in human melanocytes (Winer et al, 2002). The aforementioned enzymes 

catalyze the oxidation of AA to yield 5-, 8-, 12- or 15-hydroperoxyarachidonate (5-, 8-, 

12-, 15-HPETE), which are then rapidly converted by a peroxidase to 5-, 8-, 12- or 15-

hydroxy-5, 8, 10, 14-eicosatetraenoate (5-, 8-, 12- or 15-HETE) (see figure 10). 
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Figure 10. Diagram depicting the formation of 5-, 8-, 12- or 15-hydroxy-5, 8, 10, 14-
eicosatetraenoate (5-, 8-, 12- or 15-HETE) from arachidonic acid (adapted from 
Granstrom, 1984). 
 

          It has been shown that 12-HETE can cause melanocytes to become swollen and 

more dendritic with increased tyrosinase expression (Tomita et al, 1992). Therefore, 

these molecules can contribute to late melanogenesis in response to exposure to UVR. 

However, it must also be noted that 12-HETE can cause an increase of neutrophilic and 

eosinophilic infiltrates in the vasculature (Waldman et al, 1989). These cells are known 

to accompany cutaneous inflammation and so could contribute to the early inflammatory 

response. 

1.7 Photobiology of the Skin      

1.7.1 Ultraviolet Radiation 

          The electromagnetic spectrum covers the entire range of electromagnetic radiation 

arranged according to frequency and wavelength. The wavelengths range from 10-6 µm 

(γ-rays) to 108 µm (TV/Radio waves) (see figure 11).  
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Figure 11. Diagram showing the entire electromagnetic spectrum (source NASA). 
 

          The human eye is capable of detecting only electromagnetic radiation that lies in a 

very small region of the electromagnetic spectrum. This region is termed “visible light” 

and corresponds to a wavelength range of about 400-700 nm (You, 2001). 

Electromagnetic radiation with a wavelength of 700 nm appears red and electromagnetic 

radiation with a wavelength of 400 nm appears violet. The intervening wavelengths are 

perceived as orange, yellow, green, blue and violet. Therefore ultraviolet (beyond violet) 

light (UVR) is defined as electromagnetic radiation with a wavelength below that of 

visible light and corresponds to a wavelength range of 200-400 nm. This wavelength 

range can be subdivided into three distinct ranges; UVA which has a wavelength range 

of 320-400 nm, UVB which has a wavelength range of 280-320 nm and UVC which has 

a wavelength range of 200-280 nm.  

          The shorter the wavelength of the electromagnetic radiation the higher the energy 

it possesses and therefore the greater the potential to do damage to biological molecules 

(Jones et al, 1987). This potential for causing biological damage arises from the fact that 

some electromagnetic radiation within the UV wavelength range possesses enough 
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energy to break chemical bonds and ionize molecules making them extremely reactive. 

Hence electromagnetic radiation with a wavelength equal to or below this range is 

known as ionizing radiation. Both DNA and proteins possess absorption bands for 

electromagnetic radiation with wavelengths within the UV range (Pattison and Davies, 

2006).  

          For humans the sun is the main source of exposure to UVR and is capable of 

emitting radiation in the UVA, UVB and UVC bands; however, ozone in the Earth’s 

atmosphere is able to absorb UVR with a wavelength shorter than 295 nm (i.e. all of the 

UVC and much of the UVB component of UVR). This means that the composition of 

the UVR that reaches the Earths surface (and therefore has the possibility of inflicting 

damage on biological molecules) is composed of around 95% UVA and around 5% 

UVB.  

1.7.3  Formation of Reactive Oxygen Species 

          As mentioned previously UV light can have a detrimental effect on cellular 

structures either as a result of the ability of these structures (so-called chromophores) to 

directly absorb this energy, or as a result of photo-sensitized processes where the energy 

that has been absorbed by the chromophore is passed on to other cellular components 

resulting in the production of free radicals, reactive oxygen species (ROS) or singlet 

oxygen (1O2) all of which are harmful to cellular material.  

          The production of free radicals is caused by incident energy removing an electron 

or a hydrogen atom from the cellular target rendering it highly reactive. This type of 

reaction is known as a Type 1 Reaction. A Type 2 Reaction results when the incident 

energy is passed to molecular oxygen resulting in molecular oxygen having more energy 

than in its ground state making it more reactive (Pattison and Davies, 2006). The more 
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energy that is transferred to molecular oxygen the less stable it becomes and therefore 

the shorter its lifetime. Therefore, the main state of excited oxygen that is relevant to 

biological components is the first exited state of oxygen (as it has the longest lifetime). 

This first excited state of molecular oxygen is known as 1O2. It must be noted however 

that the energy transfer from the original chromophore to molecular oxygen is usually 

not 100% efficient. Therefore in most circumstances both Type 1 and Type 2 Reactions 

occur simultaneously. However, in some cases these ROS and free radicals may return 

to their natural state via intermolecular decay processes before they do any damage. 

          Several ROS are known to exist and the major ones include the superoxide anion 

(O2
.- ), hydrogen peroxide (H2O2), the hydroxyl radical (.OH), nitric oxide (.NO) and 

singlet oxygen (1O2). O2
.- is formed when oxygen acquires one extra electron. It can be 

reduced to form H2O2 and can be directly toxic. However, O2
.- has a very limited 

reactivity with lipids. H2O2 is produced mainly by enzymatic reaction but it can also be 

produced from O2
.-  by the enzyme superoxide dismutase, and can also diffuse through 

membranes very easily. .OH is produced from H2O2 in the presence of Fe2+ by the 

Fenton reaction and is the most reactive of the ROS. .NO is produced when arginine is 

converted to citrulline by one of three nitric oxide synthase enzymes (endothelial, 

inducible or neuronal). NO has quite a low oxidizing function and is therefore not very 

reactive. It reacts rapidly with oxygen to produce .NO2, which in turn may react with 

.NO to produce N2O3. It is also known that the rapid reaction between O2
.- and .NO 

yields the extremely reactive peroxy nitrite (ONOO-) which mediates a number of 

reactions (Virág et al, 2002). 
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1.7.2 Effect of Ultraviolet Radiation on Biological Molecules 

          UVR can inflict damage upon biological molecules by two different mechanisms. 

One mechanism involves direct absorption of UVR by DNA or proteins resulting in 

photo-induced reactions, while the other mechanism involves a photo-sensitized process 

whereby energy from UVR is absorbed by a chromophore making it electronically 

excited (Bensasson et al, 1993).  

 

          DNA: DNA absorbs UVR optimally with a wavelength of about 260 nm and 

absorption decreases with wavelength until about 300 nm (Taylor, 1994). As this 

wavelength range is within the UVB range it is predominantly UVB that is responsible 

for direct photo-induced DNA damage within cells. However, it is known that UVA can 

also contribute to direct photo-induced DNA damage (Ichihashi et al, 2003). UVR can 

cause many different types of damage to DNA (see figure 12). Depending on how 

extensive this damage is, the damage may be repaired, the cell may undergo apoptosis or 

the cell may become cancerous. However, in the epidermis damaged cells e.g. 

keratinocytes can also be lost via normal terminal differentiation.  
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Figure 12. Schematic representation of the effect of Ultraviolet radiation (UVR) on 
deoxyribonucleic acid (DNA) (adapted from Pattison and Davies, 2006).  
UVA (ultraviolet radiation with a wavelength range of between 320 and 400nm), UVB 
(ultraviolet radiation with a wavelength range of between 280 and 320nm), PSP 
(photosensitized processes), 1 (type 1 reactions), 2 (type 2 reactions), 1O2 (singlet 
oxygen), A (adenine), G (guanine), SB (strand breaks), 8-oxo-Gua (8-oxo-7, 8-
dihydroguanine), PYR (pyrimidine), PUR (purine), (6-4)PP (pyrimidine (6-4) pyrimidine 
dimer), MCC (monomeric cytosine compound), CP (cytosine photohydrate), DVI 
(Dewar valance isomer), T (thymine), C (cytosine), - - - - - (secondary action). Boxes 
highlighted in red represent major contributors to mutagenesis. 
 

       As can be seen from figure 12 the majority of products, especially cancer-causing 

products, are produced when UVB is absorbed by pyrimidine bases. These bases absorb 
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UVR further into the near UV region and during DNA replication DNA polymerase will 

use an adenine base by default if a base is non-readable. This is also why thymine 

dimers are not especially mutagenic. However if DNA polymerase or any other enzyme 

involved in any DNA repair process (such as nucleotide excision repair or any of the 

photoreactivation pathways) becomes altered and unable to function properly the 

original DNA modification may be more likely to result in mutagenesis and cancer. 

          In addition to increasing the chances of cancer there is evidence that DNA damage 

in itself may be important in triggering pigment production. This evidence has been 

provided by showing that activation of T4 endonuclease V (the enzyme activated in 

response to the formation of thymine dimers) enhances the tanning response in UV-

irradiated melanocytes in vitro (Eller et al, 1994). It has also been shown that topical 

application of thymine dinucleotides induces tyrosinase expression and increased 

pigmentation (Eller et al, 1994). In both of these cases it has been shown that the 

mechanism governing this response may involve p53, p21 or PCNA (proliferating cell 

nuclear antigen) as these proteins are also increased after exposure to UVR (Eller et al, 

1996). It must also be noted that rates of DNA repair in response to UVR have been 

shown to be greater in individuals with SPT-5 compared to SPT-2 (Sheehan et al, 2002). 

 

          Proteins: Proteins are also capable of absorbing UVR directly but this process 

only tends to occur with light that has a wavelength of below or equal to 320 nm i.e. 

UVB (figure 13).  
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Figure 13. Schematic representation of the effect of Ultraviolet radiation (UVR) on 
proteins (adapted from Pattison and Davies, 2006).  
UVA (ultraviolet radiation with a wavelength range of between 320 and 400 nm), UVB 
(ultraviolet radiation with a wavelength range of between 280 and 320 nm), PSP 
(photosensitized processes), 1O2 (singlet oxygen). 
 

          The ultimate consequence of UVR effect on proteins is to alter their function. 

These altered functions include; an increase in the susceptibility of the protein to 

proteolytic enzymes, inactivation, activation, alterations in mechanical properties, an 

increased susceptibility to or extent of unfolding, altered light-scattering properties and 

changes in binding of its co-factors. Also it has been shown that peroxides formed on 
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proteins in response to UVR can oxidize susceptible residues on other proteins, can 

deplete anti-oxidants and can cause oxidation of DNA bases, strand breaks and adducts 

(Davies and Pattison, 2006). Once these peroxides decompose to form free radicals they 

can cause damage to lipids resulting in damage to cellular membranes. 

 

          Lipids: UVA is the main source of damage to lipids as it is the major source of 

ROS. ROS damage cell membranes by removing electrons from lipids and ultimately 

this results in the formation of a hydroperoxide. This can either occur via auto-oxidation 

involving free radicals and ROS or via photo-oxidation via singlet oxygen (Pattison and 

Davies, 2006). 

         Auto-oxidation of lipids is a three step process involving initiation, propagation 

and termination. The initiation of a peroxidation sequence involves a ROS abstracting a 

hydrogen atom from a methylene group. This results in the production of free radicals 

from the polyunsaturated fatty acid. The most efficient ROS species capable of initiation 

is the .OH while others such as O2
.- do not posses enough reactivity. The carbon radical 

that results from this attack is usually stabilized by a molecular rearrangement to give a 

conjugated diene that can then combine with oxygen to form a peroxyl radical. The 

peroxyl radical is able to abstract a hydrogen atom from another lipid molecule, thus 

starting a chain reaction. This is known as the propagation stage. However, if the 

peroxyl radical combines with hydrogen a hydroperoxide is formed and the reaction is 

terminated. It is also possible that the peroxyl radical may combine with hydrogen from 

a polyunsaturated fatty acid resulting in the formation of a cyclic peroxide or even a 

cyclic endoperoxide (Pattison and Davies, 2006). 

          Photo-oxidation occurs when 1O2 produced from oxygen in the presence of light 

reacts with a double bond in the presence of a sensitizer e.g. manganese porphyrins. 
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Oxygen is added at either end of a carbon double bond, which means the bond then takes 

the trans configuration. It has been shown that the lifetime of 1O2 is greater in a 

hydrophobic cell membrane than it is in an aqueous solution (Suwa et al, 1977) and that 

photo-oxidation occurs much quicker than auto-oxidation. 

          As shown in figure 14 it can be seen that the major consequences of the formation 

of a lipid hydroperoxide is decreased cellular function caused by membrane damage and 

oxidative stress. 

 
 

Figure 14. Schematic diagram showing the consequences of the formation of lipid 
hydroperoxide from the peroxidation of lipids caused by the effects of Ultraviolet 
Radiation (UVR) (adapted from Pattison and Davies, 2006). 
 

1.8 Defense Mechanisms of Cell to Combat Oxidative Stress 
 
          As mentioned earlier eumelanin is capable of scavenging ROS whereas 

pheomelanin, due to its chemical properties, is capable of increasing the generation of 
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ROS upon UV irradiation (Prota, 1997). Therefore, skin containing a greater amount of 

eumelanin is much more protected from UVR insult than skin with little eumelanin. 

However, this is not the only defense mechanism against ROS in the skin.  

          Under normal conditions free radicals are produced as a byproduct of adenosine 

triphosphate (ATP) production in the mitochondria (Murphy, 2009). Mitochondria 

(figure 15) are often referred to as “the power plant of the cell” as they produce most of 

the cells’ energy in the form of ATP. 

 
 

Figure 15. A) Schematic representation of mitochondria. B) Overview of mitochondrial 
ROS production (adapted from Murphy, 2009). 
 
          ATP is produced within the mitochondrial matrix with the help of ATP synthase 

localized to the inner mitochondrial membrane. ATP production is achieved by 

oxidizing the two main products of glycolysis i.e. pyruvate and nicotinamide adenine 

dinucleotide (NADH). Pyruvate is then oxidized and combined with coenzyme A to 

produce carbon dioxide (CO2), acetyl CoA and more NADH. Acetyl CoA enters the 

Krebs cycle where it is oxidized to CO2. As a byproduct of this reaction more NADH is 

produced along with reduced flavin adenine dinucleotide (FADH2) and guanine 

A B 
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triphosphate (GTP). GTP is directly converted to ATP whereas NADH and FADH2 act 

as electron donors. The electrons donated by these molecules enter the electron transport 

chain and are ultimately passed to molecular oxygen (O2), which is reduced to water 

(H2O). If these electrons leak from this electron chain and are prematurely passed to O2 

then the O2 is converted to the highly reactive O.
2

-. 

          These free radicals are usually removed from the cell by anti-oxidants before they 

can cause damage to cellular components. Anti-oxidants include the enzymes; 

superoxide dismutase, catalase, glutathione reductase, thioredoxin reductase etc., 

whereas the non-enzymatic anti-oxidants include α-tocopherol (vitamin E), glutathione, 

thioredoxin and melatonin etc. Catalase is the main anti-oxidant enzyme in the cell and it 

serves to remove bulk quantities of H2O2 because it catalyzes the reaction of 2 molecules 

of H2O2 with each other to form water and oxygen. Since it catalyzes the interaction of 2 

molecules of H2O2 it is more likely that these 2 molecules will come into contact at high 

concentrations. The other anti-oxidants in the cell serve to dispose of trace amounts of 

ROS as they tend to mop up single molecules of ROS.  Therefore, the levels of these 

compounds in the skin will also influence the cell’s sensitivity to the effects of UVR and 

hence influence their melanogenic response and eicosanoid formation. 

          It has been shown that the activity of catalase is lower in SPT-1 compared to SPT-

4. However, there is no difference between superoxide dismutase levels (Picardo et al, 

1999). In the latter investigation it was shown that the percentage polyunsaturated fatty 

acids in melanocyte cell membranes was higher in patients with SPT-1 compared to 

SPT-4. Therefore, there may be greater potential for eicosanoid production in the former 

as ROS are likely to be formed at the sites of double bonds.        
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2 AIMS OF THE PROJECT 
 
          The overarching aim of this project was to determine the role of eicosanoid 

production by epidermal melanocytes (EM) in inflammation, its significance in UVR-

induced erythema and its relevance to melanin production in human phototype-1 skin 

and phototype-4 skin.  

The objectives were as follows: 

1. To examine leukocyte subtype infiltration into the skin of individuals with 

different skin phototypes (SPT-1 and SPT-4) in response to UVR.  

2. To examine the in situ expression profile of the eicosanoid- and nitric-oxide 

producing enzymes in the skin of individuals with different phototypes (SPT-1 

and SPT-4) in response to UVR. 

3. To isolate and culture primary EM from blister roofs of individuals with SPT-1 

and SPT-4 and from individuals who have undergone elective plastic surgery.  

4. To investigate which eicosanoids can be produced by EM under both baseline 

and UVR-stimulated conditions. 

5. To investigate how the expression of eicosanoid-producing enzymes and the 

production of eicosanoids relates to melanin synthesis in EM. In this way it may 

be possible to determine whether those melanocytes not actively producing 

melanin can instead contribute to inflammation.  

6. To investigate factors that may modify eicosanoid production by EM.  
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3.1 Isolation of Epidermal Melanocytes from Human Skin Blister 
Roofs 
 
          The collection of these skin samples (post 120 mJ/cm2 broadband UVB) was 

approved by the Research Ethics Council, of Hope Hospital (Prof. L. Rhodes) and 

obtained by suction with a pressure of 250 mm Hg as previously described (Rhodes et 

al, 1995). Human blister roofs (from patients at the photodermatology clinic, Hope 

Hospital, Salford) were delivered to the laboratory in a 25 ml universal tube containing 

transport medium (see appendix 1). The skin was washed twice with 1X sterile 

phosphate buffered saline (PBS) (see appendix 3) containing 1X (2.5 μg/ml) Fungizone 

to remove fetal calf serum (FCS), as this would inactivate the trypsin/EDTA that was to 

be added later in the protocol. This PBS wash was collected and added to the universal 

containing the transport medium as it was possible that it may have contained some cells 

that detached from the blister roof during the washing process.  

          The washed epidermis was placed in a 1.5 ml eppendorf tube containing 600 μl of 

trypsin/EDTA and incubated in a water bath at 37.50C for 3-5 minutes to break 

intercellular junctions and free the cells contained within the skin samples. The 

epidermis was vortexed for 1 minute to further aid release of the cells from the 

epidermis. The resulting single cell suspension was transferred to FCS-containing 

transport medium to inactivate the trypsin/EDTA. This process was repeated 3-4 times 

until the trypsinisation solution was clear i.e. indicating no further cells remained in the 

epidermal blister roofs.  

          The epidermal cell suspension was sealed with a lid and parafilm and then 

centrifuged at 1200 rpm (290 g) for 5 minutes. After this the supernatant was carefully 

removed to avoid disturbing the cell pellet, and cells were resuspended in 3 ml of 

complete melanocyte 2:1 medium (see appendix 1). The cell pellet was re-suspended, 
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plated onto a culture dish and placed in an incubator at 370C with 5% carbon dioxide 

(CO2) and 95% oxygen (O2) for approximately 72 hrs to allow cells to attach.  

          The medium was replaced with fresh medium containing 150 μg/ml of Geneticin 

and left for 48 hrs in order to kill any contaminating fibroblasts (Halaban and Alfano, 

1984). Geneticin prevents mitosis and so does not allow cells to progress through the 

cell cycle. As a result the treated cells die. Fibroblasts cycle in a shorter time than 

melanocytes therefore exposing cells to geneticin for the optimum amount of time will 

result in the selective destruction of these rapidly dividing cells. Any contaminating 

keratinocytes were removed by selective trypsinization and placed into another cell 

culture dish for expansion.  

3.2 Cell Culture 

3.2.1 Feeding of Cell Cultures 

          Cells were cultured in polystyrene rectangular canted-neck cell culture flasks that 

were sealed with vented caps. Three sizes of flask were used and these depended on the 

number of cells per flask needed. The surface areas of the flasks used were 25 cm2, 75 

cm2 and 225 cm2. Melanoma and epidermal melanocyte cell cultures had the medium in 

their flasks changed every 2-3 days with complete RPMI 1640 or complete melanocyte 

2:1 medium, respectively (see appendix 1).  

3.2.2 Passaging of Cell Cultures 

          Cell passaging was performed at approximately 80% confluency. Briefly, medium 

was removed from the flasks and the cell monolayer was washed three times in sterile 

PBS to remove attached serum, which could possibly inactivate the trypsin. An 

appropriate volume of trypsin/EDTA was added to the cells and incubated at 370C until 

the cells began to detach (usually after about 1 min). The flask was placed under an 
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inverted microscope and gently tapped until all cells had detached from the surface of 

the flask. Complete serum-containing medium was added to the cell culture flask to 

inactivate the trypsin. The cells were re-plated at a split-ratio of 3:1 (e.g. T25 to T75) 

and placed back in the incubator for 24 hrs, during which time the cells re-attached to 

the surface of the culture flask. 

3.2.3 Freezing and Thawing of Cell Cultures 

          As cell cultures became confluent they were suitable for freezing down for storage 

and later use. The cells were trypsinized and gently centrifuged. The medium was then 

removed and the cell pellet was resuspended in cell freezing solution (see appendix 1). 

The cell suspension was divided into 1 ml aliquots of approximately 1 x 106 cells and 

placed into 1 ml cryovials. The cryovials were placed in an isopropanol bath (so that 

temperature would decrease at a rate of 10C/min) at -800C overnight before transferring 

to a Dewar containing liquid nitrogen for long-term storage. 

          When re-establishing the cells in culture was warranted the cryovials were 

removed from the liquid nitrogen and placed in a water bath at 37.50C. Just before 

complete thawing the contents of the cryovial were added to a T75 culture flask 

followed by the slow addition of 10 ml of complete serum-containing medium. The flask 

was returned to the incubator for at least 24 hrs to allow the cells to attach to the surface 

of the flask. Following this the medium was replenished. 

3.2.4 Cell Counting 

          Single cell suspensions were obtained as above and 10 μl of this cell suspension 

was placed into each of the two chambers of a coverslipped Improved Neubauer 

Counting Chamber. Cells were counted in the four large corner squares and the centre 
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square (as viewed under x20 magnification) of each of the two grids and an average cell 

number was calculated. This value was multiplied by 104 to give the total number of 

cells per ml of cell suspension and multiplied after by the total number of ml of medium 

used to resuspend the cells after trypsinisation to give the total yield of cells. From this 

value the volume required for plating cells at an appropriate density can be deduced for 

each experiment. 

3.3 Cell Stimulations 

3.3.1 Ultraviolet Radiation  

          Medium was removed from culture flasks and the cells were twice washed with 

PBS so that no medium-associated toxic photoproducts (e.g. from Phenol Red) were 

formed during the irradiation. A minimal amount of PBS was then added to the culture 

flasks (7 ml for a T75 culture flask). The ultraviolet lamp used in the project was a 

Philips, TL12, with emission range 270-400 nm and peak 311 nm. The lamp was 

switched on and left to stabilize for 3 mins. After this time the intensity of the ultraviolet 

radiation (UVR) was measured using a light meter to ensure the lamp had stabilized. 

Cells were then placed 30 cm under the lamp on the base of the chamber and left for the 

required amount of time to ensure the correct irradiation (see appendix 2). After 

irradiation the PBS was removed from the cell culture flasks and replaced with 10 ml of 

fresh serum starved medium (for a T75 culture flask) (see appendix 1). The flask was 

returned to the incubator for the required amount of time (i.e. 3 or 24 hrs depending on 

experimental protocol).  
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3.3.2 Arachidonic Acid 

          Medium was removed from culture flasks and the cells were twice washed with 

PBS. Fresh starved 2:1 medium containing the appropriate concentration (i.e. 3 or 10 

µM depending on experimental protocol) of arachidonic acid dissolved in ethanol (see 

appendix 2) was added. Cells were then returned to the incubator for the appropriate 

incubation time (i.e. 3 or 24 hrs depending on experimental protocol).  

3.3.3 Luzindole 

          Medium was removed from culture flasks and the cells were twice washed with 

PBS. Fresh starved 2:1 medium containing luzindole (10 µM) dissolved in 

dimethylsulphoxide (DMSO) (see appendix 2) was added. Cells were then returned to 

the incubator for the appropriate incubation time (i.e. 1, 24 or 25 hrs depending on 

experimental protocol).  

3.3.4 Melatonin 

          Medium was removed from culture flasks and the cells were twice washed with 

PBS. Fresh starved 2:1 medium containing the appropriate concentration (i.e. 10 µM or 

10 mM depending on experimental protocol) of melatonin dissolved in DMSO (see 

appendix 2) was added. Cells were then returned to the incubator for the appropriate 

incubation time (i.e. 1, 24 or 25 hrs depending on experimental protocol).  

3.4 Tissues 
 
          Skin samples (from human buttock skin) were obtained before and after UVR 

irradiation (120 mJ/cm2) from 16 healthy volunteers (8 SPT-1 and 8 SPT-4 as 

determined by geometric UVR dose testing for minimal erythemal dose). Punch biopsies 

(5 mm2) were taken at 4 timepoints (0, 4, 24 and 72 hrs post UVR) as part of a clinical 
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study conducted by Professor Leslie Rhodes of the Photobiology Clinic at Hope 

Hospital in Salford.  

3.5 Immunocytochemistry 
 
          Principle: Immunochemistry involves the use of antibodies directed against 

specific antigens of choice so that the expression of the latter can be visualized in cells 

(immunocytochemistry) and tissues (immunohistochemistry). Once the primary 

antibody has bound its antigen a secondary antibody (which recognizes a species-

specific amino acid sequence on the primary antibody) is directed against this primary 

antibody. Secondary antibodies, used in this project were biotinylated or conjugated with 

fluorescein isothiocyanate (FITC, green) or tetramethylrhodamine isothiocyanate 

(TRITC, red). Following binding of the biotinylated secondary antibody to the primary 

antibody a streptavidin horse radish-peroxidase (SHRP) molecule is added. Streptavidin 

binds strongly and in a 4:1 amplification ratio to the biotin conjugated to the FC portion 

of the secondary antibody and holds the peroxidase enzyme in place. The final step is 

the visualization step involving a chromagen (e.g. amino ethyl-carbazole (AEC)), which 

binds to the peroxidase enzyme and produces (in the presence of its substrate hydrogen 

peroxide) a colored product that allows visualization and localization of the antigen 

target of interest. Alternatively for immunofluorescence the binding of the FITC or 

TRITC-conjugated secondary antibody to the primary antibody permits the localization 

of the protein of interest by fluorescence microscopy. 

3.5.1 Preparation of Skin Sections for Immunohistochemistry 

          Skin specimens were embedded in Optimal Cutting Temperature (OCT) 

compound and frozen at -200C. When the specimens were ready for sectioning they 

were placed in a cryostat at -230C and cut at a thickness of 5 μm. The sections were 
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collected onto Poly-L-lysine treated microscopy slides and stored at -200C. Poly-L-

lysine imparts a negative charge to the glass to strengthen the bond between the tissue 

and the slide. Poly-L-lysine was prepared by diluting 1 part Poly-L-lysine in 9 parts 

distilled water. The slides were immersed in Poly-L-lysine for 5 mins, drained and 

allowed to dry at 600C overnight. 

3.5.2 Immunohistochemical Staining 

          The frozen sections were air-dried at room temperature for 1 hr, fixed in ice-cold 

acetone for 10 mins and washed in PBS. Because the immunodetection system included 

a SHRP molecule the skin was incubated with 0.1% hydrogen peroxide (H2O2) (see 

appendix 3) in PBS for 5 mins to inactivate any endogenous peroxidase activity (e.g. in 

neutrophils, mast cells etc). A hydrophobic barrier was then drawn around each section 

with a PAP pen (containing 1-bromopropane). The sections were incubated for 1 hr at 

room temperature with either 10% goat serum (GS) or 10% donkey serum (DS) (see 

appendix 3) to block potential non-specific binding by the secondary antibodies. GS was 

used if the secondary antibody to be used was raised in goat and DS was used if the 

secondary antibody to be used was raised in donkey. The sections were then washed 

with PBS and incubated overnight with primary antibodies at 40C.  

          The next day the sections were washed with PBS and incubated with the 

secondary antibodies at room temperature for 30 mins. The sections were washed with 

PBS and incubated at room temperature with SHRP for 30 mins. After this final 

incubation the sections were again washed in PBS followed by a final wash in distilled 

water. The antibody:antigen reaction was developed by incubating the sections at room 

temperature with AEC substrate-chromagen for between 5 and 15 mins until a suitable 
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level (gauged against the negative control) of staining had been achieved before the 

reaction was terminated by placing the sections in distilled water.  

 

Figure 16. Schematic representation of immunohistochemical staining using a 
biotinylated secondary antibody and streptavidin-horseradish peroxidase system.   
        
          The sections were counterstained by placing them briefly (about 5 secs) in 

Meyer’s Haematoxylin and then “blueing” in Scott’s tap water (see appendix 3) for 

approximately 45 secs. The slides were then mounted in Glycergel medium, 

coverslipped and photographed.  

3.5.3 Quantification of Immunohistochemical Analysis 

          Individual immunoreactive cells (e.g. neutrophils and CD3+ cells) were counted in 

3 random epidermal/dermal locations at x400 original magnification (i.e. x40 objective 

and x10 eyepiece). This technique was employed for each skin donor and at each UVR 

timepoint. 

          For immunochemistry with antibodies to NOS-1, NOS-2, NOS-3, 12-LOX, 15-

LOX, COX-1 and COX-2 positive staining was assigned an intensity grade of between 0 

and 3 in a) suprabasal epidermal, b) basal epidermal and c) dermal locations at x200 

original magnification (i.e. x20 objective and x10 eyepiece) as follows; 0 = no staining, 

1 = weak staining, 2 = moderate staining and 3 = intense staining.  
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Primary antibody 
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Biotin 

Horse-radish peroxidase 
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3.5.4 Preparation of Cells for Immunocytochemistry 

          Cells were isolated, cultured and counted as described previously. Between 5 x 

103 and 1 x 104 cells were added to each well of an eight-well chambered slide. The total 

volume in each chamber was made up to 200 μl with complete medium.  

          The slides were then placed in the incubator for about 24 hrs to allow the cells to 

attach. Once this had occurred the cells were placed in either complete medium or 

starved medium (without FCS) depending on the protocol used for 24 hrs and then 

stimulated with a test agent for the appropriate amount of time before fixing. For cell 

fixation the medium was removed and the cells washed 3 times with sterile PBS. The 

slides were placed in pre-chilled 100% methanol at -200C for 10 mins. The slides were 

removed from the ice-cold methanol and air-dried. Immunocytochemistry was 

performed immediately or the slides were wrapped in aluminum foil and placed in the 

freezer at -200C for short-term storage. 

3.5.5 Immunocytochemical Staining 

          Methanol-fixed cells were rehydrated in PBS for about 3 mins and incubated with 

either 10% GS or 10% DS for 1 hr at room temperature (250C) to block any non-specific 

binding that may occur by the secondary antibodies to be used. The GS or DS was 

removed and the cells washed 3 times in PBS for 3 mins each. A similar wash protocol 

was applied in all wash cycles used during immunocyto(histo)chemistry. The primary 

antibody of choice was then added to the correct chamber on the slide and incubated 

overnight at 40C. The following day the primary antibody was removed and the cells 

washed with PBS. Subsequent stages were conducted at room temperature.  

          The secondary antibody of choice was then added to the correct well and left for 

30 mins. The secondary antibody was removed and the cells were washed with PBS. 
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SHRP was added to all wells and left for 30 mins. The SHRP was removed and the cells 

washed with PBS, followed by a wash in distilled water for about 5 mins. For reaction 

development the cells were incubated with AEC chromagen for about 5-15 mins until a 

satisfactory level of red color development was observed in the test cells under an 

inverted microscope. Once this level was achieved, and importantly before any 

background staining was observed with the negative control (no primary antibody but 

with non-immune goat/donkey serum), the reaction was terminated by placing the slide 

in distilled water.  

          The chambers were removed from the slide and the slide was mounted in 

Glycergel medium, coverslipped and photographed.  

3.5.6 Single Immunofluorescence 

          Single immunofluorescence was used when little staining was observed in 

cells/tissues using AEC-based immunochemistry techniques, as immunofluorescence 

can reveal even weak positive staining more easily, as with this technique all unstained 

material appears black. The frozen sections were air-dried at room temperature for 1 hr, 

fixed in ice-cold acetone for 10 mins and washed in PBS. A hydrophobic barrier was 

then drawn around each section with a PAP pen. The sections were incubated for 1 hr at 

room temperature with either 10% GS or 10% DS to block potential non-specific 

binding by the primary or secondary antibodies. The sections were then washed with 

PBS and incubated overnight with primary antibodies at 40C.  

          The next day the sections were washed with PBS and incubated with the 

secondary antibodies at room temperature for 60 mins. The sections were again washed 

in PBS followed by a final wash in distilled water.  
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Figure 17. Schematic representation of single immunofluorescence using a fluorescein-
conjugated secondary antibody.   
 
           
          The slides were then mounted using mounting medium containing 4’, 6-

diaminidino-2-phenylindole (DAPI) (blue nuclear dye to highlight location of cells), 

coverslipped and photographed.         

3.5.7 Double Immunofluorescence 

          Double immunofluorescence was used to assess the localization of two proteins in 

the same experiment. In this project one of these target proteins was the test protein 

while the other protein was a control i.e. specific to a given cell type. The procedure for 

double immunofluorescence was identical to that for single immunofluorescence except 

that after the incubation with the first secondary antibody the sections were washed in 

PBS only and instead of being mounted and coverslipped the whole procedure was 

repeated using blocking serum and a secondary antibody that was compatible with the 

second primary antibody that was to be used. The secondary antibody that bound to the 

first primary antibody was FITC-conjugated (green fluorescence) and the secondary 

antibody that bound to the second primary antibody was TRITC-conjugated (red 

fluorescence).  
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Figure 18. Schematic representation of double immunofluorescence using a fluorescein- 
(FITC) and a tetramethyl rhodamine (TRITC) conjugated-secondary antibody.   
 
 
          When the photographs that were taken separately for the FITC- and TRITC-

conjugated antibodies were merged (using Paintshop-Pro, Microsoft) an orange/yellow 

color was produced if both proteins co-localized. Using this technique it was possible to 

determine whether specific cell types expressed particular proteins in situ (skin sections) 

and whether they were co-localized to specific cellular compartments in vitro (cell 

culture).  

3.6 Polymerase Chain Reaction 
 
          Principle: Polymerase Chain Reaction (PCR) is a technique that is used to amplify 

specific regions of a complementary deoxyribonucleic acid (cDNA) strand (target DNA) 

synthesized from messenger ribonucleic acid (mRNA) in a sample (e.g. cell, tissue, 

blood). The target DNA can be a single gene, a part of a gene, or a non-coding sequence. 

The technique uses a DNA polymerase to amplify the target DNA and as the PCR 

progresses this amplified DNA product is used as a template for further replication. 

Therefore amplification of the target becomes exponential. The DNA polymerase that is 

used must be heat stable (usually Taq polymerase first isolated from the bacterium 

thermus aquaticus (Chien et al, 1976)) and it assembles a new DNA strand from 

nucleotides, by using single-stranded DNA as a template and DNA oligonucleotides 
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(primers), which are required for initiation of DNA synthesis. PCR employs thermal 

cycling to physically separate the strands of DNA in the double helix (high temperature) 

and replicate the target region (lower temperature). Thus PCR can highlight the presence 

of mRNA in the original sample and can be used to determine whether a particular gene 

is actively transcribed or whether transcription of a particular gene is affected by a 

treatment.  

3.6.1 RNA Extraction 

          The cell pellet was washed with 1 ml of PBS and centrifuged at 300g for 5 mins. 

The supernatant was discarded and 350 µl of RLT buffer (RNeasy Isolation Kit) was 

added. Cells were vortexed for 1 min and 350 µl of 70% ethanol (see appendix 4) was 

added to the homogenate, which was triturated to ensure mixing. The entire sample was 

then transferred to an RNeasy mini column (RNeasy Isolation Kit) and gently 

centrifuged for 15 secs at 8000g. The flow through was discarded and 350 µl of RW1 

buffer (RNeasy Isolation Kit) was added to the RNeasy mini column. Again the sample 

was centrifuged for 15 secs at 8000g and again the flow through was discarded. 10 µl of 

DNase 1 stock (RNeasy Isolation Kit) was added to 70 µl of RDD buffer (RNeasy 

Isolation Kit) and the mixture was gently vortexed. The entire DNase 1 stock solution 

mixture was applied to the RNeasy silica-gel membrane (RNeasy Isolation Kit) and 

incubated at room temperature for 15 mins. 350 µl of RW1 buffer was applied to the 

RNeasy mini column and centrifuged for 15 secs at 8000g. The flow through was 

discarded and the column was transferred to a clean collection tube. 500 µl of RPE 

buffer (RNeasy Isolation Kit) was added to the column and centrifuged for 15 secs at 

8000g. Again the flow through was discarded and 500 µl of 80% ethanol buffer (RNeasy 

Isolation Kit) was added to the column. The column was then centrifuged at 8000g for 2 



 60 

minutes to allow it dry. The column was then transferred to a clean collection tube and 

40 µl of RNase-free water (RNeasy Isolation Kit) was added. The column was again 

centrifuged and the flow through was collected as it contained the extracted RNA. 

3.6.2 RNA Quantification 

          RNA concentration was determined by measuring its absorbance at 260 nm in a 

spectrophotometer. An absorbance of 1 unit at 260 nm corresponds to 44 µg of RNA per 

ml (Qiagen) but since this relation is only valid around neutral pH the RNA sample (10 

µl) was diluted using 490 µl of 10mM TRIS-Cl pH 8 (see appendix 4). In order to 

quantify the amount of RNA in a given sample the following calculations were 

performed: 

 Concentration of RNA sample = 44 µg/ml x A260 x dilution factor (50)  
 Total amount of RNA = concentration of RNA sample x volume (ml) of RNA 

sample 
 

3.6.3 cDNA Synthesis 

          To a 0.2 ml PCR tube was added enough RNA sample to give 3 µg of RNA, 1 µl 

oligo (dT) primer (50 µM), 1 µl annealing buffer (Superscript III First Strand Synthesis 

Super Mix) and enough diethyl pyrocarbonate (DEPC) treated water (Superscript III 

First Strand Synthesis Super Mix) to make the total volume in the PCR tube upto 8 µl. 

The PCR tube and contents were placed in a preheated thermocycler at 650C for 5 mins 

and then transferred to an ice bath for at least 1 min. 10 µl 2X First-Strand Reaction Mix 

(containing 10 mM MgCl2 and 1 mM each dNTP) and 2 µl SuperScript III/RNaseOUT 

Enzyme Mix (containing a reverse transcriptase) (Superscript III First Strand Synthesis 

Super Mix) was added to the PCR tube to bring the final volume up to 20 µl. The tube 

was then vortexed and centrifuged briefly before being placed in the thermocycler for 50 
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mins at 500C. The reaction was terminated at 850C for 5 mins and the cDNA that had 

been synthesized was used for PCR or stored for later use at -200C.  

3.6.4 Polymerase Chain Reaction 

 
          To PCR tubes was added 10 µl Fast Cycling PCR Master Mix (containing Taq 

Polymerase) (Fast Cycling PCR Kit), 2 µl CoralLoad Fast Cyclin Dye (Fast Cycling 

PCR Kit), 1 µl of forward primer (0.125 µM), 1 µl of reverse primer (0.125 µM), 1 µg 

of cDNA and 5 µl of RNase-free water (Fast Cycling PCR Kit). Negative controls to 

check for primer dimers contained no cDNA and therefore 6 µl of RNase free water. 

PCR tubes were vortexed, gently centrifuged and placed in a thermocycler under the 

following conditions; 10 mins at 950C (initial denaturation), followed by 45 cycles of 0 

secs at 950C (denaturation), 20 secs at 580C (FM55 melanoma cells) or 600C (epidermal 

melanocytes) (annealing) and 30 secs at 720C (extension). This was followed by a final 

extension for 1 min at 720C.   

3.6.5 Visualization of cDNA 

          PCR mixtures were run on a 1% agarose gel containing ethidium bromide (see 

appendix 4) in an electrophoresis tank containing 50X TAE buffer (see appendix 4) at 

100 volts. Once samples had migrated at least half the distance of the gel (so that 

sufficient separation had occurred between the tracking dyes in the CoralLoad Fast 

Cycling Dye), the gel was observed under ultraviolet light and photographed using a gel 

doc system (UVIPhotoMW, UVITec Ltd, Cambridge).    
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3.7 Sodium Dodecyl Sulphate-Polyacrylamide Gel 
Electrophoresis and Western Blotting 

          Principle: Sodium dodecyl sulphate (SDS) is an anionic detergent, which 

denatures secondary and non–disulfide–linked tertiary structures, and applies a negative 

charge to each protein in proportion to its mass. SDS binds in a ratio of approximately 

1.4 g SDS per 1.0 g protein giving an approximately uniform mass:charge ratio for most 

proteins. This means that the distance of migration through the gel can be assumed to be 

directly related to only the size of the protein. Once sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) has been used to separate proteins 

according to their mass they are transferred onto a membrane where the protein of 

interest can be probed using antibodies (Western Blotting), much like the method used 

in immunochemistry (see above). The benefit of this method over that of 

immunochemistry is that it can give more data on the nature/quantity of the protein of 

interest in a given sample (e.g. molecular weight and relative amount). This is achieved 

by assessing the nature and intensity of the bands produced once the protein of interest is 

visualized. However, a disadvantage is that it can give no information with regards to 

localization of the protein within the cell or tissue. 

3.7.1 Protein Extraction 
 
          Cell culture medium was removed from the culture flasks and the cells were 

washed 3 times with PBS. Trypsin/EDTA (1-1.5 ml) was added to the flasks and placed 

in the incubator for 1-2 mins to aid cell detachment. The trypsin/EDTA was then 

inactivated by adding 10 ml of complete FCS-containing medium to the flask. The 

resultant cell suspension was then transferred to a 25 ml universal tube and another 10 

ml of complete medium was added to the culture flask to rinse out any remaining cells. 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate�
http://en.wikipedia.org/wiki/Detergent�
http://en.wikipedia.org/wiki/Denaturation_(biochemistry)�


 63 

This cell suspension was centrifuged at 1,200 rpm (290 g) for 7 mins. Following 

centrifugation the supernatant was discarded and the pellet resuspended in 15 ml of PBS. 

To remove any serum proteins attached to the cells, which could complicate protein 

determination the cell suspension was washed again and centrifuged in PBS at 1,200 

rpm (290 g) for 7 mins. The resulting pellet was resuspended in 1 ml of sample buffer 

(see appendix 5), transferred to a 1.5 ml eppendorf tube containing protease inhibitor 

cocktail (1:20).  

          The cell suspension was repeatedly triturated using a 1 ml syringe to ensure 

thorough mixing of the protease inhibitor cocktail. The sample was placed on ice for 3 

hrs during which time the cell suspension was vortexed every 30 mins for about 10 secs. 

The cell extract was centrifuged at 13,000 rpm (13,000 g) for 3 mins and the resultant 

supernatant, which contained the solubilized protein, was transferred to a clean 

eppendorf and placed in a -800C freezer until use.   

3.7.2 Quantification of Protein in Cell Extract (Bradford Assay) 
 
          Five μl of protein standard (see appendix 5) or test protein sample was added to 

the appropriate well on a 96 well-plate in triplicate. To each well was added 25 μl of 

reagent A’ (see appendix 5) and 200 μl of reagent B. The plate was agitated slightly for 

20 mins using a plate shaker before being placed in a plate reader where the absorbance 

of the samples in each well was measured at 750 nm. The protein concentration of cell 

extract samples was determined using the calibration curve and the absorbance of the 

protein samples.   
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3.7.3 SDS-PAGE of Proteins 

          The lower separating gel was prepared as described in appendix 5, and poured into 

a gel cassette 1 mm above the first division line. 400 µl of distilled water was then added 

to the cassette to overlay the lower separating gel to prevent drying and oxidation of the 

gel surface. Typically, polymerization of the lower separating gel took about 60 mins at 

room temperature. During this time the upper stacking gel was prepared (see appendix 

5). After 60 minutes the distilled water that was used to overlay the lower separating gel 

was discarded and the upper stacking gel was added to the cassette. Immediately after 

the upper stacking gel was added to the gel cassette so too was the lane-dividing comb. 

The comb was added carefully to the cassette in order not to introduce air bubbles into 

the gel. The upper stacking gel was then left for about 30 mins to polymerize. 

          While the upper stacking gel was polymerizing the protein extract was prepared 

for electrophoresis. This involved adding to the sample the reducing agent β-

mercaptoethanol (1:20) to break disulphide bonds and a speck of bromophenol blue to 

track progress of electrophoretic run followed by boiling for 3 mins. The electrophoresis 

chamber was assembled and half filled with diluted tank buffer (see appendix 5). The gel 

cassette was then added to the chamber and the protein samples were loaded into the 

appropriate well on the gel after removal of the comb. The electrophoresis chamber was 

then sealed and run at 125 V for about 90 mins (until the bromophenol blue has reached 

the window at the bottom of the gel cassette). 

3.7.4 Transblotting of SDS-PAGE Separated Proteins 

          A polyvinyldifluoride (PVDF) membrane was activated in methanol for about 5 

secs, washed with distilled water and equilibrated in transblot buffer (see appendix 5). 

When the electrophoretic run was complete the separating gel was removed and placed 
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in a transblot sandwich (see appendix 5), which allowed the proteins in the gel to be 

transferred to the PVDF membrane. This sandwich was then placed in the 

electrophoresis chamber and run at 30 V for 3 hours.  

3.7.5 Western Immunoblotting of Proteins 

          The electrophoretic sandwich was disassembled and the membrane was washed 

briefly in PBS. The membrane was then stained in fast green (see appendix 5) for about 

3 mins and destained using destain solution (see appendix 5) so that the quality of the 

protein transfer could be visualized. The membrane was then washed in PBS and cut 

into vertical (to the direction of protein separation) 5 mm thick strips. The strips were 

then placed in a square plastic dish containing 5% non-fat milk (see appendix 5) in PBS 

for 2 hrs at room temperature to block non-specific binding by primary or secondary 

antibodies. After removal of the milk the membrane was incubated with the appropriate 

primary antibody at 40C overnight in a tray with agitation. The primary antibody 

solution was then removed and the membrane was washed 5 times (each 5 mins) with 

PBS containing 0.05 % Tween 20 (see appendix 5).  

          The horseradish peroxidase-conjugated secondary antibody of choice was then 

added to the membrane and was left to incubate for 2 hrs at room temperature with 

agitation. After incubation was complete the secondary antibody solution was removed 

from the membrane and the membrane was washed 5 times (each 5 mins) with PBS 

containing 0.05 % Tween 20.  

3.7.6 Visualization of Antibody-Reactive Proteins   

          The PVDF membrane was placed in the centre of a square of clingfilm and 

covered with enhanced chemi-luminescence (ECL) solution (see appendix 5). The 
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membrane was kept covered in the ECL solution for 5 mins after which time the solution 

was removed. Another square of clingfilm was then placed over the membrane and the 

entire sandwich was placed in a photographic film wallet. A photographic film (Kodak) 

was placed over the membrane in a dark room and left for 5 mins. After this exposure 

the film was developed, fixed and allowed to dry (see appendix 5). 

3.7.7 Densitometric analysis of Results Produced by Western 
Blotting 
 
          The photographic film containing the results produced by Western Blotting was 

scanned into the computer. This picture was then analyzed using software (TotalLab 

v1.10) that determined the intensities of the bands on this film. Once band intensities 

had been calculated they could be plotted on a graph.    

3.8 Prostaglandin E2 and D2-MOX Enzyme Immunoassay 
 
          Principle: Competitive acetylcholinesterase ELISAs are based on the competition 

between a target compound and a target compound-acetylcholinesterase conjugate (also 

known as a tracer) for a limited amount of monoclonal antibody which was raised 

against the target compound. Since the tracer concentration remains steady while the 

concentration of the target compound varies, the amount of tracer able to bind to the 

antibody will be inversely proportional to the concentration of the target compound. The 

antibody complex can then bind to another antibody that has been used to coat the 

surface of the well on the ELISA plate. On addition of substrate for the 

acetylcholinesterase enzyme a yellow product is formed which absorbs strongly at a 

given wavelength (412 nm). The intensity of this color, which is determined 

spectrophotometrically, is proportional to the amount of tracer bound to the well and 

therefore inversely proportional to the amount of free target compound that must have 
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been present in the well. By comparing this value with a set of values obtained from 

samples with known amounts of target compound in, the concentration (or amount) of 

target compound in the test sample can be determined.   

3.8.1 Pre-Assay Preparation 

          Before starting the PGD2 MOX ELISA media samples were treated with 

methoxylamine hydrochloride (MOX HC) (PGD2-MOX ELISA Kit) in order to convert 

PGD2 into its more stable PGD2-MOX derivative. This ensured that PGD2 was not 

degraded by any of the proteins present in the cell culture media and therefore ensured 

that the results obtained were reliable.  

          The contents of one vial of EIA Buffer Concentrate (PGE2 ELISA Kit, PGD2-

MOX ELISA Kit) and Wash Buffer (PGE2 ELISA Kit, PGD2-MOX ELISA Kit) were 

diluted with 90 ml and 2 L of Ultrapure water respectively. 1 ml of Tween 20 was then 

added to the diluted Wash Buffer 

3.8.2 Preparation of Assay Specific Reagents 

          The contents of the PG standard (PGE2 ELISA Kit, PGD2-MOX ELISA Kit) were 

reconstituted with 1 ml of starved media producing a concentration of 10 ng/ml (bulk 

standard) and serially diluted as follows in 8 eppendorfs; eppendorf #1 contained 900 µl 

of starved media and 100 µl of PG bulk standard i.e. final concentration of 1000 pg/ml. 

500 µl of this PG standard was then placed in eppendorf #2 in addition to 500 µl of 

starved media so that a final concentration of 500 pg/ml was achieved. This procedure 

was then repeated for eppendorfs 3-8 so that the final concentrations of PG was 250 

pg/ml, 125 pg/ml, 62.5 pg/ml, 31.3 pg/ml, 15.6 pg/ml and 7.8 pg/ml respectively. These 

PG standards were then to be used in the construction of a standard curve.   
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          The PG AChE Tracer (PGE2 ELISA Kit, PGD2-MOX ELISA Kit) and the PG 

Monoclonal Antibody (PGE2 ELISA Kit, PGD2-MOX ELISA Kit) were then prepared 

by diluting the contents of their respective vials with 6 ml of EIA Buffer. 

3.8.3 Immunoassay Plate set-up 

          In order to ensure accurate and reproducible results each assay contained a 

minimum of two blanks (Blk), two non-specific binding wells (NSB), two maximum 

binding wells (B0) and an eight point standard curve run in duplicate. Each sample was 

also run in triplicate. An example of the plate set up is shown below. 

     
 
Figure 19. Plate set-up for the Prostaglandin E2 and D2 MOX immunoassay.  
Blk (blank), NSB (non-specific binding), B0 (maximum binding), TA (total activity), S1-
S8 (PG standards), 1-24 (samples). 

3.8.4 Performing the Assay 

          EIA buffer (50 µl) was added to the NSB wells followed by the addition of 50 µl 

starved culture medium to the B0 and NSB wells. 50 µl of the 7.8 pg/ml PG standard 

was added to the S8 wells and 50 µl of the 15.6 pg/ml PG standard was added to the S7 
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wells. This procedure was continued until all the standards had been aliquoted. 50 µl of 

sample was then added to the appropriate wells (in triplicate). PG AChE tracer (50 µl) 

was added to every well except the TA and Blk wells, followed by 50 µl of PG 

monoclonal antibody to every well except the TA, NSB and Blk wells. The plate was 

then covered with plastic film and incubated at 40C overnight. 

          Following the incubation period 1 vial of Ellman’s Reagent (PGE2 ELISA Kit, 

PGD2-MOX ELISA Kit) was reconstituted with 20 ml of Ultrapure water. The wells on 

the plate were emptied and rinsed five times with Wash Buffer and 200 µl of Ellman’s 

Reagent were then added to each well. 5 µl of tracer was added to the TA well. The plate 

was again covered with plastic film and left in the dark for 1 hour for optimum 

development (B0 = > 0.3 A.U. (blank subtracted)) to occur. 

          After 1 hour the bottom of the plate was wiped to remove any fingerprints, dirt, 

etc. and the plastic film cover was removed. The plate was then placed in a plate reader 

and the absorbance of the wells was measured at 405 nm. 

3.8.5 Analysis of Assay Results 

          The average absorbance was calculated for the NSB (background) and B0 

(maximum binding) wells. The average absorbance obtained for NSB was then 

subtracted from the average B0 absorbance to give the corrected maximum binding. The 

% sample or standard bound/maximum bound was then calculated for the remaining 

wells. This was achieved by subtracting the average NSB absorbance from the S1 

absorbance and dividing by the corrected B0. This value was then multiplied by 100 to 

obtain %B/B0. This procedure was repeated for all remaining samples.  

          %B/B0 for the standards was plotted against PGE2 concentration using linear (y) 

and log (x) axis. The data was fitted to a 4-parameter logistic equation (using software 
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provided at www.caymanchem.com). The concentration of the samples could then be 

read from this graph. Samples with %B/B0 values greater than 80% or less than 20% 

were re-assayed as they fell out of the linear range of the standard curve.  

3.9 Liquid Chromatography/Electrospray Tandem Mass 
Spectrometry 
 
          Principle: Mass spectrometry is a technique used to determine the molecular mass 

and/or structure of molecules and this is achieved by ionizing the molecules and 

measuring their mass to charge ratio. A tandem mass spectrometer is capable of multiple 

rounds of mass spectrometry. The mass spectrometer consists of an ion source, which 

ionizes the molecules of interest; a mass analyzer, which sorts the ions by their masses 

by applying electromagnetic fields, and a detector, which measures the value of an 

indicator quantity and therefore provides the data for calculating the abundances of each 

ion present. In this project Electrospray Ionization was used to ionize the metabolites of 

interest because this technique allows for the detection of intact molecular ions resulting 

from lipids such as prostaglandins. In this project liquid chromatography was used to 

separate compounds in the sample before they were introduced to the ion source so that 

the mass resolving and mass determining capabilities of mass spectrometry were 

enhanced. 

3.9.1 Sample Preparation 

          Sample preparation and LC/ESI-MS/MS was carried out as reported by Masoodi 

and Nicolaou (2006). Briefly, starved cell culture medium (i.e. lacking serum) was 

collected from cell culture flasks containing control and stimulated (with arachidonic 

acid (10 µM) or UVR (73 mJ/cm2)) epidermal melanocytes (EM). Each sample was 

adjusted to 15% methanol (see appendix 6) and the internal standard prostaglandin B2-d4 
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(PGB2-d4) (40 ng) was then added. The samples were acidified to pH 3 with 0.1 M 

hydrochloric acid (HCl) (see appendix 6) and immediately applied to solid phase 

extraction (SPE) cartridges that had previously been activated using 20 ml methanol 

followed by 20 ml wash with water. The cartridges were then washed successively with 

20 ml 15 % methanol, followed by 20 ml water and then in 10 ml hexane. Finally the 

prostanoids were eluted from the cartridge using 15 ml methyl formate.  

          The extraction procedure was performed using a vacuum manifold that was 

adjusted so that individual drops could be seen exiting each cartridge. The organic 

solvent was evaporated under a fine stream of nitrogen and the residue was dissolved in 

100 µl of ethanol. The extracted prostanoids were stored at -200C until LC/ESI-MS/MS 

was ready to be performed. 

3.9.2 LC/ESI-MS/MS Analysis 

          The LC/ESI-MS/MS analysis was performed on a Waters Alliance 2695 HPLC 

pump coupled to an electrospray ionisation (ESI) triple quadruple Quattro Ultima mass 

spectrometer. Instrument control and data acquisition were performed using the 

MassLynx V4.0 software. The instrument was operated in the negative ion mode. 

          Sample injections were performed with a Waters 2690 autosampler and the 

sample chamber temperature was set at 80C. The column was maintained at ambient 

temperature. The capillary voltage was set at 3500 V, source temperature 1200C, 

desolvation temperature 3600C and cone voltage 35 V. Collision energy settings and 

multiple reaction monitoring (MRM) transitions for each of the detectable compounds 

were set up as described in Masoodi and Nicolaou (2006). Chromatographic analysis 

was performed on a C18 column (Gemini, 5 µ, 150 x 2 mm). The injection volume was 

10 µl and flow rate was 0.2 ml/min. 
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          The analysis was performed using an acetonitrile-based gradient system mixing 

two solvents: solvent A was acetonitrile/water/glacial acetic acid, 45:55:0.02 (v/v/v); 

solvent B was acetonitrile/water/glacial acetic acid, 90:10:0.02 (v/v/v). The analytes 

were separated using the following gradient: 0.0-8.0 min, 0% solvent B; 8.0-8.1 min, 0-

50% solvent B; 8.0-12.0 min, 50% solvent B; 12.0-12.1 min, 50-70% solvent B; 12.1-

20.0 min, 70 % solvent B; 20.0-20.1 min, 70-0% solvent B; 20.1-30.0 min 0% solvent B. 

          To calculate the concentration of any given analyte the peak area ratio to PGB2-d4 

was calculated and read off the corresponding calibration line. The calibration lines were 

constructed using commercially available standards as described by Masoodi and 

Nicolaou (2006).  

3.10 Gas Chromatography 
 
          Principle: Gas chromatography (GC) is a technique used to separate and analyze 

compounds that can be vaporized without decomposing. The gaseous compounds 

interact with the wall of the column which is coated in different stationary phases (i.e. 

microscopic layers of polymers on an inert solid support) that cause the different 

compounds in the sample to elute at different retension times. The identity of the 

analytes can be established by comparing the retension times to those of analytically 

pure standards. In this project GC was used to analyze the fatty acid composition of 

epidermal melanocytes (EM) before and after exposure to UVR.  

3.10.1 Lipid Extraction from Cell Pellets 

 
          Water (1 ml) was added to each cell pellet and the resulting suspension was 

vortexed for 1 min before being placed on ice for a further minute. This procedure was 

repeated twice more and the resulting suspension was transferred to an extraction tube 
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(tube 1) containing 4 ml of ice-cold chloroform-methanol with butylated hydroxytoluene 

(BHT) as an anti-oxidant (see appendix 7). The suspension was then vortexed for 5 x 1 

min (while being placed on ice for 30 secs between vortexing). It was then centrifuged at 

5000 rpm for 5 mins at 40C to separate the organic (lower) and aqueous (upper) layers. 

The lower organic layer was transferred to a clean extraction tube (tube 2). This 

procedure was then repeated twice and the extracts were combined. 

          Potassium Chloride (KCl) (2 ml, 0.5 M) in methanol (see appendix 7) was added 

to the combined lipid extract in tube 2. The resulting mixture was then vortexed and 

centrifuged as previously described and the top aqueous layer that formed was removed 

and discarded. The process of washing the lipid extract with KCl was repeated again and 

the aqueous layer (top) was discarded. 

          The bottom layer was then transferred to a clean extraction tube (tube 3) and a 

small amount (less than 1 g) of dry sodium sulphate was added. The tube was then 

inverted and a “snow storm” effect was observed indicating that the water had been 

absorbed from the organic layer. If a “snow storm” effect was not observed more sodium 

sulphate was added until it was. Care was taken to ensure that too much sodium sulphate 

was not added as this would have resulted in the formation of a wet paste. 

          Filters were prepared by packing cotton wool in Pasteur pipettes, washing 3 times 

with chloroform-methanol extraction solvent and flash drying with air. The lipid extract 

was then passed through the filter using a glass pipette and collected in a derivatisation 

tube (D1). The pipettes were then washed with a small amount of the chloroform-

methanol extraction solvent to ensure complete recovery of the lipid extract. Finally, 

samples were dried under nitrogen gently but thoroughly to remove all of the solvent. 
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3.10.2 Preparation of Fatty Acid Methyl Esters 

          C21:0 (Heneicsanoic Acid) internal standard (44 µl and 900 µl of 1 mg/ml) (see 

appendix 7) was added to the dry lipid extract and a separate clean derivatisation tube 

(control), respectively and the solvents were dried under nitrogen. 250 µl of 

toluene:methanol (50/50 v/v) and 250 µl 14% BF3-methanol solution (see appendix 7) 

were then added to each tube. The tubes were sealed under nitrogen, vortexed and 

transferred to a pre-heated heat block set at 1000C for 90 mins. The tubes were then 

placed on ice for 10 mins and 1.5 ml of 10% potassium carbonate (K2CO3) (see 

appendix 7) and 2 ml of trimethylpentane were added. The tubes were vortexed and 

centrifuged at 5000 rpm for 5 mins and the upper layer (containing the fatty acid methyl 

esters) was transferred to a clean tube. The process of addition of K2CO3 and 

trimethylpentane, vortexing, centrifugation and removal of the fatty acid methyl ester 

upper layer was repeated once. The fatty acid methyl ester containing extracts were then 

evaporated to dryness under nitrogen. For fatty acid methyl ester analysis the residue 

was reconstituted in 50 µl dichloromethane and for the control the extract was 

reconstituted in 1 ml dichloromethane. The tubes were then vortexed and the resulting 

mixture was then transferred to a clean injection vial using a glass syringe.  The 

concentration of C21:0 in the lipid extract was 900 ng/µl and this was used to calculate 

the amount of fatty acid methyl esters found in the samples. 
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3.10.3 Gas Chromatography Analysis 

          FAME were separated by GC with flame ionization detection (GC-FID). Helium 

was used as the carrier gas at a constant pressure of 21.65 psi. A mixture of hydrogen 

and air were used as the detector gas. The analysis was performed on a BPX-70 column 

(0.25 mm ID 0.25 µm film 60 m L) in split (30:1) mode. The injector and flame 

ionization detector were maintained at 2200C and 2500C respectively. The injection 

volume was 1 µl. The oven temperature was held at 700C for 2 mins and then ramped 

from 700C to 1500C at a rate of 200C/min and held at 1500C for 5 mins. The oven 

temperature was then ramped from 1500C to 2180C at a rate of 2.50C/min and then 

ramped from 2180C to 2250C at a rate of 0.60C/min and held for 10 mins. Finally the 

oven temperature was ramped from 2250C to 2300C at a rate of 2.5 0C/min and held for 

3 mins.  

          Prior to any sample analysis, there was initially an injection of 250 ng/µl C21:0 

internal standard (see appendix 7), followed by the commercially available FAME 

standard (see appendix 7). Then a mixed FAME standard, containing both C21:0 and 

FAME standard was injected. The individual retension times of FAME in the samples 

was compared to the retension times of FAME standards. FAME was quantified by 

normalizing peak area to the peak of C21:0 and expressed as ng of fatty acid/million 

cells. In addition, to ensure there was no FAME carry over, chloroform was injected in 

between standard and sample injections.    

3.11 Melanin Assay 

          Cells were trypsinized, counted and pelleted as described earlier. The cells were 

then resuspended in PBS and washed. Following this the cells were again pelleted in 

PBS. The supernatant was discarded and the pellet was resuspended in 600 µl of 1 M 
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sodium hydroxide (NaOH, see appendix 8). The cell suspension was then transferred to 

an eppendorf and incubated on a heat block at 1000C for 15 mins. The cell suspension 

was vortexed and 200 µl of test sample was added to the appropriate well on a 96-well 

plate (in triplicate). A 500 µg/ml solution of synthetic melanin was produced (see 

appendix 8). From this 100 µg/ml, 50 µg/ml, 20 µg/ml, 10 µg/ml, 5 µg/ml and 1 µg/ml 

standard solutions of synthetic melanin were also produced (see appendix 8). 200 µl of 

these standards were added in triplicate to the appropriate wells on the 96 well plate. 

Once the 96-well plate was set up the absorbances of each of the wells were measured at 

490 nm in a plate reader to calculate the melanin concentration of the test samples by 

using the melanin standards and then the amount of melanin in pg/cell could be 

calculated. 

3.12 Dopa-Oxidase (Tyrosinase Activity) Assay 

          Protein was extracted, quantified, separated and transblotted as described 

previously with the exception that the SDS-PAGE was carried out under non-reducing 

conditions i.e. without boiling and without the addition of β-mercaptoethanol so that the 

tertiary structure and activity of the tyrosinase enzyme was not abolished. The PVDF 

membrane, that contained the separated and transblotted proteins, was then incubated for 

3 hrs at room temperature in 10 mM 3, 4-dihydroxy-L-phenylalanine (L-DOPA) (see 

appendix 9). Tyrosinase catalyzed the conversion of L-DOPA to DOPA-quinone and 

produced a dark band on the membrane where the enzyme was localized. Providing that 

equal amounts of protein had been loaded into the lanes on the acrylamide gel the 

relative activity of tyrosinase could be compared between different samples i.e. the 

darker the band produced the more active the tyrosinase. 
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3.13 Statistical Analysis 

          A range of statistical techniques were employed in order to judge the significance 

of the results. If only one experimental value was to be compared to the mean value, 

with each value repeated in triplicate and a finding above or below the mean value being 

of interest, then a 2-tailed, type-1 Students T-test was employed. If however multiple 

values within a data set were to be compared, with each value being repeated in 

triplicate but from only one group then One-Way ANOVA with a Bonferroni adjustment 

was employed. Finally, if multiple values within a data set were to be compared, with 

each value being repeated in triplicate and from at least 3 groups then Repeated 

Measures ANOVA with a Bonferroni adjustment was employed. In all cases 

significance was rated as P≤0.001=***, P≤0.01=**, P≤0.05=*.   
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4.1 Leukocyte Infiltration into Human Skin in Response to UVR 
 
          Sixteen normal healthy individuals (8 SPT-1, 8 SPT-4) were irradiated (buttock 

skin) with 120 mJ/cm2 UVR and punch biopsies were taken at 0 hr and 4, 24 and 72 hrs 

post UVR-stimulation. These punch biopsies were examined for the presence of 

neutrophils and T-lymphocytes (CD3+) lymphocytes using an anti-neutrophil elastase 

antibody or an anti-CD3 antibody respectively. These data would allow us to investigate 

the involvement of leukocyte subtypes in the sunburn response.  

4.1.1 UVR Increases Neutrophil Infiltration into Human Skin 
(Phototypes 1 and 4)  
 
          Neutrophil infiltration into the skin was increased significantly above baseline 

levels at 24 hrs post-UVR in the dermis. By 72 hrs post-UVR neutrophil levels had 

already returned to baseline levels (figure 20). This finding indicated that UVR can 

induce neutrophil migration into human skin. See methods for count methodology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Neutrophil infiltration into the skin (dermis and epidermis) before (0 hrs) and 
after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=** (Repeated Measures ANOVA). (n=42: 14 individuals (3 cell 
counts each)).           
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4.1.1.1 UVR Increases Neutrophil Infiltration into Human Skin (Phototype 1) 
 
          Neutrophil infiltration into the dermis of individuals with SPT-1 was significantly 

increased above baseline levels at 24 hrs post-UVR (figure 21). Moreover neutrophil 

infiltration into the epidermis of individuals with SPT-1 was also significantly increased 

at 24 hrs post-UVR (figure 21). Levels of infiltrating neutrophils in both the dermis and 

epidermis had returned to baseline levels by 72 hrs post-UVR (figure 21).    

 
Figure 21. Neutrophil infiltration into the skin of individuals with SPT-1 (dermis and 
epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=18: 6 individuals (3 cell counts each 
each)). 
 
          Neutrophils were largely confined to the peri-vasculature at baseline and 4 hrs 

post-UVR (figure 22). However, by 24 hrs post-UVR the neutrophils infiltrated the 

dermis and epidermis. By 72 hrs post-UVR levels of infiltrating neutrophils still 

appeared to be raised above baseline levels (in this individual) but when data were 

pooled for all 6 individuals with SPT-1 this increase was found to be not significant. By 

72 hrs post-UVR increased epidermal thickness (due to hyper-proliferating 

keratinocytes) and vacuolation (indicating significant cellular damage) of the epidermis 

could also be observed. 
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Figure 22. Photomicrographs showing neutrophil infiltration into the skin of an 
individual with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR 
(120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate 
neutrophils. All images are at x200 original magnification, except inserts at variably 
increased magnification. 
 

4.1.1.2 UVR Increases Neutrophil Infiltration into Human Skin (Phototype 4) 
 
          UVR increased neutrophil infiltration into the dermis in individuals with SPT-4 

(figure 23). Neutrophil infiltration was increased significantly above baseline levels at 

24 hrs post-UVR. By 72 hrs post-UVR levels of infiltrating neutrophils had already 

returned to baseline levels.  

 

 

 

72 hr 

4 hr 

24 hr 

0 hr 

D 

V 
E 

 
BV 

 
E 

 
E 

E 

 
E 

 
D 

 
D 

 
D  

D 

V  
V 



 82 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 23. Neutrophil infiltration into the skin of individuals with SPT-4 (dermis and 
epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=24: 8 individuals (3 cell counts each)).  
 
 
          Neutrophils were confined to the vasculature at baseline and were detected in the 

epidermis of some individuals at 4 hrs post-UVR (figure 24). However, when data were 

pooled for all 8 individuals with SPT-4 this increase in infiltration above baseline levels 

was found to be not significant. At 24 hrs post-UVR neutrophil infiltration increased 

significantly into the dermis but by 72 hrs post-UVR levels of infiltrating neutrophils 

appeared to be reduced and were no longer significantly increased above baseline levels. 

In the epidermis of individuals with SPT-4 less vacuolation of the epidermis was 

detected (figure 24). 
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Figure 24. Photomicrographs showing neutrophil infiltration into the skin of an 
individual with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR 
(120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate neutrophils. All images at 
x200 original magnification, except inserts at variably increased magnification. 
 
 
 
          In summary comparison of figures 21 and 23 indicate that UVR increased 

neutrophil infiltration into the epidermis of individuals with SPT-1 more so than in 

individuals with SPT-4. Also comparisons within the SPT-1 and SPT-4 groups showed 

significant individual-to-individual variability existed for the effect of UVR on 

neutrophil infiltration into the skin. 
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4.1.2 UVR Increases CD3+ Lymphocyte Infiltration Into Human Skin 
(Phototypes 1 and 4) 
 
          UVR increased CD3+ lymphocyte infiltration in the dermis but not epidermis 

(figure 25) at 24 hrs post-UVR and this remained elevated 48 hrs later at 72 hrs. This 

finding clearly indicated that UVR-induced CD3+ lymphocyte infiltration into the skin 

and that this persisted longer than for neutrophils (see figure 20).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. CD3+ lymphocyte infiltration into the skin (dermis and epidermis) before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=** (Repeated Measures ANOVA). (n=45: 15 individuals (3 cell 
counts each)).           
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4.1.2.1 UVR has no Effect on CD3+ Lymphocyte Infiltration into Human Skin 
(Phototype 1) 
 
          UVR had no significant effect on CD3+ lymphocyte infiltration into the dermis or 

epidermis of individuals with SPT-1 (figure 26).  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. CD3+ lymphocyte infiltration into the skin of individuals with SPT-1 (dermis 
and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
(n=21: 7 individuals (3 cell counts each)). 
 
          CD3+ lymphocytes were detected broadly confined to the vasculature at baseline, 

4 and 24 hrs post-UVR (figure 27). However, in some individuals there appeared to be 

an increase in CD3+ lymphocyte infiltration of the dermis at 72 hrs post-UVR (figure 

27). When data were pooled for all 7 individuals with SPT-1 this increase in infiltration 

was found to be not significant. 
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Figure 27. Photomicrographs showing CD3+ lymphocyte infiltration into the skin of an 
individual with SPT-1 (dermis and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) 
a single dose of UVR (120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate CD3+ cells. All images at 
x200 original magnification, except inserts at variably increased magnification.   
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4.1.2.2 UVR Increases CD3+ Lymphocyte Infiltration into Human Skin (Phototype 
4) 
 
          UVR increased CD3+ lymphocyte infiltration into the dermis of individuals with 

SPT-4 (figure 28). This infiltration occurred between 4 and 24 hrs post-UVR and 

remained elevated above baseline levels at 72 hrs post-UVR.  

 
Figure 28. CD3+ lymphocyte infiltration into the skin of individuals with SPT-4 (dermis 
and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). (n=24: 8 individuals (3 cell 
counts each)). 
 
          In some individuals CD3+ lymphocytes were observed in the epidermis and 

dermis at baseline and 4 hrs post-UVR (figure 29). However, when data were pooled for 

all 8 individuals with SPT-4 epidermal infiltration of CD3+ lymphocytes was found to be 

not significant.  
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Figure 29. Photomicrographs showing CD3+ lymphocyte infiltration into the skin of an 
individual with SPT-4 (dermis and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) 
a single dose of UVR (120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate CD3+ 
cells. All images at x200 original magnification, except inserts at variably increased 
magnification.   
 
          In summary comparison of figures 26 and 28 indicate that UVR (120 mJ/cm2) 

increased CD3+ lymphocyte infiltration into the dermis of individuals with skin SPT-4 

more than in individuals with SPT-1. Also comparison of figures 1 and 6 show that 

CD3+ lymphocyte infiltration into the skin persists for longer than does neutrophil 

infiltration in response to UVR. Also comparisons within the SPT-1 and SPT-4 groups 

showed significant individual-to-individual variability existed for the effect of UVR on 

CD3+ lymphocyte infiltration into the skin.  
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4.1.3 Infiltration of CD4+ T-Helper Cells, but not CD8+ T-Cytotoxic 
Cells, Occurs in the Sunburn Response in Human Skin 
 
          Using the pan T-cell marker CD3 this study demonstrated that T-cells are 

involved in the sunburn response (CD3 is a component of the T-cell receptor, Clevers et 

al, 1988). However, by using an antibody to CD3 alone it was not possible to determine 

whether these cells were CD4+ or CD8+ T-cells. Therefore, the skin sections were 

additionally probed with anti-CD4 and anti-CD8 antibodies. After examining the skin 

sections obtained from the 16 individuals (8 SPT-1 and 8 SPT-4) it was clear that only 

CD4+ T-cells infiltrated into the skin following UVR stimulation (figures 30 and 31) but 

it was found that some CD8+ T-cells were present in the skin at low levels under 

baseline and UVR-stimulated conditions. In agreement with the data obtained using the 

CD3+ marker the results obtained using the CD4+ and the CD8+ markers showed 

staining confined to the vasculature and dermis with little staining being observed in the 

epidermis (figures 27 and 29), however, there was considerable individual-to-individual 

variability (see figure 10: 0 hr and 4 hr timepoints which show CD3+ T-cells present in 

the epidermis). 
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Figure 30. Photomicrographs showing CD4+ lymphocyte infiltration into the skin 
(dermis and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR 
(120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate CD4+ 
lymphocytes. All images at x200 original magnification, except inserts at variably 
increased magnification.  
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Figure 31. Photomicrographs showing the absence CD8+ lymphocyte infiltration into 
the skin (dermis and epidermis) before (0 hrs) and after (4, 24 and 72 hrs) a single dose 
of UVR (120 mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate CD8+ lymphocytes. All 
images at x200 original magnification, except insert at variably increased 
magnification.   
 
          Figure 31 shows a rare CD8+ T-cell located in a dermal blood vessel at 24 hrs 

post-UVR. Thus, it is clear that these cells were not involved in the sunburn response. 

This immunodetection of rare CD8+ T-cells was a useful positive control for the 

antibody. 
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4.2 Effect of UVR on Nitric Oxide Synthase Expression in 
Human Skin 
 
          Sixteen normal healthy individuals (8 SPT-1, 8 SPT-4) were irradiated (buttock 

skin) with 120 mJ/cm2 UVR and punch biopsies were taken at 0 hr and 4, 24 and 72 hrs 

post UVR-stimulation. These punch biopsies were examined for the presence of nitric 

oxide synthases (NOS-1, NOS-2, NOS-3). These data would allow us to investigate the 

involvement of these enzymes in the sunburn response, as it is known that nitric oxide 

(NO) can cause vasodilatation, increase vascular permeability and reduce leukocyte 

adherence to vessel walls (Dal Secco et al, 2003) so therefore modulate leukocyte 

infiltration into the skin. Staining for these enzymes was quantified separately for the 

suprabasal and basal layer of the epidermis and the dermis as results showed clear 

differences in the staining patterns for these enzymes in these locations.   

4.2.1 UVR Increases NOS-1 Expression in Human Skin (Phototypes 1 
and 4) 
          UVR increased NOS-1 expression in the dermis (figure 32) at 24 hrs post-UVR 

but by 72 hrs levels had already returned to baseline levels.      

 

Figure 32. NOS-1 expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) a 
single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=** (Repeated Measures ANOVA). (n=12: 12 individuals). 
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          UVR did not significantly effect NOS-1 expression in the suprabasal or basal 

layer of the epidermis (figures 33 and 34) although levels of NOS-1 expression were 

significantly lower at 72 hrs post-UVR than they were at 24 hrs post-UVR in the basal 

layer of the epidermis.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. NOS-1 expression in the suprabasal layer of the epidermis before (0 hrs) 
and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
(n=12: 12 individuals). 
 

 
Figure 34. NOS-1 expression in the basal layer of the epidermis before (0 hrs) and 
after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals).  
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4.2.1.1 UVR Increases NOS-1 Expression in Human Skin (Phototype 1) 
 
          UVR increased NOS-1 expression in the dermis of individuals with SPT-1 at 24 

hrs post-UVR (figure 35). The levels of NOS-1 expression in this location had already 

returned to baseline levels by 72 hrs post-UVR. 

 
Figure 35. NOS-1 expression in the dermis in individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 
          UVR had no statistically significant effect on NOS-1 expression in the suprabasal 

or basal layer of the epidermis in individuals with SPT-1 (figures 36 and 37). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. NOS-1 expression in the suprabasal layer of the epidermis in individuals 
(n=6) with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
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Figure 37. NOS-1 expression in the basal layer of the epidermis in individuals (n=6) 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
 
          NOS-1 expression was detected in the dermal vasculature at baseline and 4 hrs 

post-UVR (figure 38). At 24 hrs post-UVR NOS-1 expression increased in the dermis to 

a region of the dermis just below the epidermis. By 72 hrs post-UVR levels of NOS-1 

expression in this skin location had already returned to baseline levels.  
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Figure 38. Photomicrographs showing NOS-1 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for NOS-1. All images at x200 original magnification, except inserts at variably 
increased magnification.   
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4.2.1.2 UVR has no Effect on NOS-1 Expression in Human Skin (Phototype 4)  
 
          UVR did not significantly effect NOS-1 expression in the skin of individuals with 

SPT-4 (figures 39, 40 and 41).  

 

 

 
 
 
 
 
 
 
 
 
Figure 39. NOS-1 expression in the suprabasal layer of the epidermis of individuals 
(n=6) with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. NOS-1 expression in the basal layer of the epidermis of individuals (n=6) 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
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Figure 41. NOS-1 expression in the dermis of individuals (n=6) with SPT-4 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2). 
 
 
          NOS-1 expression was confined to the vasculature at all time-points but appeared 

to have decreased in the dermis of some individuals with SPT-4 at 24 and 72 hrs post-

UVR (figure 42). However, when data were pooled for all 6 individuals this decrease in 

NOS-1 expression was shown to be not significant.  
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Figure 42. Photomicrographs showing NOS-1 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for NOS-1. All images at x200 original magnification, except inserts at variably 
increased magnification. 
 
 
          In summary comparison of figures 35 and 41 show that UVR (120 mJ/cm2) had a 

greater effect on NOS-1 expression in the dermis of individuals with SPT-1 than with 

SPT-4. Also, comparisons within the SPT-1 and SPT-4 groups showed significant 

individual-to-individual variability existed for the effect of UVR on NOS-1 expression 

in the skin. 
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4.2.2 UVR Increases NOS-2 Expression in Human Skin (Phototypes 1 
and 4) 
          UVR increased NOS-2 expression in the suprabasal and the basal layer of the 

epidermis at 24 hrs post-stimulus (figures 43 and 44). NOS-2 expression had already 

returned to baseline levels 48 hrs later at 72 hrs post-UVR in both epidermal locations.  

 

Figure 43. NOS-2 expression in the suprabasal layer of the epidermis before (0 hrs) 
and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals). 
 

 
Figure 44. NOS-2 expression in the basal layer of the epidermis before (0 hrs) and 
after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.01=** (Repeated Measures ANOVA). (n=12: 12 individuals). 
 
          UVR had no statistically significant effect on the expression levels of NOS-2 in 

the dermis (figure 45). 
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Figure 45. NOS-2 expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) a 
single dose of UVR (120 mJ/cm2).  
(n=12: 12 individuals).          

 

4.2.2.1 UVR has no Effect on NOS-2 Expression in Human Skin (Phototype 1) 
 
          UVR had no statistically significant effect on NOS-2 expression in the suprabasal 

or basal layer of the epidermis or in the dermis in individuals with SPT-1 (figures 46, 47 

and 48). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46. NOS-2 expression in the suprabasal layer of the epidermis in individuals 
(n=6) with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
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Figure 47. NOS-2 expression in the basal layer of the epidermis in individuals (n=6) 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48. NOS-2 expression in the dermis in individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).          
 
 
          Weak NOS-2 expression was detected in the dermal vasculature at baseline and 4 

hrs post-UVR in some individuals with SPT-1 (figure 49). At 24 hrs post-UVR there 

was a clear increase in NOS-2 expression in the basal layer of the epidermis in this 

individual (figure 49) and at 72 hrs post-UVR expression levels of NOS-2 remained 

elevated above baseline levels in this location. 
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Figure 49. Photomicrographs showing NOS-2 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for NOS-2. All images at x200 original magnification, except inserts at variably 
increased magnification.    

 

 

4.2.2.2 UVR Increases NOS-2 Expression in Human Skin (Phototype 4) 
 
          UVR increased NOS-2 expression in the suprabasal and basal layer of the 

epidermis in individuals with SPT-4 (figures 50 and 51). This increase occurred 24 hrs 

after the UVR-stimulus and had already returned to baseline levels at 72 hrs post-UVR. 

NOS-2 expression was not observed in the dermis at any of the time-points for any of 

the 6 individuals with SPT-4.  
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Figure 50. NOS-2 expression in the suprabasal layer of the epidermis in individuals 
(n=6) with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 

 
Figure 51. NOS-2 expression in the basal layer of the epidermis in individuals (n=6) 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 
          There was a clear increase in NOS-2 expression in some individuals in the basal 

layer of the epidermis at 4 hrs post-UVR (figure 52) but when data were pooled for all 6 

individuals with SPT-4 this increase was shown to be not statistically significant. In this 

individual NOS-2 expression had returned to baseline levels by 72 hrs post-UVR. 
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Figure 52. Photomicrographs showing NOS-2 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), V (vacuolation). Arrows indicate positive staining for NOS-2. 
All images at x200 original magnification, except inserts at variably increased 
magnifications.             
 
          In summary, comparison of figures 46 and 47 with figures 50 and 51 indicate that 

UVR had a greater effect on inducing NOS-2 expression in the suprabasal and basal 

layer of the epidermis, respectively of individuals with SPT-4 than in individuals with 

SPT-1. Also, comparisons within the SPT-1 and SPT-4 groups showed significant 

individual-to-individual variability existed for the effect of UVR on NOS-2 expression 

in the skin. 

 

 

 

4 hr 0 hr 

72 hr 24 hr 

D 

E 

E 
E 

E 
E 

D 

D 

D D 

V 



 106 

4.2.3 UVR Increases NOS-3 Expression in Human Skin (Phototypes 1 
and 4) 
          UVR increased NOS-3 expression in the suprabasal layer of the epidermis at 72 

hrs post-UVR (figure 53).  

 
 
Figure 53. NOS-3 expression in the suprabasal layer of the epidermis before (0 hrs) 
and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals). 
 
          NOS-3 expression was also induced in the basal layer of the epidermis in response 

to UVR (figure 54). This increase in NOS-3 expression occurred at 24 hrs post-UVR and 

had already returned to baseline levels at 72 hrs post-UVR. 

 
 

Figure 54. NOS-3 expression in the basal layer of the epidermis before (0 hrs) and 
after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals). 
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          UVR had no significant effect on NOS-3 expression in the dermis (figure 55). 

 

 

 

 
 
 
 
 
 
 
 
Figure 55. NOS-3 expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) a 
single dose of UVR (120 mJ/cm2).  
(n=12: 12 individuals).           

4.2.3.1 UVR Increases NOS-3 Expression in Human Skin (Phototype 1) 
 
          UVR increased NOS-3 expression in the basal layer of the epidermis and in the 

dermis of individuals with SPT-1 at 24 hrs post-UVR. This increased expression had 

returned toward baseline levels at 72 hrs post-UVR (figure 56 and 57).  

 

Figure 56. NOS-3 expression in the basal layer of the epidermis in individuals (n=6) 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
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Figure 57. NOS-3 expression in the dermis in individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 
          UVR had no significant effect on NOS-3 expression in the suprabasal layer of the 

epidermis in individuals with SPT-1 (figure 58). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58. NOS-3 expression in the suprabasal layer of the epidermis in individuals 
(n=6) with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
 
          An example of the increase in NOS-3 expression observed in the basal layer of the 

epidermis at 24 hrs post-UVR in individuals with SPT-1 in response to UVR is shown 

below (figure 59). Heavy vascular staining can also be observed at time-point 4 hrs post-

UVR and heavy vacuolation can be observed at 72 hrs. 

0

0.5

1

1.5

2

2.5

3

0 4 24 72

Time (hours) post 120 mJ/cm2 UVR

M
ea

n 
sc

or
e 

fo
r p

os
iti

ve
 s

ta
in

in
g 

of
 N

O
S-

3 
in

 th
e 

de
rm

is * 

0

0.5

1

1.5

2

2.5

3

0 4 24 72

Time (hours) post 120 mJ/cm2 UVR

M
ea

n 
sc

or
e 

fo
r p

os
iti

ve
 s

ta
in

in
g 

of
 N

O
S-

3 
in

 th
e 

su
pr

ab
as

al
 la

ye
r 

of
 th

e 
ep

id
er

m
is



 109 

 

Figure 59. Photomicrographs showing NOS-3 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for NOS-3. All images at x200 original magnification, except inserts at variably 
increased magnification.           
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4.2.3.2 UVR has no Significant Effect on NOS-3 Expression in Human Skin 
(Phototype 4)  
 
          UVR did not significantly effect NOS-3 expression in the skin of individuals with 

SPT-4 (figures 60, 61 and 62). 

 

 

 

 

 

 

 

 
Figure 60. NOS-3 expression in the suprabasal layer of the epidermis in individuals 
(n=6) with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61. NOS-3 expression in the basal layer of the epidermis in individuals (n=6) 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
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Figure 62. NOS-3 expression in the dermis in individuals (n=6) with SPT-4 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2). 
 
          NOS-3 expression was increased in the basal layer of the epidermis in some 

individuals with SPT-4 at 4 and 24 hrs post-UVR (figure 63). Also in this individual 

NOS-3 expression appeared to be elevated above baseline levels at 72 hrs post-UVR in 

the suprabasal layer of the epidermis. 
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Figure 63. Photomicrographs showing NOS-3 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), V (vacuolation). Arrows indicate positive staining for NOS-3. 
All images at x200 original magnification, except inserts at variably increased 
magnification.   
 
          In summary comparisons of figures 56 and 57 with figures 61 and 62 indicate that 

UVR has a greater effect on NOS-3 expression in the basal layer of the epidermis and in 

the dermis of individuals with SPT-1 than with SPT-4. Also, comparisons within the 

SPT-1 and SPT-4 groups showed significant individual-to-individual variability existed 

for the effect of UVR on NOS-3 expression in human skin.  
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4.2.4 Expression of Nitric Oxide Synthases in Epidermal Melanocytes 
In situ and In vitro  
 
          All three NOS enzymes were expressed in the basal layer of the epidermis of 

human skin both before and after UVR. As epidermal melanocytes (EM) reside in the 

basal layer of the epidermis they may contribute to the nitric oxide (NO) produced in 

this location. EM could therefore take part in the sunburn response by increasing 

vasodilatation; vascular permeability and inhibiting leukocyte adhesion to vessel walls 

so therefore modulate leukocyte infiltration. In order to establish whether EM express 

the NOS enzymes these cells were investigated both in situ and in vitro (figures 64, 65 

and 66).   

4.2.4.1 Epidermal Melanocytes Express NOS-1 In situ and In vitro  
 
           EM were shown to express NOS-1 under baseline conditions both in situ and in 

vitro (figures 64B, 64D and 64E). The in vitro data showed that NOS-1 was localized to 

the cytoplasm within the EM.  
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Figure 64. NOS-1 expression in epidermal melanocytes.  
A) Co-expression (yellow) of NOS-1 (green) and gp-100 (red) in epidermal melanocytes 
of an individual with SPT-4. B) and C) Expression of NOS-1 in epidermal melanocytes 
from a 31 year old female by single immunofluorescence and immunocytochemistry 
respectively. D) and E) Negative controls. F) Positive control (gp-100). All experiments 
carried out under baseline (i.e. unstimulated) conditions. Arrows indicate positive 
staining for NOS-1. All images at x200 original magnification, except inserts at variably 
increased magnification.   
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4.2.4.2 Epidermal Melanocytes Express NOS-2 In situ and In vitro  
 
           EM were shown to express NOS-2 under baseline conditions both in situ and in 

vitro (figures 65B, 65D and 65E) and the in vitro data showed that NOS-2 was localized 

to the cytoplasm within the EM.  

 

 
Figure 65. NOS-2 expression in epidermal melanocytes.  
A) Co-expression (yellow) of NOS-2 (green) and gp-100 (red) in epidermal melanocytes 
of an individual with SPT-4. B) and C) Expression of NOS-2 in epidermal melanocytes 
from a 31 year old female by single immunofluorescence and immunocytochemistry 
respectively. D) and E) Negative controls. F) Positive control (gp-100). All experiments 
carried out under baseline (i.e. unstimulated) conditions. Arrows indicate positive 
staining for NOS-2. All images at x200 original magnification, except inserts at variably 
increased magnification.   
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4.2.4.3 Epidermal Melanocytes Express NOS-3 In situ and In vitro       
 
           EM were shown to express NOS-3 under baseline conditions both in situ and in 

vitro (figures 66B, 66D and 66E) and the in vitro data showed that NOS-3 was localized 

to the cytoplasm within the EM.  

 

 
Figure 66. NOS-3 expression in epidermal melanocytes.  
A) Co-expression (yellow) of NOS-3 (green) and gp-100 (red) in epidermal melanocytes 
of an individual with SPT-4. B) and C) Expression of NOS-3 in epidermal melanocytes 
from a 31 year old female by single immunofluorescence and immunocytochemistry 
respectively. D) and E) Negative controls. F) Positive control (gp-100). All experiments 
carried out under baseline (i.e. unstimulated) conditions. Arrows indicate positive 
staining for NOS-3. All images at x200 original magnification, except inserts at variably 
increased magnification.   
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4.3 Effect of UVR on Lipoxygenase Expression in Human Skin 

          Sixteen normal healthy individuals (8 SPT-1, 8 SPT-4) were irradiated (buttock 

skin) with 120 mJ/cm2 UVR and punch biopsies were taken at 0 hr and 4, 24 and 72 hrs 

post UVR-stimulation. These punch biopsies were examined for the presence of 

lipoxygenase (LOX) enzymes (12-LOX, 15-LOX-2) using anti-12-LOX, or anti–15-

LOX-2 antibodies, respectively. These data would allow us to investigate the 

involvement of these enzymes in the sunburn response as products of the 12-LOX 

pathway (12-Hydroxyeicosatetraenoic Acid (12-HETE)) can act as chemoattractants for 

neutrophils (Wiggins et al, 1990) and therefore promote inflammation. By contrast, 

products of the 15-LOX pathway (e.g. 15-S-HETE) are known to inhibit neutrophil 

migration across cytokine activated endothelium and therefore inhibit inflammation 

(Takata et al, 1994). Staining for these enzymes was quantified separately for the 

epidermis and dermis as results showed clear differences in the staining patterns for 

these enzymes in these locations.   
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4.3.1 UVR Increases 12-LOX Expression in Human Skin (Phototypes 
1 and 4) 
 
          UVR increased 12-LOX expression in the epidermis (figure 67). This increase 

occurred at 24 hrs post-UVR and remained elevated above baseline levels at 72 hrs post-

UVR.  

    
Figure 67. 12-LOX expression in the epidermis before (0 hrs) and after (4, 24 and 72 
hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=*** (Repeated Measures ANOVA). (n=12: 12 individuals). 
 
          UVR also increased 12-LOX expression in the dermis (figure 68). This increase 

occurred at 4 hrs post-UVR and remained elevated above baseline levels at 24 hrs post-

UVR. However, by 72 hrs post-UVR levels of 12-LOX expression had returned toward 

baseline levels in this location.           
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Figure 68. 12-LOX expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) 
a single dose of UVR (120 mJ/cm2).  
P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals).      

 

4.3.1.1 UVR Increases 12-LOX Expression in Human Skin (Phototype 1)  
 
          UVR increased expression of 12-LOX above baseline levels in the epidermis of 

individuals with SPT-1 (figure 69). This increase occurred at 24 hrs post-UVR and 

remained elevated above baseline levels at 72 hrs post-UVR.  

 

Figure 69. 12-LOX expression in the epidermis of individuals (n=6) with SPT-1 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). 
 
          UVR also increased 12-LOX expression in the dermis of individuals with SPT-1 

(figure 70). This increase occurred at 4 hrs post-UVR and remained elevated above 
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baseline levels at 24 hrs post-UVR. At 72 hrs post-UVR levels of 12-LOX expression 

had returned toward baseline levels. 

 

 

Figure 70. 12-LOX expression in the dermis of individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). 
 
          Under baseline conditions 12-LOX expression was low and confined to the 

vasculature (figure 71), but at 4 hrs post-UVR levels of 12-LOX expression increased in 

the dermis and remained elevated above baseline levels at 24 hrs post-UVR. In some 

individuals this increase in 12-LOX expression was still evident at 72 hrs post-UVR 

(figure 71). However, when data were pooled for all 6 individuals with this skin 

phototype 12-LOX expression was only significantly increased in the epidermis at 4 and 

24 hrs post-UVR. 
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Figure 71. Photomicrographs showing 12-LOX expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate positive staining for 12-
LOX. All images at x200 original magnification, except inserts at variably increased 
magnification.       
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4.3.1.2 UVR had no Effect on 12-LOX Expression in Human Skin (Phototype 4)  
 
          UVR had no significant effect on 12-LOX expression in the skin of individuals 

with SPT-4 (figures 72 and 73).  

 

 

 

 

 

 

 

 
 
Figure 72. 12-LOX expression in the epidermis of individuals (n=6) with SPT-4 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
 

 

 

 

 

 
 
 
 
 
 
 
Figure 73. 12-LOX expression in the dermis of individuals (n=6) with SPT-4 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2). 
 
          Under baseline conditions 12-LOX expression was low and confined to the 

vasculature and dermis (figure 74) but at 4 hrs post-UVR it appeared to increase in the 
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basal layer of the epidermis in some individuals with SPT-4. However, when data were 

pooled for all 6 individuals with this skin phototype levels of 12-LOX expression were 

not significantly affected by UVR. 

 

 

Figure 74. Photomicrographs showing 12-LOX expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), V (vacuolation). Arrows indicate positive staining for 12-
LOX. All images at x200 original magnification, except inserts at variably increased 
magnification.   

 
          In summary comparisons of figures 69 and 70 with figures 72 and 73 indicate that 

12-LOX expression was increased significantly in individuals with SPT-1 but not in 

those with SPT-4 in response to UVR. Also, comparisons within the SPT-1 and SPT-4 

groups showed significant individual-to-individual variability for the effect of UVR on 

12-LOX expression in the skin. 
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4.3.2 Expression of 12-LOX in Epidermal Melanocytes In vitro 

 
          12-LOX expression was detected in the basal layer of the epidermis in human skin 

both before and after UVR (figures 71 and 74). Epidermal melanocytes (EM) reside in 

the basal layer of the epidermis and so may contribute to the production of 12-LOX 

products (e.g. 12-HETE) in this location. EM could therefore take part in the sunburn 

response by producing chemoattractants and modulating leukocyte infiltration into the 

skin.  To establish whether EM specifically can express the 12-LOX enzyme these cells 

were investigated in vitro (figure 75). EM were shown to express 12-LOX under 

baseline conditions in vitro and this protein was localized to the cytoplasm (figure 75).  

 
Figure 75. Expression of 12-LOX in epidermal melanocytes.  
A) Expression of 12-LOX in epidermal melanocytes from a 39 year old female by 
immunocytochemistry, B) Expression of 12-LOX in epidermal melanocytes from a 39 
year old female by Western Blotting; Lane 1) Molecular weight marker, Lane 2) 
Negative control, Lane 3) 12-LOX 1:500, Lane 4) 12-LOX 1:1000, Lane 5) 12-LOX 
1:2000. C) Positive control (gp-100), D) Negative control. Arrows indicate positive 
staining for 12-LOX. All images at x200 original magnification, except inserts at 
variably increased magnification.   

12-LOX 
75 kDa 

Actin 
43 kDa 
 

1 2 3 4 5 

80 
60 
50 
40 

D C 

A B 



 125 

4.3.3 UVR Increases 15-LOX-2 Expression in Human Skin (Phototype 
1 and 4) 
 
          UVR increased 15-LOX-2 expression above baseline levels in the epidermis 

(figure 76). This increase occurred at 24 hrs post-UVR and had returned toward baseline 

levels by 72 hrs post-UVR.  

 
Figure 76. 15-LOX-2 expression in the epidermis before (0 hrs) and after (4, 24 and 72 
hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals). 
  
          UVR also increased 15-LOX-2 expression above baseline levels in the dermis 

(figure 77) at 24 hrs post-UVR and by 72 hrs levels had returned to baseline.  

 
Figure 77. 15-LOX-2 expression in the dermis before (0 hrs) and after (4, 24 and 72 
hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 
individuals).           
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4.3.3.1 UVR Increases 15-LOX-2 Expression in Human Skin (Phototype 1)  
 
                    UVR increased 15-LOX-2 expression above baseline levels in the dermis of 

individuals with SPT-1 (figure 78). This increase occurred at 24 hrs post-UVR and had 

returned toward baseline levels by 72 hrs post-UVR.  

 
Figure 78. 15-LOX-2 expression in the dermis of individuals (n=6) with SPT-1 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA).   
   
          UVR did not affect 15-LOX-2 expression in the epidermis of individuals with 

SPT-1 (figure 79).  

 
Figure 79. 15-LOX-2 expression in the epidermis of individuals (n=6) with SPT-1 
before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2). 
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          Under baseline conditions staining for 15-LOX-2 was low and confined to the 

vasculature and upper dermis (figure 80) but by 4 hrs post-UVR levels of 15-LOX-2 

expression were increased in both the dermis and epidermis in some individuals with 

SPT-1. However, when data were pooled for all 6 individuals with this skin phototype 

levels of 15-LOX-2 expression were not significantly increased in the epidermis at any 

time point.  

 

 
 
Figure 80. Photomicrographs showing 15-LOX-2 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for 15-LOX-2. All images at x200 original magnification, except inserts at 
variably increased magnification.             
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4.3.3.2 UVR Increases 15-LOX-2 Expression in Human Skin (Phototype 4) 
 
          UVR increased 15-LOX-2 expression in the epidermis of individuals with SPT-4. 

This increase occurred at 24 hrs post-UVR and remained elevated above baseline levels 

at 72 hrs (figure 81).  

 

Figure 81. 15-LOX-2 expression in the epidermis of individuals (n=6) with SPT-4 
before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA).  
 
          UVR increased 15-LOX-2 expression above baseline levels in the dermis of 

individuals with SPT-4 (figure 82). This increase occurred between 4 and 24 hrs post-

UVR and returned to baseline levels by 72 hrs post-UVR.  

 
Figure 82. 15-LOX-2 expression in the dermis of individuals (n=6) with SPT-4 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.01=**, P≤0.05=* (Repeated Measures ANOVA). 
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          Under baseline conditions staining for 15-LOX-2 was largely confined to the 

vasculature and upper dermis but could also be detected in the epidermis of some 

individuals with SPT-4 (figure 83).  

 

 

Figure 83. Photomicrographs showing 15-LOX-2 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for 15-LOX-2. All images at x200 original magnification, except inserts at 
variably increased magnification.   
           
          In summary comparison of figures 78 and 79 with figures 81 and 82 indicates that 

UVR has a greater effect on 15-LOX-2 expression in the skin of individuals with SPT-4 

than with SPT-1. Moreover, 15-LOX-2 expression only appears to be increased in the 

epidermis of individuals with SPT-4 in response to UVR. Also, comparisons within the 

SPT-1 and SPT-4 groups showed significant individual-to-individual variability existed 

for the effect of UVR on 15-LOX-2 expression in the skin. 
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4.3.4 Expression of 15-LOX-2 in Epidermal Melanocytes In vitro 

 
          15-LOX-2 expression was detected in the basal layer of the epidermis in human 

skin before or after UVR (figures 80 and 83). As epidermal melanocytes (EM) reside in 

the basal layer of the epidermis they may contribute to the production of 15-LOX-2 

products in this location. EM could therefore take part in the sunburn response by 

modulating inflammation. In order to establish whether EM express the 15-LOX-2 

enzyme these cells were investigated in vitro (figure 84).   

           EM were shown to express 15-LOX-2 under baseline conditions in vitro (figure 

84). In addition the data showed that 15-LOX-2 was localized to the cytoplasm within 

the EM. However, the 15-LOX-2 product detected by immunoprobing denatured protein 

showed that this product was not the predicted molecular weight (figure 84E). 

Therefore, it was not known whether the enzyme could have been fully functional in 

these cells. Instead numerous bands at lower molecular weights were observed both in 

EM and in human melanoma cells. Moreover, it was known that the staining observed 

with this antibody was specific for 15-LOX-2 as any positive staining disappeared in the 

presence of a blocking peptide.  
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Figure 84. Expression of 15-LOX-2 in human epidermal melanocytes (EM) and 
melanoma cells.  
A) and B) Expression of 15-LOX-2 in EM from a 39 year old female by 
immunocytochemistry in the absence or presence of a blocking peptide respectively. C) 
Expression of 15-LOX-2 in EM and melanoma cells by Western Blotting; Lane 1) 
Molecular weight marker, Lane 2) Negative control, Lane 3) 15-LOX-2, EM from a 39 
year old female, Lane 4) 15-LOX-2  with blocking peptide, EM from a 39 year old 
female, Lane 5) 15-LOX-2, EM from a 24 year old female, Lane 6) 15-LOX-2 with 
blocking peptide, EM from a 24 year old female, Lane 7) 15-LOX-2, FM3 hamster 
melanoma cells, Lane 8) 15-LOX-2, FM55 human melanoma cells, Lane 9) 15-LOX-2, 
FM94 human melanoma cells. D) Positive control (gp-100), E) Negative control. 
Arrows indicate positive staining for 15-LOX-2. All images at x200 original 
magnification, except inserts at variably increased magnification. Red box (Actin), 
Yellow boxes (Possible fragments of 15-LOX-2). 
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4.4 Effect of UVR on Cyclooxygenase Expression in Human 
Skin 
 
          Sixteen normal healthy individuals (8 SPT-1, 8 SPT-4) were irradiated (buttock 

skin) with 120 mJ/cm2 UVR and punch biopsies were taken at 0 hr and 4, 24 and 72 hrs 

post UVR-stimulation. These punch biopsies were examined for the presence of 

cyclooxygenase (COX) enzymes (COX-1 and COX-2) using anti-COX-1, or –COX-2 

antibodies, respectively. These data would allow us to investigate the involvement of 

these enzymes in the sunburn response as products of the COX pathway (prostanoids) 

can effect blood vessel dilation (e.g. PGE2) and leukocyte function (e.g. PGD2) etc 

(Issekutz and Movat, 1982). and so mediate the inflammatory response produced in the 

skin in response to UVR. Staining for these enzymes was quantified separately for the 

epidermis and dermis (COX-1), and for the suprabasal and basal layers of the epidermis 

and dermis (COX-2), as results showed clear differences in the staining patterns for 

these enzymes in these specific locations.   

4.4.1 UVR Increases COX-1 Expression in Human Skin (Phototypes 1 
and 4) 
          UVR increased COX-1 expression above baseline levels in the epidermis (figure 

85). This increase in COX-1 expression was only evident however at 72 hrs post-UVR. 
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Figure 85. COX-1 expression in the epidermis before (0 hrs) and after (4, 24 and 72 
hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.01=** (Repeated Measures ANOVA). (n=12: 12 individuals). 
 
 
          UVR increased COX-1 expression above baseline levels in the dermis (figure 86). 

This increase occurred at 24 hrs after the UVR-stimulus and had already returned to 

baseline levels by 72 hrs post-UVR.   

 

 
 
Figure 86. COX-1 expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) a 
single dose of UVR (120 mJ/cm2).  
P≤0.001=***, P≤0.05=* (Repeated Measures ANOVA). (n=12: 12 individuals). 
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4.4.1.1 UVR has no Significant Effect on COX-1 Expression in Human Skin 
(Phototype 1)  
 
          UVR had no significant effect on COX-1 expression in the epidermis or dermis of 

individuals with SPT-1 (figures 87 and 88). However, a trend of increasing expression 

was detected between 4 and 24 hrs post-UVR in both anatomic locations. 

 

 
Figure 87. COX-1 expression in the epidermis of individuals (n=6) with SPT-1 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
 
 

 
Figure 88. COX-1 expression in the dermis of individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
 
          Under baseline conditions in situ staining for COX-1 was confined to the 

vasculature and upper dermis with low levels also seen in the epidermis (figure 89). 
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COX-1 expression appeared to be increased above baseline levels at 24 hrs post-UVR in 

the dermis of some individuals with SPT-1 (figure 89) but when data were pooled for all 

6 individuals with this skin phototype this increase was found to be not significant.  

 

 

Figure 89. Photomicrographs showing COX-1 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate positive staining for COX-
1. All images at x200 original magnification, except inserts at variably increased 
magnification.   
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4.4.1.2 UVR Increases COX-1 Expression in Human Skin (Phototype 4) 
 
          UVR increased COX-1 expression above baseline levels in the epidermis of 

individuals with SPT-4 (figure 90). This increase occurred at 72 hrs after the UVR-

stimulus.  

 

Figure 90. COX-1 expression in the epidermis of individuals (n=6) with SPT-4 before 
(0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 
          UVR increased COX-1 expression above baseline levels in the dermis of 

individuals with SPT-4 (figure 91). This increase occurred at 24 hrs after the UVR-

stimulus and had already returned towards baseline levels by 72 hrs post-UVR.  

 
Figure 91. COX-1 expression in the dermis of individuals (n=6) with SPT-4 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
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          Under baseline conditions staining for COX-1 was confined to the vasculature and 

upper dermis (figure 92). While COX-1 expression was unaltered at 4 hrs post-UVR in 

both the dermis and epidermis it was increased above baseline levels at 24 hrs post-UVR 

in the dermis and at 72 hrs post-UVR in the epidermis.  

 

 

Figure 92. Photomicrographs showing COX-1 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for COX-1. All images at x200 original magnification, except inserts at variably 
increased magnification.   
 
          In summary, the results of this study demonstrated that UVR significantly 

increased COX-1 expression in the epidermis and dermis of individuals with SPT-4 but 

not with SPT-1. Also, comparisons within the SPT-1 and SPT-4 groups showed 
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considerable individual-to-individual differences in COX-1 expression in human skin in 

response to UVR. 

4.4.2 Expression of COX-1 in Epidermal Melanocytes In vitro 

 
          COX-1 was detected in the basal layer of the epidermis in human skin both before 

and after UVR (figures 89 and 92). As epidermal melanocytes (EM) reside in the basal 

layer of the epidermis they may contribute to the production of COX-1 products (e.g. 

PGE2) in this location and therefore may take part in the sunburn response. To establish 

whether EM express the COX-1 enzyme these cells were investigated in vitro (figure 

93). EM expressed both COX-1 mRNA and protein under baseline conditions in vitro 

(figure 93), and COX-1 protein was localized to the cytoplasm within the EM.  
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Figure 93. Expression of COX-1 mRNA and protein in epidermal melanocytes (EM).  
A) COX-1 mRNA in EM from a 24 year old female, MW (molecular weight marker), NC 
(negative control, no cDNA), PC (positive control, actin). B) Expression of COX-1 in 
EM by Western Blotting; Lane 1) Molecular weight marker, Lane 2) Negative control, 
Lane 3) COX-1, EM from a 39 year old female, Lane 4) COX-1 with blocking peptide, 
EM from a 39 year old female, Lane 5) COX-1, EM from a 24 year old female, Lane 6) 
COX-1 with blocking peptide, EM from a 24 year old female. C) and D) Expression of 
COX-1 protein in EM from a 39 year old female by immunocytochemistry in the absence 
or presence of a blocking peptide respectively. E) Negative control, F) Positive control 
(gp-100), Arrows indicate positive staining for COX-1. All images at x200 original 
magnification, except inserts at variably increased magnification.   
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4.4.3 UVR Increases COX-2 Expression in Human Skin (Phototypes 1 
and 4) 
          UVR had no effect on COX-2 expression in the suprabasal layer of the epidermis 

(figure 94).  

 
Figure 94. COX-2 expression in the suprabasal layer of the epidermis before (0 hrs) 
and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.05=*. (n=12: 12 individuals). 
 
 
          UVR increased COX-2 expression above baseline levels in the basal layer of the 

epidermis (figure 95). This increase occurred at 24 hrs post-UVR and had already 

returned towards baseline levels by 72 hrs post-UVR.  

 
Figure 95. COX-2 expression in the basal layer of the epidermis before (0 hrs) and 
after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
P≤0.01=** (Repeated Measures ANOVA). (n=12: 12 individuals). 
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          UVR increased COX-2 expression above baseline levels in the dermis (figure 96). 

This increase occurred at 24 hrs post-UVR and had already returned towards baseline 

levels by 72 hrs post-UVR.  

 
Figure 96. COX-2 expression in the dermis before (0 hrs) and after (4, 24 and 72 hrs) a 
single dose of UVR (120 mJ/cm2).  
P≤0.01=** (Repeated Measures ANOVA). (n=12: 12 individuals). 

 

4.4.3.1 UVR Increases COX-2 Expression in Human Skin (Phototype 1)  
 
           UVR increased COX-2 expression above baseline levels in the basal layer of the 

epidermis in individuals with SPT-1 (figure 97). This increase occurred at 24 hrs post-

UVR and had already returned towards baseline levels by 72 hrs post-UVR.  

 
Figure 97. COX-2 expression in the basal layer of the epidermis of individuals (n=6) 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). P≤0.05=* (Repeated Measures ANOVA). 
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          UVR had no significant effect on COX-2 expression in the suprabasal layer of the 

epidermis or in the dermis of individuals with SPT-1 (figures 98 and 99).  

 

 
Figure 98. COX-2 expression in the suprabasal layer of the epidermis of individuals 
(n=6) with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
 

 
Figure 99. COX-2 expression in the dermis of individuals (n=6) with SPT-1 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
 
 
          Under baseline conditions expression of COX-2 was completely absent in the skin 

of some individuals with SPT-1 (figure 81). COX-2 expression was increased above 

baseline levels at 24 hrs post-UVR in both the epidermis and the dermis in some 

individuals with SPT-1 (figure 100). However, when data were pooled for all 6 
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individuals with this skin phototype no significant increase in COX-2 expression in the 

dermis was apparent 

 

Figure 100. Photomicrographs showing COX-2 expression in the skin of an individual 
with SPT-1 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel). Arrows indicate positive staining for COX-
2. All images at x200 original magnification, except inserts at variably increased 
magnification.   
 
 
 
 
 
 
 
 
 
 
 
 
 

4 hr 0 hr 

72 hr 24 hr 

D 

E 

E 

E 

E 

D 

D D 

BV 

BV 

E 



 144 

4.4.3.2 UVR has no Effect on COX-2 Expression in Human Skin (Phototype 4)  
 
          UVR had no effect on COX-2 expression in the suprabasal layer of the epidermis 

in individuals with SPT-4 (figure 101).  

 

 
Figure 101. COX-2 expression in the suprabasal layer of the epidermis of individuals 
(n=6) with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
P≤0.05=* (Repeated Measures ANOVA). 
 
 
          UVR had no significant effect on COX-2 expression in the basal layer of the 

epidermis or in the dermis in individuals with SPT-4 (figures 102 and 103). 
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Figure 102. COX-2 expression in the basal layer of the epidermis of individuals (n=6) 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 103. COX-2 expression in the dermis of individuals (n=6) with SPT-4 before (0 
hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 mJ/cm2).  
 
          Under baseline conditions COX-2 was detected in the basal layer of the epidermis 

and in response to UVR expression of this protein was clearly increased in this location 

in some individuals with SPT-4 (figure 104).  
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Figure 104. Photomicrographs showing COX-2 expression in the skin of an individual 
with SPT-4 before (0 hrs) and after (4, 24 and 72 hrs) a single dose of UVR (120 
mJ/cm2).  
E (epidermis), D (dermis), BV (blood vessel), V (vacuolation). Arrows indicate positive 
staining for COX-2. All images at x200 original magnification, except inserts at variably 
increased magnification.   
 
          In summary, by comparing figures 97 with 102 and 98 with 101 it can be seen that 

there was a statistically significant increase in COX-2 expression in the basal layer of 

the epidermis in individuals with SPT-1 but not with SPT-4 in response to UVR. Also, 

comparisons within the SPT-1 and SPT-4 groups showed considerable individual-to-

individual differences in COX-2 expression in human skin in response to UVR. 
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4.4.4 Expression of COX-2 in Epidermal Melanocytes In vitro 

 
          COX-2 was detected in the basal layer of the epidermis in human skin both before 

and after UVR (figures 100 and 104). As epidermal melanocytes (EM) reside in the 

stratum basale they may contribute to the production of COX-2 products (e.g. PGE2) in 

this location and therefore may take part in the sunburn response. To establish whether 

EM express the COX-2 enzyme these cells were investigated in vitro (figure 105). EM 

were shown to contain COX-2 mRNA but not to express COX-2 protein under baseline 

or stimulated conditions in vitro (figure 105). Therefore it is unlikely that EM 

contributed to the expression of COX-2 observed in the basal layer of the epidermis 

under baseline conditions or in response to UVR. 
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Figure 105.  Presence of COX-2 mRNA but absence of COX-2 protein in epidermal 
melanocytes (EM).  
A) COX-2 mRNA in EM from a 39 year old female, MW (molecular weight marker), NC 
(negative control, no cDNA), PC (positive control, actin),  B) and C) Absence of COX-2 
protein in EM from a 39 year old female by immunocytochemistry and immunofluorescence, 
D) Absence of COX-2  protein in EM from 27 and 24 year old females with SPT-1 and -4 
respectively,  by Western Blot; Lane 0) Molecular weight marker, N) Negative control, +) 
Positive control (FM3 hamster melanoma cells), Lane 1) Baseline, Lane 2) 10 µM 
arachidonic acid (AA) for 24 hrs, Lane 3) 24 hrs post 120 mJ/cm 2 UVR, Lane 4) 50 µM 
H2O2 for 48 hrs, Lane 5) 1 hr pre-incubation with 1 µM AA then 10 µM AA for 24 hrs, Lane 
6) 24 hr pre-incubation with 10 µM melatonin then 120 mJ/cm2 UVR, Lane 7) 10 µM 
Melatonin for 24 hrs then 50 µM H2O2 for 48 hrs. E) Negative control (FM3 hamster 
melanoma cells), F) Positive control (FM3 hamster melanoma cells). Arrows indicate 
positive staining for COX-2. All images at x200 original magnification, except inserts at 
variably increased magnification.   
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4.5 Summary of Findings: Effect of UVR on Human Skin 
(Phototypes 1 and 4)  
 

• Neutrophil infiltration increased significantly into both the dermis and epidermis 

at 24 hrs post-UVR, but returned to baseline levels by 72 hrs. 

• CD3+ cell infiltration increased into the dermis at 24 hrs post-UVR and 

continued to remain elevated above baseline levels at 72 hrs. 

• The CD3+ lymphocytes that infiltrated the skin in response to UVR included 

CD4+ T-helper cells but not CD8+ T-cytotoxic cells. 

• NOS-1 expression was increased at 24 hrs post-UVR in the dermis but had 

returned to baseline levels by 72 hrs. 

• NOS-2 expression was increased at 24 hrs post-UVR in the suprabasal and basal 

layer of the epidermis but had returned towards baseline levels by 72 hrs. 

• NOS-3 expression was increased at 72 hrs post-UVR in the stratum basale.  

• NOS-3 expression was increased at 24 hrs post-UVR in the stratum basale and 

had returned to baseline levels by 72 hrs. 

• 12-LOX expression was increased at 24 and 72 hrs post-UVR in the epidermis. 

• 12-LOX expression was increased at 4 and 24 hrs post-UVR in the dermis but 

had returned towards baseline levels by 72 hrs. 

• 15-LOX-2 expression was increased at 24 hrs post-UVR in the epidermis and 

dermis but had returned towards baseline levels by 72 hrs. 

• COX-1 expression was increased at 72 hrs post-UVR in the epidermis. 

• COX-1 expression was increased at 24 hrs post-UVR in the dermis and had 

returned to baseline levels by 72 hrs. 

• COX-2 expression was increased at 24 hrs post-UVR in the stratum basale and 

in dermis and had returned towards baseline levels in both locations by 72 hrs. 
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4.6 Summary of Findings: Differences in Response to UVR 
Between Skin Phototype-1 and -4  
 

• Neutrophil infiltration into the epidermis in response to UVR was greater in 

individuals with SPT-1 than in those with SPT-4 at 24 hrs post-UVR. 

• CD3+ lymphocyte infiltration into the dermis in response to UVR was only 

significant in individuals with SPT-4. 

• NOS-1 expression was increased in response to UVR in the dermis of 

individuals with SPT-1, but not in those with SPT-4. 

• NOS-2 expression was increased in the suprabasal and basal layer of the 

epidermis in response to UVR in individuals with SPT-4, but not in those with 

SPT-1. 

• NOS-3 expression was increased in the basal layer of the epidermis and in the 

dermis in response to UVR in individuals with SPT-1, but not in those with 

SPT-4. 

• 12-LOX expression was increased in the epidermis and dermis in response to 

UVR in individuals with SPT-1 but, not in those with SPT-4. 

• 15-LOX-2 expression was only increased in the epidermis in response to UVR 

in individuals with SPT-4, but not in those with SPT-1. 

• COX-1 expression was increased in both the epidermis and dermis in response 

to UVR in individuals with SPT-4, but not in those with SPT-1. 

• COX-2 expression was increased in the basal layer of the epidermis in response 

to UVR in individuals with SPT-1. 
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4.7 Melanogenic Capability of Primary Epidermal Melanocytes 
Derived from Individuals with SPT-1 or SPT-4  
 
          The original hypothesis for this project was that epidermal melanocytes (EM) not 

actively contributing to melanin production in the skin under baseline conditions or in 

response to UVR may instead, contribute to inflammation. Melanin production by EM is 

greater in individuals with skin phototype-4 (SPT-4) than in individuals with SPT-1 in 

vivo (De Leeuw et al, 2001) therefore it was decided to isolate and culture primary EM 

from donors with these skin phototypes. It was anticipated that phenotypically-distinct 

EM would then be available to investigate this hypothesis. Primary EM were isolated 

and cultured from blister roofs derived from individuals with either SPT-1 (8 

individuals) or SPT-4 (7 individuals). Once stable primary cultures of these EM were 

established the morphology, melanin content and activity/expression of melanogenic 

enzymes (Tyrosinase, Tyrosinase Related Protein-1 and Dopachrome Tautomerase) in 8 

(4 SPT-1 and 4 SPT-4) of the most proliferative primary EM cultures were investigated.   

4.7.1 Donor Skin Phototype does not Correlate with Melanogenic 
Capability in Epidermal Melanocytes In vitro 

4.7.1.1 Dendricity and Melanin Content 
 
          Epidermal melanocyte (EM) dendricity did not correlate with the skin phototype 

(SPT) of donor i.e. EM isolated from individuals with SPT-4 were not necessarily more 

dendritic than EM isolated from individuals with SPT-1 (figures 106 and 107). For 

example, EM derived from individual #37 (SPT-1) were more dendritic than EM from 

individual #45 (SPT-4), while EM from individual #40 (SPT-4) were more dendritic 

than EM derived from individual #29 (SPT-1).  
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Figure 106. Morphology of epidermal melanocytes derived from individuals with SPT-1 
under baseline conditions.  
Cell cultures: 23 (32 year old female), 24 (39 year old male), 29 (29 year old female), 
37 (27 year old female). Photomicrographs taken under light conditions at x200 original 
magnification, except inserts at variably increased magnification. 
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Figure 107. Morphology of epidermal melanocytes derived from individuals with SPT-4 
under baseline conditions.  
Cell cultures: 40 (31 year old male), 42 (26 year old female), 45 (26 year old male), 50 
(33 year old female). Photomicrographs taken under light conditions at x200 original 
magnification, except inserts at variably increased magnification. 
 
          There was also no correlation between EM melanin content and the SPT of the 

cell donor (figures 108, 109 and 110). EM derived from individuals with SPT-4 did not 

necessarily contain greater amounts of melanin than EM derived from individuals with 

SPT-1. For example, EM derived from individual #29 (SPT-1) contained 238.72 pg 

melanin/cell and EM derived from individual #45 (SPT-4) contained 23.65 pg 

melanin/cell, while EM derived from individual #42 (SPT-4) contained 50.67 pg 

melanin/cell and EM derived from individual #23 (SPT-1) contained 10.96 pg 

melanin/cell. 
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Figure 108. Melanin content in epidermal melanocytes derived from individuals with 
SPT-1 under baseline conditions.  
Cell cultures: 23 (32 year old female), 24 (39 year old male), 29 (29 year old female), 
37 (27 year old female). Photomicrographs taken under brightfield conditions at x200 
original magnification, except inserts at variably increased magnification. 
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Figure 109. Melanin content of epidermal melanocytes derived from individuals with 
SPT-4 under baseline conditions.  
Cell cultures: 40 (31 year old male), 42 (26 year old female), 45 (26 year old male), 50 
(33 year old female). Photomicrographs taken under brightfield conditions at x200 
original magnification, except inserts at variably increased magnification. 
 

 
Figure 110. Melanin content of epidermal melanocytes derived from individuals with 
either SPT-1 or SPT-4 shown A) individually and B) grouped into SPT-1 or SPT-4.  
Cell cultures:  23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old 
male with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-
4), 50 (33 year old female with SPT-4).     
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4.7.1.2 Expression/Activity of Melanogenic Enzymes 
 
          A positive correlation was observed between dopa-oxidase activity of tyrosinase 

and level of tyrosinase protein expression in EM (figure 111). Tyrosinase activity was 

identified by the amount of dopa-melanin produced in the DOPA-oxidase assay. For 

example, EM derived from individuals #24 and #42 expressed high levels of both 

tyrosinase protein expression and dopa-oxidase activity of tyrosinase, while EM from 

individuals #37 and #40 expressed low levels of both tyrosinase protein expression and 

dopa-oxidase activity of tyrosinase. Strikingly, dopa-oxidase activity of tyrosinase and 

tyrosinase protein expression did not correlate positively with melanin content in EM. 

For example, EM from individuals #24 and #42 expressed high levels of tyrosinase 

protein expression and dopa-oxidase activity of tyrosinase but only moderate levels of 

melanin (i.e. 30.14 and 50.67 pg melanin/cell, respectively), while EM from individual 

#29 expressed low levels of tyrosinase protein expression and dopa-oxidase activity of 

tyrosinase but extremely high levels of melanin (i.e. 238.72 pg melanin/cell). 
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Figure 111. Dopa-oxidase activity of tyrosinase and expression of tyrosinase in 
epidermal melanocytes (EM) from 8 different individuals under baseline conditions.  
A) Densitometric analysis of tyrosinase Western analysis, B) dopa-oxidase activity of 
tyrosinase, C) Western analysis showing expression of tyrosinase in EM. MW 
(molecular weight marker), NC (negative control), TYR (tyrosinase). Cell cultures: 23 
(32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 (29 year old 
female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old male with SPT-
4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-4), 50 (33 year 
old female with SPT-4). 
 
          The expression of two other melanogenic enzymes (TRP-1 and DCT) in EM also 

did not correlate with melanin content (figure 112). For example, EM from individual 

#23 expressed relatively high levels of DCT expression and very high levels of TRP-1 

expression but only low levels of melanin/cell (i.e. 10.97 pg) whereas EM from 

individual #50 expressed undetectable DCT expression and little TRP-1 expression but 

contained much higher levels of melanin/cell (i.e. 38.26 pg). 
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Figure 112. Expression of tyrosinase related protein-1 (TRP-1) and dopachrome 
tautomerase (DCT) in epidermal melanocytes (EM) from 8 different individuals under 
baseline conditions.  
A) Densitometric analysis of TRP-1 Western analysis, B) Western analysis showing 
expression of TRP-1 in EM, C) Densitometric analysis of DCT Western analysis, D) 
Western analysis showing expression of DCT in EM. MW (molecular weight marker), 
NC (negative control), P (processed), (Native). Cell cultures: 23 (32 year old female 
with SPT-1), 24 (39 year old male with SPT-1), 29 (29 year old female with SPT-1), 37 
(27 year old female with SPT-1), 40 (31 year old male with SPT-4), 42 (26 year old 
female with SPT-4), 45 (26 year old male with SPT-4), 50 (33 year old female with SPT-
4), 48 (24 year old female with SPT-4). 
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4.8 Summary of Findings: Dendricity and Melanogenic 
Capability of Epidermal Melanocytes Derived From Phototype-1 
or -4 Skin 
 

• Level of epidermal melanocyte (EM) dendricity did not correlate with skin 

phototype of cell donor. 

• Melanin content of EM did not correlate with skin phototype of cell donor. 

• Levels of tyrosinase protein expression did not correlate with skin phototype of 

cell donor nor with melanin levels of EM. 

• Dopa-oxidase activity of tyrosinase did not correlate with skin phototype of cell 

donor nor with melanin levels of EM. 

• Expression of tyrosinase protein correlated positively with dopa-oxidase activity 

of tyrosinase in EM. 

• Levels of tyrosinase related protein-1 expression did not correlate with skin 

phototype of cell donor nor with melanin levels of EM. 

• Levels of dopachrome tautomerase protein expression did not correlate with skin 

phototype of cell donor nor with melanin levels of EM.  
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4.9 Eicosanoid Production by Epidermal Melanocytes 

          In order to investigate the original hypothesis “epidermal melanocytes (EM) that 

do not contribute to melanin production may contribute to inflammation instead” 

eicosanoid production by these cells was investigated. Due to the large number of 

eicosanoids that may be produced by human cells a mass spectrometric approach that 

can distinguish between 27 prostanoids and isoprostanes (Masoodi and Nicolaou, 2006) 

and 20 hydroxy fatty acid derivatives of linoleic, arachidonic, eicosapentaenoic and 

docosahexaenoic acids (Masoodi et al, 2008) was employed. Eicosanoid production by 

EM was investigated under baseline conditions and in the presence of arachidonic acid 

(AA). AA is the precursor of eicosanoids and by exogenously supplying EM with this it 

was hoped all possible eicosanoids that could be produced by EM would be detected. 

Once particular candidate eicosanoids had been identified as being produced by EM, 

ELISAs were performed in order to investigate the production of these specific 

eicosanoids further.  

4.9.1 Epidermal Melanocytes Produce Prostanoids 

4.9.1.1 Mass Spectrometric Analysis 
 
          Epidermal melanocytes (EM) produced several prostanoids under baseline and 

arachidonic acid (AA)-stimulated conditions (10 µM for 24 hr) (figure 113). For 

example, under baseline conditions a primary EM culture (from a 39 year old female) 

produced PGD2 and its metabolite PGJ2 in low amounts (i.e. 101 and 280 pg/million 

cells, respectively) while another primary EM culture (from a 24 year old female) 

produced a very small amount of PGE2 (i.e. 12 pg/million cells). However, when 

stimulated (10 µM AA for 24) both primary EM cultures produced large amounts of 

PGD2, PGE2 and their metabolites PGJ2 and 13, 14 dihydro-PGE2 (figure 113). By 
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contrast, other prostanoids, isoprostanes and hydroxy fatty acid derivatives of linoleic, 

arachidonic, eicosapentaenoic and docosahexaenoic acids that could be measured by this 

assay were not detected under these conditions. 

 

 F39 (pg/million cells) F24 (pg/million cells) 

B AA B AA 

PGD2 101 1366 0 1494 

PGE2 0 1925 0 5589 

PGJ2 280 938 0 2240 

13, 14-dihydro-PGE2 0 125 0 0 

 
Figure 113. Production of prostanoids by epidermal melanocytes (EM) under baseline 
(B) conditions and 24 hrs post 10 µM arachidonic acid stimulation (AA).  
EM from a 39 year old female with SPT-2-3 (F39) and from a 24 year old female with 
SPT-4 (F24). 

 

4.9.1.2 ELISA Analysis 
 
          To confirm that EM produce PGD2 and PGE2 in response to a 24 hr incubation 

with 10 µM AA an enzyme linked immunosorbant assay (ELISA) was also conducted. 

Advantages of using ELISA included 1) less expense, 2) less time consuming, 3) more 

readily available and 4) less starting product required than for the mass spectrometry 
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approach. However, ELISA have bben shown to exhibit cross reactivity and 

overestimate the concentration of eicosanoids (Yan et al, 2007). Furthermore they can 

only be used to detect one metabolite at a time.  

          Using this ELISA approach EM were shown to produce PGE2 under baseline and 

after 10 µM AA-stimulated conditions (figure 114). The amounts of PGE2 detected by 

this assay were well within the limit of quantification (i.e. 15 pg/ml) and showed 

significant increases in PGE2 production in response to 10 µM AA. For example, in EM 

derived from individual #23 production of PGE2 increased from 41.53 pg/million cells 

(± 4.6) to 1199.4 pg/million cells (± 42.48) in response to 10 µM AA. Similarly, EM 

derived from individual #37 exhibited increased PGE2 production from 18.05 pg/million 

cells (± 2.3) to 1519.6 pg/million cells (± 60.74) in response to 10 µM AA, while EM 

derived from individual #48 increased PGE2 production from 11.95 pg/million cells (± 

1.68) to 842.91 pg/million cells in response to 10 µM AA (figure 114). 

 
Figure 114. Production of PGE2 by epidermal melanocytes (EM).  
Mean (n=3) production of PGE2 by EM under (B) baseline (24 hr starved medium) and 
(AA) stimulated (10 µM arachidonic acid for 24 hr in starved medium) conditions. Cell 
cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 48 
(24 year old female with SPT-4). P≤0.001=***, P≤0.01=** (Students T-Test). 
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detected were close to or below the limit of quantification for this assay (i.e. 3.1 pg/ml) 

(Cayman Chemicals, manufacturers comments). Furthermore, no significant increase in 

PGD2 was observed in response to 10 µM AA-stimulation although an upward trend was 

seen. It was therefore concluded that this assay was not suitable to measure the relatively 

low levels of PGD2 produced by EM.   

 
 
 
 
 
 
 
 
 
 
 

 
Figure 115. Production of PGD2 by epidermal melanocytes (EM).  
Mean (n=3) production of PGD2 by EM under (B) baseline (24 hr starved medium) and 
(AA) stimulated (10 µM arachidonic acid for 24 hr in starved medium) conditions. Cell 
cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 48 
(24 year old female with SPT-4). 

 

4.9.2 Prostaglandin E2 Production by Epidermal Melanocytes: Effect 
of Skin Phototype 

4.9.2.1 ELISA Analysis 
 
          Once it had been established that EM could produce PGE2 under both baseline 

conditions and in response to a 24 hr incubation with 10 µM arachidonic acid (AA), it 
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to be stressed by 10 µM AA (i.e. exhibited vacuolation); therefore the concentration of 

AA used in these phototype experiments was reduced to 3 µM. At this concentration AA 

was still in excess and so did not become a limiting factor. 

          EM produced detectable amounts of PGE2 under baseline conditions in EM cell 

cultures of 4 of the 8 individuals tested. By contrast stimulating with 3 µM AA produced 

a significant increase in PGE2 production in EM from all 8 individuals (figure 116 A). 

The amount of PGE2 produced by different EM varied greatly in response to 3 µM AA. 

For example, EM derived from individual #23 produced 79.58 pg PGE2/million cells (± 

11.5) and EM derived from individual #42 produced 3049.28 pg PGE2/million cells (± 

417.55). However, there was no correlation between the amount of PGE2 produced 

(under baseline conditions or in response to 3 µM AA) and the SPT of the donor 

individual (figures 116 B and 116 C). 
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Figure 116. Production of PGE2 by epidermal melanocytes (EM).  
a) Mean (n=3) production of PGE2 by EM under baseline (24 hr starved medium) (B) 
and stimulated (3 µM arachidonic acid for 24 hr in starved medium) (AA) conditions. b) 
Production of PGE2 by EM under baseline conditions (data grouped as SPT-1 versus 
SPT-4). c) Production of PGE2 by EM under stimulated conditions (data grouped as 
SPT-1 versus SPT-4).  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old 
male with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-
4), 50 (33 year old female with SPT-4). P≤0.001=***, P≤0.01=**, P≤0.05=* (Students 
T-Test). 
 

4.9.3 Expression of Eicosanoid-Producing Enzymes 

 
          After establishing that PGE2 production by the 8 EM cultures investigated was not 

correlated with SPT of donor it was decided that the expression of enzymes involved in 

the production of PGE2 should be investigated. This in part may explain why no such 

correlation existed. Enzymes to be investigated were cytoplasmic phospholipase A2 

(cPLA2), cyclooxygenase-1 (COX-1) and cytoplasmic prostaglandin E synthase 
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(cPGES). cPLA2 liberates AA from the cell membrane, COX-1 converts free AA to 

prostaglandin H (PGH) and cPGES converts PGH to PGE2 (Rundhaug et al, 2007).  

4.9.3.1 Cytoplasmic Phospholipase A2 

 
          Data obtained showed that all EM primary cultures investigated expressed cPLA2 

and that for all EM cultures this enzyme was active under baseline conditions (figures 

117 A, 117 B and 117 C). However, there was no correlation between baseline activity 

of this enzyme and baseline or AA-stimulated production of PGE2. For example, under 

baseline conditions EM derived from individual #29 produced no detectable PGE2 

(figure 116 A) but still expressed the highest relative level of phosphorylated cPLA2 

(PcPLA2) (figures 117 A and 117 B). Similarly, EM derived from individual #42 

produced relatively high levels of PGE2 (figure 116 A) but contained however, the 

lowest levels of phosphorylated cPLA2 (figures 117 A and 117 B). Furthermore, EM 

from this individual produced by far the highest amount of PGE2 post AA-stimulation 

(figure 116 A) and so in this way contrasts EM derived from individual # 24, which 

contained relatively high levels of PcPLA2 under baseline conditions but produced a 

large amount of PGE2 post AA-stimulation (figure 116 A). However, when data were 

pooled for all individuals with SPT-1 or for individuals with SPT-4 it was found that 

there was a significantly greater baseline level of phosphorylation of cPLA2 in 

individuals with SPT-1 than with SPT-4 (figure 117 C). PcPLA2 was localized to the 

cytoplasm in EM (figures 117 D2 and 117 D4).  
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Figure 117. Expression of phosphorylated cPLA2 (PcPLA2) in epidermal melanocytes 
(EM) under baseline conditions.  
A) Western analysis showing of PcPLA2 in EM, MW (molecular weight marker), NC 
(negative control). B) and C) Densitometric analysis of PcPLA2 Western analysis (shown 
individually and grouped into SPT-1 and SPT-4, respectively). D) Expression of PcPLA2 by 
EM from a 27 year old female with SPT-1. D1) and D2) Expression of PcPLA2 by 
immunofluorescence and immunocytochemistry, respectively. D3) and D4) Negative 
controls. Arrows indicate positive staining for PcPLA2. All images at x200 original 
magnification (except inserts at variably increased magnification). Cell cultures: 23 (32 
year old female with SPT-1), 24 (39 year old male with SPT-1), 29 (29 year old female with 
SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old male with SPT-4), 42 (26 year 
old female with SPT-4), 45 (26 year old male with SPT-4), 50 (33 year old female with SPT-
4). P≤0.05=* (Students T-Test). 
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4.9.3.2 Cyclooxygenase-1 
 
          All EM primary cultures investigated expressed COX-1 by Western analysis 

(figure 118 A). However, there was no correlation between baseline expression of this 

enzyme and baseline or AA-stimulated production of PGE2. For example, EM derived 

from individual #40 produced no PGE2 under baseline conditions (figure 116 A) but still 

expressed the highest level of COX-1 protein (figures 118 A and 118 B) while, EM 

derived from individual #24 produced relatively high levels of PGE2 under baseline 

conditions (figure 116 A) but expressed a relatively low level of COX-1 protein (figures 

118 A and 118 B). Similarly, EM derived from individual #42 (which contained 

moderate levels of COX-1 under baseline conditions) produced large amounts of PGE2 

post AA-stimulation (figure 116 A), while EM derived from individual # 50 (which 

moderate levels of COX-1 under baseline conditions) produced low amount of PGE2 

post AA-stimulation (figure 116 A). There was no correlation between baseline COX-1 

protein expression and skin phototype of EM donor (figure 118 C). 
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Figure 118. Expression of cyclooxygenase-1 (COX-1) in epidermal melanocytes (EM) 
under baseline conditions.  
A) Western analysis showing expression of COX-1 in EM, MW (molecular weight 
marker), NC (negative control). B) and C) Densitometric analysis of COX-1 Western 
analysis (shown individually and grouped into SPT-1 and SPT-4, respectively).  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old 
male with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-
4), 50 (33 year old female with SPT-4).  
 
          In the previous section a significant increase in PGE2 production was detected by 

primary cultures of EM (n=8) in response to exogenous AA in all EM cultures examined 

(n=8). A possible explanation for this is that COX-1 (the rate limiting enzyme involved 

in prostanoid synthesis) was being flooded with substrate. However, it was not known 

whether the exogenous supply of AA was effecting the expression of this enzyme and 

whether this effect could also be contributing towards the increased PGE2 production 

that had been observed. In order to investigate this COX-1 protein expression was 

examined using Western Blot analysis under baseline conditions and in response to a 24 

hr incubation with 10 µM AA in EM derived from 3 different normal healthy individuals 
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(figures 119 A, 119 B and 119 C) and expression levels were then measured 

densitometrically (figure 119 D). COX-1 expression was increased in EM derived from 

all individuals in response to a 24 hr incubation with 10 µM AA with percentage 

increases from 3% to 17%. The average percentage increase in COX-1 expression from 

all 3 different individuals was 12%, although this failed to reach statistical significance 

(as measured by Students T-Test) (figure 119 E).   
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Figure 119. Expression of COX-1 by epidermal melanocytes (EM) derived from 3 
different individuals under baseline (B) conditions and in response to 24 hrs incubation 
with 10 µM arachidonic acid (AA).  
a), b), c) Expression of COX-1 in EM by Western analysis. MW (molecular weight 
marker), NC (negative control). d) and e) Densitometric analysis of Western analysis 
individually and grouped as baseline and stimulated conditions, respectively. Arrows 
indicate percentage increase in COX-1 expression.  
Cell cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 
48 (24 year old female with SPT-4). 
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4.9.3.3 Cytoplasmic Prostaglandin E Synthase 
 
          All primary EM cultures investigated expressed the enzyme cPGES (figure 120 

A). However, there was no correlation between the baseline expression level of this 

enzyme and the baseline or AA-stimulated production of PGE2. For example, under 

baseline conditions primary EM cultures derived from individual #29 produced no 

detectable PGE2 (figure 116 A) but still expressed a high level of cPGES protein (figures 

120 A and 120 B), while EM derived from individual #42 produced detectable levels of 

PGE2 (figure 116 A) and also expressed a relatively low level of cPGES protein (figures 

120 A and 120 B). Similarly, EM derived from individual #40 contained relatively high 

baseline levels of cPGES but produced only moderate levels of PGE2 post AA-

stimulation (figure 116 A) and EM derived from individual #50, which contained 

moderate levels of cPGES under baseline conditions, produced moderate levels of PGE2 

post AA-stimulation (figure 116 A). Moreover, there was no correlation between 

baseline cPGES protein expression and the skin phototype of the EM donor (figure 120 

C). cPGES was localized to the cytoplasm of EM in vitro (figure 120 D2 and 120 D4). 
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Figure 120. Expression of Cytoplasmic Prostaglandin E Synthase (cPGES) by 
epidermal melanocytes (EM) from 8 different individuals under baseline conditions.  
A) Western analysis of PGES in EM. MW (molecular weight marker), NC (negative 
control). B) and C) Densitometric analysis of Western analysis shown individually and 
grouped as SPT-1 and SPT-4, respectively. D) Expression of cPGES by EM from a 27 year 
old female with SPT-1 under baseline conditions. 1) and 2) Expression of cPGES by 
immunofluorescence and immunocytochemistry, respectively. 3) and 4) Negative controls. 
Arrows indicate positive staining for cPGES. All images at x200 original magnification, 
except inserts at variably increased magnification.  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 (29 
year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old male with 
SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-4), 50 (33 year 
old female with SPT-4). 
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4.10 Summary of Findings: Eicosanoid Production by Epidermal 
Melanocytes Under Baseline and Arachidonic Acid-Stimulated 
Conditions 
 

• Mass spectrometric analysis showed that epidermal melanocytes (EM) produced 

mostly PGD2 and PGE2 under baseline and arachidonic acid (AA)-stimulated 

conditions. 

• ELISA analysis confirmed that EM had the capacity to produce PGD2 and PGE2 

under baseline and AA-stimulated conditions. 

• Baseline PGE2 production was variable in primary EM cultures derived from 

different donors and there was no correlation with donor skin phototype. 

• All primary EM cultures investigated produced PGE2 under AA-stimulated 

conditions and this did not correlate with the skin phototype of the EM donor. 

• All primary EM cultures investigated expressed cPLA2 under baseline 

conditions, which was phosphorylated to some extent. 

• The level of baseline phosphorylation of cPLA2 was neither correlated with 

baseline or AA-stimulated PGE2 production nor skin phototype of the EM 

donor. 

• All primary EM cultures investigated expressed COX-1 protein under baseline 

conditions and this was not correlated with baseline or AA-stimulated 

production of PGE2 nor skin phototype of the EM donor. 

• COX-1 protein expression in primary cultures of EM was not significantly 

increased in response to stimulation with AA. 

• All primary EM cultures investigated expressed cPGES protein under baseline 

conditions and this was not correlated with baseline or AA-stimulated 

production of PGE2 nor with the skin phototype of the EM donor. 



 175 

4.11 Effect of UVR on Prostaglandin E2 Production by Epidermal 
Melanocytes 
 
          Epidermal melanocytes (EM) possess the necessary cellular machinery to produce 

PGE2 and the latter can be further up-regulated after stimulation with arachidonic acid 

(AA). Therefore, it was decided to stimulate primary EM cultures with UVR and 

measure PGE2 production as it is known that UVR can generate oxidative stress (OS) 

within cells, which in-turn activates cPLA2 liberating AA from cell membranes (Chen et 

al, 1996). As the original hypothesis for this project was “EM that did not contribute to 

melanogenesis may contribute to inflammation instead”, it was hypothesized that EM 

that contained little melanin or that were isolated from individuals with SPT-1 may 

produce more PGE2 in response to UVR than EM with higher melanin contents or that 

were isolated from individuals with SPT-4.  

4.11.1 Stimulation of Epidermal Melanocytes with UVR 

 
          A dose of UVR large enough to stress EM into producing PGE2 but small enough 

as to not be generally cytotoxic to the majority of cells irradiated was required. A dose 

of 55 mJ/cm2 UVR produced a significant decrease in EM number (i.e. from 138,000 

cells before UVR to 93,333 cells post-UVR) (figure 121). Therefore, this UVR dose was 

used to stimulate EM and the PGE2 produced in response to the UVR dose was 

measured by ELISA. 

 



 176 

 
Figure 121. Effect of UVR on epidermal melanocyte (EM) viability.  
EM from a 24 year old female with SPT-4 were seeded onto a culture plate and left to 
attach for 24 hrs. Cells were irradiated with the indicated dose of UVR. After 36 hrs 
cells were washed, trypsinized and counted. All experiments were carried out in 
triplicate. P≤0.001=***, P≤0.01=**, P≤0.05=* (One-way ANOVA). 
 

4.11.2 UVR Alters PGE2 Production by Epidermal Melanocytes 

 
          PGE2 production was significantly increased in response to 55 mJ/cm2 UVR in 

primary EM cultures derived from only 1 of the 3 individuals tested (i.e. individual #48). 

In this case PGE2 increased from 11.95 (± 1.68) pg PGE2/million cells before UVR to 

29.75 (± 4.21) pg PGE2/million cells post UVR (figure 122). However, an upward trend 

in PGE2 production was apparent in EM derived from the other 2 individuals. There 

were also considerable primary culture to primary culture differences in PGE2 

production both under baseline conditions and in response to UVR. For example, under 

baseline conditions EM derived from individual #23 produced 41.53 (± 4.60) pg 

PGE2/million cells but EM derived from individual #48 produced 11.95 (± 1.68) pg 

PGE2/million cells and in response to UVR EM derived from individual #23 produced 

45.03 (± 2.89) pg PGE2/million cells while EM derived from individual #48 produced 

29.75 (± 4.21) pg PGE2/million cells). 
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Figure 122. Effect of 55 mJ/cm2 UVR on PGE2 production by epidermal melanocytes.  
B (Baseline), UVR (55 mJ/cm2). P≤0.05=* (Students T-Test).  
Cell cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 
48 (24 year old female with SPT-4). 
 
          Due to the lack of significant alterations in PGE2 production observed in 2 of the 3 

primary EM cultures tested in response to 55 mJ/cm2 UVR, a higher dose of UVR (73 

mJ/cm2) was used and the experiment repeated. 73 mJ/cm2 UVR also produced a 

significant decrease (i.e. from 138,000 (± 6976) cells under baseline conditions to 

83,167 (± 1736) cells post-UVR) in EM number. For this experiment 8 primary EM 

cultures (4 SPT-1 and 4 SPT-4) were used so that comparisons could be made between 

the response of individuals with SPT-1 and individuals with SPT-4. 73 mJ/cm2 UVR 

caused changes in morphology (i.e. loss of dendricity and rounding-up) in some of the 

primary EM cultures which indicated a strong stress response (figures 123 and 124).  
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Figure 123. Effect of 73 mJ/cm2 UVR on epidermal melanocyte (EM) morphology.  
B (Baseline), U (73 mJ/cm2 UVR). Arrows indicate loss of dendricity and rounding-up of 
EM. All images at x200 original magnification, except inserts at variably increased 
magnification.  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1). 
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Figure 124. Effect of 73 mJ/cm2 UVR on epidermal melanocyte (EM) morphology.  
B (Baseline), U (73 mJ/cm2 UVR). Arrows indicate loss of dendricity and rounding-up of 
EM. All images at x200 original magnification, except inserts at variably increased 
magnification.  
Cell cultures: 40 (31 year old male with SPT-4), 42 (26 year old female with SPT-4), 45 
(26 year old male with SPT-4), 50 (33 year old female with SPT-4). 
 
          73 mJ/cm2 UVR caused significant increases in PGE2 production in 3 of the 8 

primary EM cultures investigated (i.e. individuals #24, #29 and #45) (figure 125) and 
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had no effect on PGE2 production in 4 of the 8 primary EM cultures investigated (i.e. 

individuals #23, #37, #40 and #50) (figure 125). Strikingly, this dose of UVR appeared 

to cause a significant reduction in PGE2 production in 1 of the primary EM cultures 

investigated (i.e. individual #42) (figure 125). Interestingly, the effect of UVR on PGE2 

production in EM primary cultures showed a strong negative correlation with baseline 

DCT expression (figures 112 C and 112 D). Specifically, when baseline levels of DCT 

expression were low, UVR increased PGE2 production above this level and when 

baseline levels of DCT expression were high UVR decreased PGE2 production below 

baseline. Moreover, in those primary EM cultures that expressed moderate levels of 

DCT expression at baseline, UVR had no effect on PGE2 production. 

 
Figure 125. Effect of 73 mJ/cm2 UVR on PGE2 production by epidermal melanocytes.  
B (Baseline), UVR (73 mJ/cm2 UVR). P≤0.01=**, P≤0.05=* (Students T-Test). Cell 
cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 (29 
year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old male 
with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-4), 50 
(33 year old female with SPT-4). 
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          This dose of UVR (73 mJ/cm2) may not have been strong enough to induce 

oxidative stress within all of the primary EM cultures investigated. Therefore, cPLA2 

may not have been activated to liberate AA from the cell membranes of all cells. To 

further assess the effect of UVR on PGE2 production cells of the same EM cultures were 

irradiated with 73 mJ/cm2 UVR but in the presence of AA (figure 126). Cells stimulated 

with AA or with UVR+AA did not differ significantly for PGE2 production in 6 of the 

primary EM cultures investigated. This suggested that in these EM cultures PGE2 

production had been saturated by exogenous AA, so UVR treatment could not further 

increase PGE2 production. However, in 1 of the primary EM cultures investigated (#50) 

PGE2 production increased significantly after UVR+AA stimulation. This suggested that 

in this case there was further UVR-associated increased capacity for PGE2 production. 

Moreover, in 1 of the primary EM cultures investigated (#42) there was a significant 

decrease in the amount of PGE2 produced with combined UVR+AA stimulation 

conditions compared with only AA stimulation alone. This suggested that in this primary 

EM culture the effect of UVR was to decrease PGE2 production and supported further 

the data obtained in figure 125. 
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Figure 126. PGE2 production by epidermal melanocytes in response to arachidonic acid 
and UVR with arachidonic acid.  
AA) 3 µM arachidonic acid for 24 hrs. UVR + AA) 73 mJ/cm2 UVR then 3 µM 
arachidonic acid for 24 hrs. P≤0.05=* (Students T-Test).  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old 
male with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-
4), 50 (33 year old female with SPT-4). 
 

4.11.3 UVR did not Affect Malondialdehyde Formation in Epidermal 
Melanocytes 
 
          As UVR is known to generate oxidative stress within cells and oxidative stress is 

known to activate cPLA2 it was hypothesized that this was the mechanism by which 

UVR was causing EM to alter PGE2 production from baseline levels. Therefore, the 

presence of an oxidative stress marker (i.e. malondialdehyde) was investigated under 

baseline conditions and in response to UVR. Protein was extracted from primary EM 

cultures under baseline conditions and 24 hrs post 73 mJ/cm2 UVR and analyzed by 

Western Blotting for the presence of malondialdehyde (figure 127). Formation of 

malondialdehyde (a marker of protein oxidation) appeared relatively similar under both 

basal and UVR-stimulated conditions. 
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Figure 127. Malondialdehyde formation on protein from epidermal melanocytes 24 hrs 
post 73 mJ/cm2 UVR.  
B (Baseline), U (24 hrs post 73 mJ/cm2 UVR), MW (molecular weight marker), NC 
(negative control).  
Cell cultures: 23 (32 year old female with SPT-1), 24 (39 year old male with SPT-1), 29 
(29 year old female with SPT-1), 37 (27 year old female with SPT-1), 40 (31 year old 
male with SPT-4), 42 (26 year old female with SPT-4), 45 (26 year old male with SPT-
4), 50 (33 year old female with SPT-4). 
 

4.11.4 H2O2 Increased PGE2 Production by Epidermal Melanocytes 

 
          Due to equivocal data obtained by Western analysis using a malondialdehyde 

primary antibody it could not be formally concluded whether UVR was causing this 

form of oxidative change in EM. Therefore, in order to investigate whether oxidative 

stress could indeed effect PGE2 production in EM these cells were incubated with 50 

µM H2O2 for 48 hrs. PGE2 content of the cell culture media was measured and compared 

with baseline PGE2 production after 48 hrs. Incubation with 50 µM H2O2 caused 

significant increases in PGE2 production in all 3 primary EM cultures investigated 

(figure 128). For example, in EM derived from individual #23 baseline PGE2 production 

(41.53 (± 4.60) pg PGE2/million cells) increased to 85.93 (± 3.57) pg PGE2/million cells 

and 48 hrs post 50 µM H2O2 incubation, an increase in PGE2 production of 106.91%.  
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Figure 128. Effect of 48 hrs incubation with 50 µM H2O2 on PGE2 production by 
epidermal melanocytes.  
B (Baseline), H (50 µM H2O2 for 48 hrs). P≤0.01=**, P≤0.05=* (Students T-Test).  
Cell cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 
48 (24 year old female with SPT-4). 
 

4.11.5 H2O2 Decreased COX-1 Expression in Epidermal Melanocytes 

 
          H2O2 (50 µM for 48 hrs) caused an increase in PGE2 production in all 3 of the 

primary EM cultures investigated and this was presumed to be via generation of 

oxidative stress, activation of cPLA2 and subsequent liberation of AA from cell 

membranes. However, as COX-1 is the rate limiting enzyme involved in the production 

of PGE2 it was possible that some of the observed H2O2 effects on PGE2 production may 

have been mediated via COX-1. Therefore, it was decided to investigate the effect of 

H2O2 (50 µM for 48 hrs) on the expression of this enzyme. Strikingly, H2O2 (50 µM for 

48 hrs) caused a reduction in COX-1 expression of in all 3 of the primary EM cultures 

investigated (figure 129). The percentage reduction in COX-1 expression ranged from 

16% to 30% and the mean reduction was 24%, which was shown to be significant. 
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Figure 129. Effect of 48 hrs incubation with 50 µM H2O2 on COX-1 expression in 
epidermal melanocytes (EM).  
a) Expression of COX-1 in EM by Western Blot. MW (molecular weight marker), NC 
(negative control). b) Densitometric analysis of Western analysis. B (Baseline), H (50 
µM H2O2 for 48 hrs). Arrows indicate percentage reduction in COX-1 expression in 
response to H2O2 compared with baseline. c) Mean % reduction in COX-1 expression in 
response to 50 µM H2O2 for 48 hrs (n=3). P≤0.05=* (Students T-Test).  
Cell cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 
48 (24 year old female with SPT-4). 
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4.12 Summary of Findings: Effect of UVR on Prostaglandin E2 
Production by Epidermal Melanocytes  
 

• The dose of UVR required to alter PGE2 production by epidermal melanocytes 

(EM) varied between the primary EM cultures derived from different donors. 

• The effect of UVR on PGE2 production varied from primary EM culture to 

primary EM culture i.e., UVR was shown to be able to cause both increases and 

decreases in PGE2 production in primary EM cultures. 

• Melanin content and UVR-induced PGE2 production were not correlated. 

• Skin phototype of EM donor and UVR-induced PGE2 production were not 

correlated. 

• There was a strong negative correlation between baseline DCT content of EM 

and the effect of UVR on PGE2 production i.e. if the DCT expression was high 

in EM then UVR decreased PGE2 production below baseline but if DCT 

expression was low then UVR increased PGE2 production above baseline.  
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4.13 Effect of Melatonin and Luzindole on Prostaglandin E2 
Production by Epidermal Melanocytes 
 
          PGE2 production was increased in response to UVR in some primary epidermal 

melanocyte (EM) cultures (figures 122 and 125). Therefore, EM may contribute to the 

“sunburn response” by producing this eicosanoid and so it could be of therapeutic 

importance to investigate ways to inhibit PGE2 production by EM in response to UVR. 

Melatonin has been shown to be UVR responsive, in that it is increased after UVR 

exposure and can inhibit melanogenesis. Melatonin is produced naturally in vivo and can 

act as a powerful anti-oxidant via receptor independent actions. Melatonin has been 

shown to be capable of scavenging .OH, O2
.−, and .NO (Poeggeler et al, 1993) and so 

may be able to protect against generation of oxidative stress (OS) in response to UVR. 

By inhibiting generation of OS in response to UVR, activation of cPLA2 with 

subsequent PGE2 production may also be inhibited by melatonin.  

4.13.1 Melatonin did not Protect Against Increased PGE2 Production 
in Response to H2O2 or UVR 
 
          Pre-incubation of EM with 10 µM melatonin for 24 hrs before stimulation with 55 

mJ/cm2 UVR or 50 µM H2O2 offered no protection against PGE2 production by EM 

(figure 130). Strikingly, in EM derived from individuals #37 and #48 pre-incubation 

with 10 µM melatonin for 24 hrs before application of the stimulus appeared to enhance 

the effect of both UVR and H2O2 resulting in significantly higher PGE2 production as 

compared with the UVR or H2O2 stimulus alone. In EM derived from individual #23 

pre-incubation with melatonin had no significant effect on PGE2 production when 

compared with the UVR or H2O2 stimulus alone.   
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Figure 130. Effect of 24 hrs pre-incubation with 10 µM melatonin on PGE2 production 
by epidermal melanocytes in response to a) 55 mJ/cm2 UVR and b) 48 hrs incubation 
with 50 µM H2O2.  
B (Baseline), U (55 mJ/cm2 UVR), H (50 µM H2O2 for 48 hrs), M (24 hrs pre-
incubation with 10 µM melatonin then 90 mJ/cm2 UVR or 50 µM H2O2 for 48 hrs). 
P≤0.01=**, P≤0.05=* (Students T-Test).  
Cell cultures: 23 (32 year old female with SPT-1), 37 (27 year old female with SPT-1), 
48 (24 year old female with SPT-4). 
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EM cultures were incubated with luzindole (a melatonin receptor antagonist with 25x 

greater affinity for Mel-1B than for Mel-1A) (Dubocovich et al, 1998) and PGE2 

production was measured in response to arachidonic acid (AA) stimulation and 

compared with PGE2 production in response to AA stimulation alone. It has been 

suggested that a brief incubation of cells (1 hr) with luzindole will block melatonin 

receptors whereas a long incubation (24 hrs) may potentiate the receptor mediated 

effects of melatonin (due to increased receptor cycling) (Kokkola et al, 2007) therefore, 

both short and long incubations were used. Melatonin is also known to inhibit 

melanogenesis (Logan and Weatherhead, 1979); however the exact mechanisms by 

which this is achieved are not fully understood. Therefore, melanin levels were also 

measured post-luzindole and post-AA incubation.  

          AA appeared to have little or no effect on melanin levels in primary EM cultures 

(figure 131 a). A short incubation with luzindole (that would have blocked melatonin 

receptors) appeared to cause an increase in melanogenesis and conversely a long 

incubation with luzindole appeared to cause a decrease in melanogenesis in both primary 

EM cultures investigated (figure 131 a).  

          Mass spectrometric analysis confirmed that AA caused an increase in PGE2 

production in both of the primary EM cultures investigated (figure 131 b) however; 

luzindole appeared to have opposite effects in the primary EM cultures (figure 131 b). In 

EM derived from a 39 year old female a short incubation with luzindole followed by 

stimulation with AA increased PGE2 production compared with AA stimulation alone. A 

long incubation with luzindole in conjunction with AA stimulation caused a decrease in 

PGE2 production compared with AA stimulation alone. In EM derived from individual 

#48 a short incubation with luzindole followed by stimulation with AA decreased PGE2 

production compared with AA stimulation alone and a long incubation with luzindole in 
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conjunction with AA stimulation caused an increase in PGE2 production compared with 

AA stimulation alone. 

     

 
 

 Melanin (pg/cell) PGE2 (pg/million cells) 
 B AA MB MS B AA MB MS 

39 15.21 14.73 21.31 6.5 0 1925 2721 980 
48 11.62 8.08 15.82 5.71 12 5589 3065 6140 

 
Figure 131. Effect of arachidonic acid (AA) and luzindole on a) melanin content and b) 
PGE2 production by epidermal melanocytes.  
B (baseline), AA (24 hrs incubation with 10 µM AA), MB (i.e. short luzindole 
incubation) (1 hr pre-incubation with 10 µM luzindole before 24 hrs incubation with 10 
µM AA), MS (i.e. long luzindole incubation) (1 hr pre-incubation with 10 µM luzindole 
before 24 hrs incubation with 10 µM AA and 10 µM luzindole). c) Table of actual values 
for melanin and PGE2 production.  
Cell cultures: 39 (39 year old female with skin phototype 2/3), 48 (24 year old female 
with SPT-4). 
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          As EM are known to express both Mel-1A and Mel-1B receptors it was 

hypothesized that relative expression of these receptor subtypes may, in part, explain the 

opposite effects observed with luzindole on PGE2 production in the primary EM cultures 

investigated. Therefore, protein was extracted from these cells and analyzed by Western 

Blot for the expression of melatonin receptor subtypes (figure 132). Due to problems 

encountered with the Mel-1B antibody only data with regards to Mel-1A expression in 

these 2 primary cultures was obtained. It is possible that primary EM cultures derived 

from individual #48 had greater expression of Mel-1A than Mel-1B receptors, as Mel-

1A receptor expression was undetectable in EM derived from the 39 year old female by 

both immunocytochemistry and Western analysis (figure 132). However, 2 protein 

bands were detected by Western analysis for Mel-1A in EM derived from individual #48 

and they were detected at about twice the molecular weight (MW) of the Mel-1A 

receptor (i.e. MW Mel-1A is 37 kDa). Therefore, it could not be concluded that these 

bands represented Mel-1A. However, it has been shown that melatonin receptors can 

form both homo and heterodimers (Ayoub et al, 2004). 
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Figure 132. Expression of Mel-1A receptors in epidermal melanocytes (EM).  
A) and B) Expression of Mel-1A in EM derived from individual #48 (SPT-4) by 
immunocytochemistry in the absence or presence of a blocking peptide, respectively. C) 
and D) Absence of Mel-1A expression in EM from a 39 year old female (SPT-2/3) by 
immunocytochemistry in the absence or presence of a blocking peptide, respectively. E) 
Western analysis of Mel-1A expression in EM. MW (molecular weight marker), NC 
(negative control), Lane 1 (Mel-1A expression in EM from individual #48), Lane 2 
(Absence of Mel-1A in EM from a 39 year old female withSPT-2/3), Lane 3 (Absence of 
Mel-1B in EM from individual #48), Lane 4 (Absence of Mel-1B in EM from a 39 year 
old female withSPT-2/3). Arrows indicate positive staining for Mel-1A. All images at 
x200 original magnification, except inserts at variably increased magnification.  
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4.14 Summary of Findings: Effect of Melatonin and Luzindole on 
Prostaglandin E2 production in Epidermal Melanocytes 
 

• Pre-incubation of epidermal melanocytes (EM) with 10 µM melatonin before 

application of 55 mJ/cm2 UVR or 50 µM H2O2 did not protect against PGE2 

production. Strikingly, this treatment appeared to increase PGE2 production in 

response to these stimuli. 

• Incubation of EM with 10 µM AA did not affect melanin levels in EM. 

• A short incubation with 10 µM luzindole increased melanin content of EM. 

• A long incubation with 10 µM luzindole decreased melanin content of EM. 

• Luzindole (10 µM) variably affected PGE2 production by EM after stimulation 

with 10 µM AA.  

• Mel-1A receptor expression is variable in primary EM cultures of different 

donors and this may in part determine PGE2 production by these cells in 

response to UVR.  
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4.15 Effect of UVR, Melatonin and Luzindole on Fatty Acid 
Composition of Epidermal Melanocytes 
 
          Stimulation of primary EM cultures with 90 and 120 mJ/cm2 UVR and 10 µM 

luzindole (alone or in the presence of 10 µM melatonin) increased PGE2 production. It 

was hypothesized that these stimulations may have liberated AA from cell membranes in 

order for it to be converted to PGE2 by the action of COX-1 and PGES enzymes. As 

melatonin is known to act as an anti-oxidant it was expected that it would have protected 

against any increases in PGE2 that may have been caused by increases in levels of 

oxidative stress. However, this was not the case with the concentration of melatonin 

used (10 µM) and so in future experiments the concentration of melatonin was increased 

to 10 mM in the hope of observing anti-oxidative effects. In order to test this hypothesis 

EM were stimulated with 73 mJ/cm2 UVR (alone or in the presence of 10 mM melatonin 

or 10 µM luzindole) and AA levels were measured (by gas chromatography) and 

compared with baseline levels of AA in these cells. 

4.15.1 UVR had Variable Effects on Arachidonic Acid Levels in 
Epidermal Melanocytes  
 
          UVR caused a significant reduction in AA levels in EM derived from individual 

#48 (i.e. from 7.93 (± 0.18) ng/million cells under baseline conditions to 0.55 (± 0.029) 

ng/million cells post-UVR stimulation) (figure 133). Pre-incubation of EM with 

luzindole (to block melatonin receptors) before stimulation with UVR had no effect on 

AA levels in EM from individual #48 when compared with AA levels post-UVR 

stimulation alone (figure 133). Addition of melatonin during stimulation with UVR and 

for 3 hrs post-UVR also had no effect on AA levels in EM derived from individual #48 

when compared with AA levels post-UVR stimulation alone (figure 133). However, in 
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both cases (UVR with luzindole and UVR with melatonin) levels of AA were still 

significantly lower than under baseline conditions.  

          UVR had no effect on AA levels in EM derived from individual #40 (figure 133). 

However, in these cells addition of melatonin during stimulation with UVR and for 3 hrs 

post-UVR caused a significant reduction in AA levels (i.e. from 7.65 (± 0.094) 

ng/million cells post-UVR stimulation to 6.78 (± 0.062) ng/million cells post-UVR 

stimulation in the presence of melatonin) when compared with AA levels post-UVR 

stimulation alone (figure 133). Also, levels of AA in these cells under the melatonin and 

UVR stimulated conditions were significantly lower than under baseline conditions.  

 
Figure 133. Effect of UVR, melatonin and luzindole on arachidonic acid (AA) levels in 
epidermal melanocytes.  
B (baseline), U (3 hrs post 73 mJ/cm2 UVR), L+U (1 hr pre-incubation with 10 µM 
luzindole before stimulation with 73 mJ/cm2 UVR), U+M (73 mJ/cm2 UVR in the 
presence of 10 mM melatonin and for 3 hrs post-UVR stimulation), C20:4n-6 (AA). 
P≤0.001=*** (One-way ANOVA).  
Cell cultures: 40 (31 year old male with SPT-4), 48 (24 year old female with SPT-4). 
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different effects of UVR on the fatty acid composition of these cells. In order to 

investigate this primary EM cultures were stimulated with UVR alone or with UVR in 

the presence of 10 mM melatonin (and for 3 hrs post-stimulation) and levels of fatty 

acids were measured (by gas chromatography). In this experiment, the only fatty acid 

levels found to be affected by UVR were linoleic acid and eicosatrienoic acid, both of 

which are precursors for the de-novo biosynthesis of AA. Unfortunately, levels of γ-

linolenic acid were below the level of quantification for this technique and so reliable 

data with regards to levels of this fatty acid in the primary EM cultures investigated 

could not be attained. 

          UVR caused significant decreases in levels of linoleic acid in primary EM cultures 

derived from individuals #40 and #48 (figure 134). The addition of melatonin during 

UVR-stimulation (and for 3 hrs post-stimulation) protected against this decrease. In EM 

derived from individual #40 melatonin completely blocked the effect of UVR on linoleic 

acid, while in EM derived from individual # 48 melatonin only partially protected 

against the decrease observed in linoleic acid.  

          UVR and melatonin had different effects on eicosatrienoic acid levels in EM 

derived from individuals #40 and #48 (figure 134). In EM derived from individual #40 

UVR had no effect on eicosatrienoic acid levels, while in EM derived from individual 

#48 a significant increase in this fatty acid was observed in response to UVR (i.e. from 

2.63 (± 0.11) ng/million cells under baseline conditions to 4.34 (± 0.03) ng/million cells 

post-UVR stimulation). Also, in EM derived from individual #40 UVR-stimulation in 

the presence of melatonin (and for 3 hrs post-UVR stimulation) resulted in a significant 

decrease in levels of eicosatrienoic acid when compared with levels post-UVR 

stimulation alone or levels under baseline conditions. However, in EM derived from 

individual #48 UVR-stimulation in the presence of melatonin (and for 3 hrs post-UVR 
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stimulation) had no effect on levels of eicosatrienoic acid when compared with levels 

post-UVR stimulation alone.   

 
Figure 134. Effect of UVR and melatonin on linoleic and eicosatrienoic acid levels in 
epidermal melanocytes.  
B (baseline), U (3 hrs post 73 mJ/cm2 UVR), U+M (73 mJ/cm2 UVR in the presence of 
10 mM melatonin and for 3 hrs post-UVR), C18:2n-6c (linoleic acid), C20:3n-6 
(eicosatrienoic acid). P≤0.001=***, P≤0.01=**, P≤0.05=* (One-way ANOVA).  
Cell cultures: 40 (31 year old male with SPT-4), 48 (24 year old female with SPT-4). 
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to AA, 2) the partial degradation of tetracosatetraenoic acid (C24:4n-6) to 

docosatetraenoic acid and then to AA or 3) the partial degradation of docosapentaenoic 

acid (C22:5n-6) either directly to AA or to docosatetraenoic acid and then to AA 

(Sprecher, 2000). Therefore, in a subsequent experiment it was decided to investigate the 

effect of UVR and melatonin on the levels of these fatty acids in EM. Unfortunately, 

only docosatetraenoic acid could be detected by gas chromatography.  

          Considerable variation existed for levels of docosatetraenoic acid in the primary 

EM cultures investigated (n=2) under baseline conditions (i.e. under baseline conditions 

levels of docosatetraenoic acid were 111.22 (± 8.88) ng/million cells in EM derived 

from individual #40 but were only 11.74 (± 0.33) ng/million cells in EM derived from 

individual #48) (figure 135). However, UVR caused a significant reduction in levels of 

this fatty acid in EM derived from both individuals (figure 135). The presence of 

melatonin during UVR-stimulation and for 3 hrs post-stimulation completely blocked 

the reduction in docosatetraenoic acid in EM derived from individual #48 and partially 

blocked the reduction in EM derived from individual #40.   
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Figure 135. Effect of UVR and melatonin on docosatetraenoic acid levels in epidermal 
melanocytes.  
B (baseline), U (3 hrs post-73 mJ/cm2 UVR), U+M (73 mJ/cm2 UVR in the presence of 
10 mM melatonin and for 3 hrs post-UVR), C22:4n-6 (docosatetraenoic acid). 
P≤0.001=***, P≤0.01=** (One-way ANOVA).  
Cell cultures: 40 (31 year old male with SPT-4), 48 (24 year old female with SPT-4). 
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4.16 Summary of Findings: Effect of UVR, Melatonin and 
Luzindole on Fatty Acid Composition of Epidermal Melanocytes 
 

• UVR had variable effects on arachidonic acid (AA) levels in epidermal 

melanocytes (EM) (e.g. caused a decrease in EM derived from individual #48 

but had no effect in EM derived from individual #40). 

• Luzindole had no effect on AA levels in EM derived from individual #48 in 

response to UVR. 

• Melatonin had variable effects on AA levels in EM in response to UVR i.e. 

caused a decrease in EM derived from individual #40 but had no effect in EM 

derived from individual #48. 

• UVR decreased linoleic acid levels in both primary EM cultures (#40 and #48). 

• Melatonin variably decreased the effect of UVR on linoleic acid levels in EM, 

i.e. completely inhibiting the decrease in EM derived from individual #40 but 

only partially inhibiting the decrease in EM derived from individual #48. 

• UVR had variable effects on eicosatrienoic acid levels in EM, i.e. caused an 

increase in EM derived from individual #48 but had no effect in EM derived 

from individual #40. 

• Melatonin had variable effects on eicosatrienoic acid levels in EM in response to 

UVR, i.e. caused a decrease in EM derived from individual #40 but had no 

effect in EM derived from individual #48. 

• UVR decreased docosatetraenoic acid levels in both primary EM cultures (#40 

and #48). 

• Melatonin variably decreased the effect of UVR on docosatetraenoic acid levels 

in EM, i.e. completely inhibited the decrease in EM derived from individual #48 

but only partially inhibited the decrease in EM derived from individual #40 
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Aim of this Project 

          The overarching aim of this project was to determine the role of eicosanoid 

production by epidermal melanocytes (EM) in inflammation, its significance in UVR-

induced erythema and its relevance to melanin production in human phototype-1 skin 

and phototype-4 skin. 

5.1 Summary of Results Obtained from Skin Sections 

          This study characterized the neutrophil and CD3/4+ lymphocyte infiltration, and 

the expression of the eicosanoid-producing enzymes COX-1, COX-2, 12-LOX and 15-

LOX in normal healthy skin of 16 individuals, up to 72 hrs post-UVR stimulation. It also 

allowed direct comparison of these markers of the sunburn response between individuals 

with SPT-1 or with SPT-4. The data suggest that alteration in the dynamics of neutrophil 

and CD3/4+ lymphocyte populations are closely associated with the sunburn response 

and that their involvement differs between individuals with SPT-1 and SPT-4 in terms of 

both the magnitude and duration of the response. The data also suggest that COX-1, 

COX-2, 12-LOX and 15-LOX are involved in the sunburn response and that again this 

involvement differs between individuals with SPT-1 and SPT-4. Interestingly, the 

expression in response to UVR of these eicosanoid-producing enzymes showed 

considerable temporal change, and so may highlight a class-switch in eicosanoid 

production during the sunburn response that may influence leukocyte infiltration and 

sunburn resolution. Moreover, EM were shown to express all of these eicosanoid-

producing enzymes except COX-2 in vitro and so may contribute to eicosanoid 

production in vivo. The data also highlights variable expression of the NO-producing 

enzymes NOS-1, NOS-2 and NOS-3 in the skin of individuals with SPT-1 compared 

with SPT-4, suggesting that variable NO production may also in part mediate the 
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differential leukocyte infiltrations. Moreover, EM were shown to express these NO-

producing enzymes in vivo and in vitro and so may also contribute to the differential 

leukocyte infiltrations post-UVR. 

5.1.1 Neutrophil Infiltration into the Skin is Increased Post-UVR 
Exposure 
 
          UVR (120 mJ/cm2) caused an increase in both neutrophil and CD3+ lymphocyte 

infiltration into the skin. An inflammatory stimulus (such as UVR) causes skin cell 

populations (e.g. keratinocytes, melanocytes and Langerhans cells in the epidermis and 

fibroblasts, endothelial cells, smooth muscle cells, mast cells, lymphocytes and other 

inflammatory cells in the dermis) to release chemokines at the site of inflammation that 

act as chemoattractants for leukocytes (Kondo, 2000). Examples of such chemokines 

include macrophage inflammatory protein-1α, nerve growth factor, stem cell factor, IL-8 

etc. Neutrophils are among the first type of leukocyte to arrive in the skin at the site of 

UVR exposure (Lee et al, 2008). However, the exact function of these neutrophils 

remains unclear. It has been proposed that these neutrophils may contribute to 

photoaging by the release of extracellular matrix-damaging enzymes (i.e. elastase and 

matrix metalloproteinases) (Rijken et al, 2005), or to the removal of UV-damaged cells 

by phagocytosis (Hawk et al, 1988). It must be noted however that 

monocytes/macrophages can also express neutrophil elastase (Dollery et al, 2003). 

Therefore, in order to be certain that these infiltrating cells were indeed neutrophils skin 

sections should be additionaly double-stained for the presence of neutrophil elastase and 

CD66b. CD66b is a selective marker for granulocytes and therefore coupled with the 

neutrophil elastase staining would have provided irrefutable evidence that these cells 
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were indeed neutrophils. However, due to highly limited skin from biopsies available for 

this project this experiment was not performed.  

          Under baseline conditions staining for neutrophil elastase was either absent or was 

confined to the vasculature in the dermis with very little extra-vascular or epidermal 

staining observed. Neutrophil infiltration had advanced to the epidermis in individuals 

with SPT-1 at 24 hrs post-UVR, but was still localized in the dermis in those with SPT-

4. In both skin phototypes it appeared that neutrophil infiltration in the skin had returned 

to baseline conditions by 72 hrs post-UVR. These data are consistent with work carried 

out by Lee et al, (2008) who also showed very little neutrophil elastase expression in 

skin under baseline conditions. The latter study showed that neutrophil infiltration was 

increased in the dermis as early as 6 hrs post-UVR. Unfortunately, this observation was 

not confirmed as the 6 hr post-UVR timepoint was not investigated in the current 

project. Therefore, this may highlight a narrow time-window in which neutrophils begin 

to enter the skin between 4 and 6 hrs post-UVR. Lee et al, (2008) also showed that 

neutrophil infiltration had increased from 6 hrs post-UVR levels at 24 hrs post-UVR and 

that this was now also increased in the epidermis of some individuals. However, this 

increase in neutrophils was not significant. By contrast, data from the current study 

showed that neutrophil infiltration into the epidermis was significant in individuals with 

the lowest possible skin phototype i.e. SPT-1. This inconsistency may be due to the fact 

that Lee and co-workers investigated individuals with higher skin phototypes i.e. SPT-2 

and SPT-3 so with a greater protection from melanin. Moreover, the latter study 

irradiated skin with a 2MED UVR dose, as opposed to 120 mJ/cm2 UVR used in this 

project.  

          Taken together, the current project provides evidence that individuals with higher 

baseline melanin levels or a greater ability to undergo melanogenesis in response to 
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UVR (i.e. SPT-4) are protected, at least to some extent, against neutrophil infiltration 

into the epidermis compared with those individuals with lower baseline melanin levels 

or a reduced ability to undergo melanogenesis in response to UVR (SPT-1). Thus, these 

data may suggest that 1) more neutrophil chemoattractants are produced in response to 

UVR in the skin of individuals with SPT-1 than with SPT-4, and 2) more anti-

inflammatory mediators are produced in response to UVR in the skin of individuals with 

SPT-4 than with SPT-1.  

          In this context 12-HETE is a well known chemoattractant for neutrophils (Dowd 

et al, 1985) and data presented in this project showed that the enzyme responsible for the 

production of 12-HETE (i.e. 12-LOX) was indeed up-regulated to a greater extent in the 

skin of individuals with SPT-1 than with SPT-4. Moreover, EM expressed this protein 

which has previously been reported (Winer et al, 2002). However, in this current project 

no data was obtained which may suggest EM produce 12-HETE. Strikingly, UVR had 

no significant effect on the expression of 12-LOX in the skin of individuals with SPT-4, 

while this was increased significantly above baseline levels in both the dermis and 

epidermis of individuals with SPT-1. Levels of 12-LOX in the dermis were not 

significantly elevated above baseline levels at 72 hrs post-UVR although an increase 

was apparent. UVR is known to cause dissociation of the inhibitory IκB kinase from the 

NF-κB transcription factor (Stein et al, 1989) and the expression of 12-LOX is in-part 

controlled by the NF-κB transcription factor (Arakawa et al, 1995). However, in order 

for UVR to activate the NF-κB transcription factor UVR must be absorbed by DNA and 

associated covalent DNA changes must occur. Since this structural change in DNA acts 

as the inducing signal (i.e. photoproducts produced in response to UVR and the resultant 

DNA repair mechanisms) it is perhaps unsurprising that 12-LOX expression was 

induced only in those individuals with the lowest levels of melanin (SPT-1). Melanin 
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blocks penetration of UVR into the skin and so hinders the ability of UVR to be 

absorbed by DNA. Therefore, as more UVR can be absorbed by the DNA of cells in 

individuals with SPT-1 than with SPT-4 greater activation of the NF-κB transcription 

factor may occur in the former. Consequently, this greater activation of the NF-κB 

transcription factor may result in greater expression of 12-LOX. 

          The NF-κB transcription factor can also be activated by reactive oxygen species 

(as it is redox-sensitive), which can be produced in response to UVR (Schreck et al, 

1991). As greater ROS generation may occur in the skin of individuals with SPT-1 than 

with SPT-4 (due to greater UVR penetration into the skin and the presence of a greater 

ratio of pheomelanin to eumelanin), this also may, in part, explain the observed increase 

in 12-LOX expression in the skin of individuals with SPT-1 but not with SPT-4. Another 

factor that may contribute to the increased expression of 12-LOX in individuals with 

SPT-1 could be the existence of a positive feedback loop involving neutrophils and 

elastin fragments. It has been shown in invasive melanoma cells that elastin fragments 

binding to their receptors can induce the activation of NF-κB (Debret et al, 2006). 

Therefore, greater neutrophil infiltration may cause a greater generation of elastin 

fragments and so greater NF-κB activation (in cells which possess receptors for elastin 

fragments) with resultant greater expression of 12-LOX. Greater expression of 12-LOX 

may result in greater production of 12-HETE and therefore a greater chemoattractant 

effect may exist for neutrophils.  

          Another hydroxy fatty acid, 15-HETE, has been shown to inhibit 

polymorphonuclear neutrophil migration across cytokine-activated endothelium in vitro 

by reducing the ability of the neutrophil to adhere to and migrate across endothelial cells 

(Takata et al, 1994). Therefore, the production of this eicosanoid in the skin may be able 

to inhibit UVR-associated neutrophil infiltration. 15-HETE is produced by 15-
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lipoxygenase (15-LOX) and data reported in this project suggests that the expression of 

this enzyme was significantly increased in the epidermis of individuals with SPT-1 (at 

24 hrs post-UVR) and with SPT-4 (at 24 and 72 hrs post-UVR), but only significantly 

increased in the dermis of individuals with SPT-4 (at 24 hrs post-UVR). Therefore, 

greater and more sustained production of 15-HETE by increased 15-LOX expression in 

the skin of individuals with SPT-4 in response to UVR may help explain why neutrophil 

infiltration was lower in the skin of SPT-4 individuals. Moreover, this protein was 

expressed by EM. However, the protein band obtained by Western analysis was not at 

the predicted molecular weight, which may suggest post-translational modification of 

this enzyme occurs. The protein band not being observed at the correct molecular weight 

may suggest the protein may not function as one would expect and in this project no data 

could be obtained for the production of 15-HETE by these cells. Interestingly, 5, 6-

dihydroxyindole (DHI) used in melanogenesis has been shown to be a potent inhibitor of 

AA oxygenation catalyzed by 15-LOX (Napolitano et al, 1993). The proposed effect of 

UVR on neutrophil infiltration and 12/15-LOX expression in individuals with SPT-1 and 

with SPT-4 is shown in figure 136. 
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Figure 136. Proposed effect of UVR on NF-κB activity, 12-lipoxygenase (12-LOX) 
expression, 15-lipoxygenase (15-LOX) expression, neutrophil infiltration and elastin 
fragment formation in the skin of individuals with either SPT-1 or with SPT-4.  
Thickness of arrows represent size of the effect, dashed arrows indicate unknown effect 
of UVR. 
 
          Chemoattractants direct neutrophils to the site of insult but in order for these cells 

to exit the vasculature they must adhere to endothelial cells (Soter, 1990). Therefore, the 

more dilated the blood vessel, the greater the surface area and so the greater the number 

of possible attachment sites. PGE2 is one of the major eicosanoids that acts as a 

vasodilator and is also produced in the sunburn response (Shahbakhti et al, 2004). PGE2 

is synthesized from AA by the action of the cyclooxygenase enzymes. In the current 
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project COX-1 expression was found to increase in response to UVR only in the skin of 

individuals with SPT-4. In the dermis these increases in COX-1 expression occurred at 

24 hrs post-UVR but had returned to baseline by 72 hrs. However, in the epidermis of 

individuals with SPT-4 this increase in COX-1 expression occurred much later at 72 hrs 

post-UVR, and so may have caused a slight increase in PGE2 production at this time 

point. Interestingly, COX-2 expression was increased in the basal layer of the epidermis 

in individuals with SPT-1 but not with SPT-4. PGE2 is more readily produced from AA 

by COX-2 than by COX-1 (Wan and Coveney, 2009) and so increased COX-2 

expression in the skin of individuals with SPT-1 in response to UVR may represent 

greater PGE2 production in these individuals. This increased COX-2 expression in 

individuals with SPT-1 may therefore help explain the greater neutrophil infiltration 

observed in the skin of individuals with this skin phototype. PGE2 has also been shown 

to contribute to tissue repair (Parekh et al, 2009) and so increased COX-1 expression in 

individuals with SPT-4 at 72 hrs post-UVR may facilitate resolution of the sunburn 

inflammatory response and a homeostatic role for PGE2.   

5.1.2 Lymphocyte Infiltration into the Skin is Increased Post-UVR 
Exposure 
 
          Results obtained during this project indicate that CD3+ lymphocyte infiltration 

into the skin in response to UVR was only significant in individuals with SPT-4. UVR 

was associated with a significantly increased CD3+ lymphocyte infiltration of dermis but 

not with epidermis. Further work showed that many of these infiltrating cells were also 

CD4+ and so could therefore be either helper T-cells (Th1, Th2 or Th17) or regulatory T-

cells (Zenewicz et al, 2009). Other work has shown that UVR is immunosuppressive for 

CD3+ T-cells (Ozawa et al, 1999), and so greater UVR penetration into SPT-1 skin 
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compared with SPT-4 skin may have a greater effect on inhibiting CD3+ T-cell 

infiltration. UVR-associated immunosuppression is in part mediated by the migration of 

epidermal Langerhans cells into the lymphatic system (Toews et al, 1980). Upon arrival 

at the lymph nodes these cells induce regulatory CD4+ T-cells to release the 

immunosuppressive cytokine IL-10. This interleukin suppresses immune responses in a 

general fashion (e.g. by inhibiting synthesis of pro-inflammatory cytokines such as IL-2, 

IL-3, TNFα by macrophages etc) and so could contribute to less CD3/4+ T-cell 

infiltration into the skin of individuals with SPT-1.  

          Langerhans cells produce IL-12 which has been shown to modulate expression of 

the chemokine receptor CCR5 on CD3/4+ T-cells (Uekusa et al, 2002). CCR5 is thought 

to up-regulate the function of adhesion molecules (e.g. the interaction between 

lymphocyte function-associated antigen-1 and intercellular adhesion molecule-1) and so 

increase CD3/4+ T-cell adhesiveness to antigen presenting cells such as Langerhans 

cells, vascular endothelial cells and fibroblasts. Also, one of the ligands for CCR5, MIP-

1α is a strong chemokine for CD3/4+ T-cells and is produced in response to IL-12. 

Langerhans cells may be more likely to remain in the epidermis of SPT-4 skin post-

UVR (due to the latters higher melanin filter) where they can attract CD3/4+ T-cells into 

the dermis due to the higher production of these chemokines in close proximity to this 

location. Interestingly, the inflammatory effects of UVR are increased in mice that are 

unable to synthesize IL-12 (Meeran et al, 2008). The proposed effect of Langerhans cells 

on CD3/4+ lymphocyte infiltration into the skin following UVR-stimulation is 

summarized in figure 137.  
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Figure 137. Proposed effect of UVR on CD3/4+ T-cell infiltration into the skin of 
individuals with either SPT-1 or SPT-4, and the involvement of Langerhans cells and 
regulatory T-cells.  
Thicknesses of arrows represent size of the effect. 
 
          Moreover, nitric oxide (NO) can also increase CD3/4+ T-cell infiltration into the 

skin without causing inflammation (as measured by neutrophil infiltration in the dermis 

and epidermis) (Mowbray et al, 2007), which may be caused by up-regulation of IL-

12Rβ2 (Niedbala et al, 2006). UVR has previously been shown to increase NOS-2 

expression in the endothelium of human skin sections (Suschek et al, 2001). In this 

project NOS-2 expression was found to be significantly increased only in the epidermis 

of individuals with SPT-4 in response to UVR, which could indicate potential for 
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operating distance of NO. This finding may also help to explain the increased CD3/4+ T-

cell infiltration into the skin of individuals with this skin phototype, as greater NO 

production may cause greater up-regulation of IL-12Rβ2 and so drive T-cell maturation. 

Interestingly, NO has also been shown to be important for melanogenesis (Roméro-

Graillet et al, 1997) and so it is perhaps to be expected that NOS-2 expression was 

increased in the skin of individuals with a high capacity to undergo facultative 

melanogenesis. On the contrary, the expression of NOS-1 and NOS-3 only appeared to 

be significantly increased in the skin of individuals with SPT-1 in response to UVR. 

However, the likely functional relevance of this finding may be low as NOS-1 and NOS-

3 produce NO in picomolar and nanomolar amounts and then only for short periods 

while NOS-2 generates significantly greater and more sustained amounts of NO e.g. µM  

(Förstermann et al, 1994). It may be possible that the amounts of NO produced by NOS-

1 and NOS-3 in response to UVR in the skin of individuals with SPT-1 were not 

sufficient to stimulate CD3/4+ T-cell infiltration into the dermis. Moreover, EM 

expressed all three NO-producing enzymes in vitro and in vivo. Expression of NOS-1 

and NOS-3 has previously been reported in EM in vivo (Sowden et al, 2005) and NOS-2 

expression has been shown in EM in vitro (Rocha and Guillo, 2001). Therefore, EM 

may contribute to CD3/4+ T-cell infiltration into the skin in response to UVR.  

          In contrast to the relatively short-term effects of neutrophil infiltration into the 

skin following UVR exposure, infiltration of CD3/4+ T-cells persisted for longer and 

was still increased above baseline conditions at 72 hrs post-UVR. By this time 

neutrophil infiltration had already returned to baseline levels. The major role of CD4+ 

regulatory T-cells is to shut down T-cell-mediated immunity toward the end of an 

immune reaction (Zenewicz et al, 2009) and so it may be expected that levels of these 

leukocytes would be among the last to return to baseline levels. The fact that CD3/4+ T-
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cell infiltration was significantly increased only in the skin of individuals with SPT-4 

may therefore suggest that the inflammatory response may be more readily resolved in 

these individuals compared to those with SPT-1. The expression of COX enzymes 

appeared to be increased earlier in SPT-4 skin, whereas the increase in LOX enzyme 

expression occurred later. This may suggest that the sunburn response may resolve via a 

class-switch (i.e. from COX to LOX) in eicosanoid production and that this class-switch 

in eicosanoid production may, in part, promote the infiltration of the CD3/4+ T-cells.           

          In summary, neutrophil infiltration into the skin in response to UVR is greater in 

individuals with SPT-1 than with SPT-4, whereas CD3/4+ lymphocyte infiltration is 

greater in individuals with SPT-4 than with SPT-1. Also, CD3/4+ lymphocyte infiltration 

persists for longer than does neutrophil infiltration. This differential leukocyte 

infiltration may, in part, be explained by differences in 12 and 15-LOX expression 

between SPT-1 and SPT-4 skin. While greater 12-LOX expression may correlate with 

greater neutrophil infiltration, greater 15-LOX expression may correlate with less 

neutrophil infiltration. NO production in the skin of individuals with SPT-4 may further 

contribute to greater CD3/4+ lymphocyte infiltration, while the switch from COX to 

LOX products may aid in resolution of the sunburn response. Therefore, the sooner an 

individual can switch from COX to LOX product production post-UVR exposure, the 

less inflammation they may experience.   

5.2 Primary Epidermal Melanocyte Cultures - Melanin Levels 
and Melanogenic Enzyme Expression/Activity 
 
          This study characterized baseline melanin level and melanogenic enzyme 

expression/activity in epidermal melanocytes from individuals with either SPT-1 (n=4) 

or SPT-4 (n=4). The data suggest that when grown in culture EM show no correlation 
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between baseline melanin levels and donor skin phototype. Moreover, melanogenic 

enzyme expression/activity levels also do not correlate with melanin levels or donor skin 

phototype. A positive correlation was observed however between tyrosinase expression 

and dopa-oxidase activity of tyrosinase. 

5.2.1 Donor Skin Phototype does not Correlate with Melanin Content 
or Melanogenic Enzyme Expression/Activity in Epidermal 
Melanocytes In vitro 
 
          The epidermis of individuals with SPT-1 contains less melanin than the epidermis 

of individuals with SPT-4 (Kollias et al, 1991). Therefore the epidermal melanocytes 

(EM) of individuals with SPT-1 are considered to be less melanogenically active than 

those of individuals with SPT-4 in vivo. However, in vitro data generated in the current 

project showed that neither dendricity nor total melanin content of EM correlated with 

original donor skin phototype. These findings do not concur with work carried out by De 

Leeuw et al (2001) who showed that both total melanin content and dendricity of EM in 

vitro were strongly positively correlated with the donor skin phototype. In the latter 

study EM derived from individuals with SPT-4/6 contained on average 4.9 times more 

melanin than EM derived from individuals with SPT-1/3 (De Leeuw et al, 2001). 

However, of the 4 EM donors they investigated with SPT-4/6 two were of SPT-4 and the 

average melanin content of these two was only half that of the two remaining SPT-6 

derived cultures. Therefore, these results may be misleading as the average melanin 

levels for the EM derived only from individuals with SPT-4 may not have been 

significantly different from the average melanin levels of EM derived from all 4 

individuals with SPT-1/3. Also, De Leeuw et al (2001) estimated skin phototype based 

on the ethnicity and geographical origin of the EM donor and not by determining their 

minimum erythemal dose. The latter is likely to give tighter control over skin phototype 
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designation as this method measures blood content of the superficial dermis which may 

not be readily detectable by the human eye. Another research group reported that EM 

cultures established from an Asian donor contained more melanin than EM established 

from a Caucasian individual. However, here actual levels of melanin per cell were not 

measured and apparent melanin levels observed by brightfield microscopy may not have 

been significantly different (Maeda et al, 1997). 

          The current study also found that the level of expression/activity of the 

melanogenic enzymes (Tyr, TRP-1 and DCT) in primary EM cultures did not correlate 

with the donor skin phototype. These results agree with the observed lack of difference 

in melanin levels between these cultures. What was more surprising however was the 

finding that the expression/activity of the melanogenic enzymes examined also did not 

correlate with the melanin levels of the individual primary EM cultures. As these 

enzymes are involved in the synthesis of melanin (Maeda et al, 1997), it may be 

expected that primary EM cultures with high levels of melanin would also contain high 

levels of melanogenic enzyme expression/activity. Interestingly, a similar finding was 

reported in melanoma cells where no simple correlation was observed between 

pigmentation gene expression and dopa-oxidase activity of tyrosinase or total melanin 

content of 14 melanoma cell lines in culture (Eberle et al, 1998). These authors 

concluded that measurable pigmentation is not a necessary consequence of the 

expression of the pigmentation genes and that melanin content could be dictated more by 

post-translational modifications of these proteins e.g. activity.  

          While Kameyama and colleagues (1995) reported that in general there was a 

positive correlation between melanin formation and the expression levels of the 

aforementioned melanogenic enzymes in melanoma cells, Maeda et al (1997) reported 

that tyrosinase activity and TRP-1 expression were higher in EM with higher melanin 
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levels. However, some of these results may not be wholly reliable as 1) Kameyama et al 

investigated melanoma cells and 2) Maeda only investigated two EM cultures. This 

comment is made in context of the current project where eight primary EM cultures 

were assessed. Specifically, the project found that in at least one primary EM culture 

(individual #42) levels of melanin and dopa-oxidase activity of tyrosinase were both 

high, while in another individual (#40) levels of melanin and dopa-oxidase activity of 

tyrosinase were both low. Therefore, if Kameyama and Maeda had investigated a greater 

number of normal human primary EM cultures they may not have arrived at their 

respective conclusions.   

          DCT has been shown to be differentially correlated with melanogenesis under 

certain conditions e.g. DCT was reported to be negatively correlated with melanogenesis 

in response to 5-methoxypsoralen (Mengeaud and Ortonne, 1994) but positively 

correlated with melanogenesis when EM were stimulated with αMSH in the presence of 

low tyrosine levels (Schwahn et al, 2001). Therefore, the lack of correlation of DCT 

expression with melanin levels in EM in the current study may represent different 

intracellular conditions such as tyrosine levels or POMC processing. The current project 

also reports a strong positive correlation between level of tyrosinase protein expression 

and dopa-oxidase activity of tyrosinase, which has been reported previously in mouse 

melanoma cells (Hoganson et al, 1989).           

          In summary these data suggest that EM are phenotypically distinct when in 

primary monocultures in vitro and in vivo. This may be due to the two very different 

environments involved i.e. in this project primary EM cultures were subjected to similar 

growth conditions (e.g. media and supplements) but when in vivo these EM are acted 

upon by variable levels of paracrine factors released by resident or transitory cutaneous 

cells and these paracrine factors influence the phenotype of the EM. For example, it has 
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been shown that fibroblasts can release stem cell factor (Kihira et al, 1998) and 

keratinocytes can release NO (Roméro-Graillet et al, 1997) and both are known to 

stimulate melanogenesis. In monoculture these resident and transitory cutaneous cells 

are not present and so neither are many of the paracrine factors that they release. This 

paracrine factor stimulation that in part dictates how melanocytes respond to their 

environment may be highlighted by work that found melanogenesis was stimulated by 

UVB (5 mJ/cm2) when melanocytes and keratinocytes were cocultured but that this dose 

of UVB had no effect on melanogenesis in melanocyte monoculture (Duval et al, 2001).  

          The original project hypothesis was that EM which do not produce melanin may 

instead produce inflammatory mediators. Therefore, once melanin levels and 

melanogenic enzyme expression/activity had been determined in these EM the 

production of eicosanoids was investigated. 

5.3 Primary Epidermal Melanocyte Cultures – Production of 
PGD2 and PGE2 in vitro 
 
          This study characterized baseline and arachidonic acid (AA)-stimulated 

production of PGD2 and PGE2 by epidermal melanocyte (EM) (n=8) primary cultures in 

vitro. The data suggest that under baseline conditions PGE2 production by EM is 

variable and does not correlate with melanin levels or donor skin phototype. Also, in 

response to exogenous AA all EM stimulated increased PGE2 production, suggesting 

that COX and PGES enzymes were expressed, which was later confirmed. Interestingly, 

data showed that baseline and AA-stimulated levels of PGE2 production are much higher 

than levels of PGD2 production by these cells in vitro. 
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5.3.1 Epidermal Melanocytes Produce PGD2 and PGE2 In vitro 

          This project showed that epidermal melanocytes (EM) produce PGD2, PGE2 and 

their metabolites PGJ2 and 13, 14-dihydro-PGE2 under both baseline and AA-stimulated 

conditions. The level of PGD2 production was much lower than the level of PGE2 

production, for example a 3.7 fold lower production of PGD2 than PGE2 was observed 

by EM derived from individual #48 post AA-stimulation. This is of note as PGE2 has 

been shown to increase melanocyte proliferation considerably more so than PGJ2 

(Nordlund et al, 1986) and may suggest that PGE2 is acting in an autocrine manner to 

serve a homeostatic role. Moreover, EM have been shown to express receptors for PGE2 

(Scott et al, 2004). Iridial melanocytes produce PGE2 in response to latanoprost acid 

(Bergh et al, 2002) and lipocalin-prostaglandin D synthase (L-PGDS) has been shown to 

be expressed by hair follicle melanocytes in mice (Takeda et al, 2006). The production 

of PGJ2 and 13, 14-dihydro-PGE2 has not been previously reported in human EM. The 

presence of the latter metabolite infers the existence of 15-hydroxy-prostaglandin 

dehydrogenase (PGDH) in these cells, which has also not yet been reported. As 13, 14-

dihydro-PGE2 was only detected in one of the two primary EM cultures investigated; it 

may suggest differential expression of PGDH in EM. The definitive function of PGD2 

and PGE2 production by EM in vivo is unknown, but in addition to their proliferative 

effects they have been shown to be capable of inducing pigmentation (Tomita et al, 

1992). Therefore this finding may further support an autocrine homeostatic role for 

PGD2 and PGE2.  

          A potential assay discrepancy may have existed in the current project for detecting 

levels of PGE2 produced in response to AA-stimulation of primary EM cultures. When 

using the mass spectrometric approach EM appeared to produce much more PGE2 than 

was found when using the corresponding ELISA. For example, EM derived from 
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individual #48 were shown to produce 5589 pg PGE2/million cells but using the ELISA 

approach these cells were shown to produce 842 pg PGE2/million cells. This was 

somewhat surprising as the mass spectrometric technique is regarded as being more 

specific than ELISA (Masoodi and Nicolaou, 2006). The basis for this 6.6 fold 

difference is unclear. A potential confounding factor may include performing these 2 

experiments with different populations of EM. These experiments were performed 1 

year apart and although cells derived from the same individual were used in both 

experiments those used in the ELISA had been stored in liquid nitrogen for longer but 

were of similar passage number. This extra time spent frozen in liquid nitrogen may 

have somehow altered the cells ability to produce PGE2 in response to AA.            

          All primary EM cultures investigated (n=8) expressed cPLA2, COX-1 and cPGES 

and when stimulated with AA increased their production of PGE2. EM have previously 

been shown to express cPLA2 and COX-1 (Scuderi et al, 2008) and in the latter report 

these enzymes were also located in the cytosol. It has been previously shown that when 

stimulated with AA, EM do not increase PGE2 production (Goulet et al, 2003). 

However, Goulet et al (2003) measured PGE2 levels 10 mins post AA-stimulation and so 

may not have allowed sufficient time for PGE2 synthesis in these cells. Although it is 

known that prostaglandin production in response to free AA is instantaneous in other 

cell types, it may not be so in EM. Also, Goulet et al (2003) only investigated 1 primary 

EM culture and therefore this may highlight differential expression of PGES enzymes in 

EM. While EM have not previously been shown to express cPGES, data from the 

current project showed variable expression of this enzyme in EM. Interestingly, primary 

EM cultures derived from individuals #24 and #29 produced the highest amounts of 

PGE2 both under baseline conditions and in response to AA, while still expressing the 

lowest levels of cPGES as determined by Western analysis. As protein expression levels 
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of this enzyme were low in these specific cultures the enzyme still may have high 

catalytic activity.   

           Goulet et al (2003) reported that EM do not express COX-2 protein, a finding that 

supports data in the current project. Primary EM cultures neither expressed this protein 

under baseline conditions nor in response to a number of stressful stimuli which have 

been shown to up-regulate this protein in other cell types (Buckman et al, 1998). 

However, data obtained in the current project did show that primary EM cultures can 

express COX-2 mRNA, and this is in agreement with previous work reported by 

Nicolaou et al (2004). Expression of COX-2 mRNA, but not COX-2 protein, in these 

cells may suggest that translation of this mRNA is inhibited in some way and this 

inhibition may be a function of normal un-transformed melanocytes, as COX-2 protein 

is expressed in some melanoma cells (Becker et al, 2009) (including FM3 melanoma 

cells used in this project). Interestingly, it has been suggested that melanoma invasion 

correlates with COX-2 expression levels and so interest exists in using this protein as a 

marker of disease progression (Kuzbicki et al, 2006).  

          AA has been shown to increase COX-1 mRNA expression as early as 3 hrs post 

stimulation in cultured murine keratinocytes (Maldve et al, 2000) and this increase in 

COX-1 mRNA is thought to occur via a positive feedback loop involving PGE2. Data in 

the current project showed that AA did not increase COX-1 protein expression 

significantly in EM although an upward trend was observed. A larger study may have 

shown this increase in COX-1 expression to be significant. Differences in skin cell type, 

and time before cell analysis (i.e. Maldve and colleagues (2000) analyzed cells 3 hrs 

post AA-stimulation, whereas cells were analyzed 24 hrs post AA-stimulation in the 

current study) may account for these differences in expression.  
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          PGE2 production levels (both baseline and AA-stimulated) did not correlate with 

phosphorylation of cPLA2 or COX-1 and cPGES expression. It may have been expected 

that the higher the activity of cPLA2 and the greater the expression of COX-1 and 

cPGES the greater the production of PGE2. However, not all AA liberated from the 

plasma membrane may be converted to PGE2 in EM primary cultures, as COX/LOX 

enzyme activity/expression as well as terminal synthase enzyme activity/expression 

together determine the final type and level of eicosanoids produced. It was also 

noteworthy that levels of baseline and AA-stimulated PGE2 production did not correlate 

with baseline melanin levels of primary EM; given that we hypothesized that EM which 

do not produce melanin may instead contribute to inflammation. Therefore, this lack of 

correlation with melanin levels may suggest that baseline melanin production and 

baseline and AA-stimulated PGE2 production are unrelated. 

          PGE2 production was also investigated in EM in response to UVR stimulation. It 

was expected that those EM with the lowest melanin levels would produce the highest 

levels of PGE2 in response to UVR. 

5.4 Primary Epidermal Melanocyte Cultures – PGE2 Production 
in Epidermal Melanocytes in Response to UVR 
 
          This study characterized UVR-stimulated production of PGE2 by epidermal 

melanocytes (EM) (n=8) in vitro. The data suggest that PGE2 production in response to 

UVR is variable in EM. EM derived from some individuals exhibited increased PGE2 

production above baseline levels in response to UVR, while in EM derived from other 

individuals PGE2 production was unaffected by UVR. Interestingly, in EM derived from 

one individual UVR even caused a decrease from baseline levels in PGE2 production. 
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This response in PGE2 production did not correlate with melanin levels of EM or donor 

skin phototype but instead correlated with levels of DCT expression. 

5.4.1 PGE2 Production in Response to UVR does not Correlate with 
Melanin Levels in Epidermal Melanocytes In vitro 
 
          UVR at doses of 55 or 73 mJ/cm2 caused stress to EM with a mean level of 11.62 

pg melanin/cell (#48) and this stress may have induced apoptosis or differentiation 

which may have decreased mitosis resulting in reduced cell number compared to control 

cells. However, it was not investigated whether these UVR doses had similar effects on 

different primary EM cultures that contained variable melanin levels. This was due to 

the scarcity of the primary EM cultures at this stage in the project. Work by De Leeuw et 

al (2001) showed that EM with higher melanin levels were protected to a greater extent 

from UVB than those cells with low levels. However, the latter study did not report a 

positive correlation between melanin levels in EM and survival in response to UVA 

doses. The different primary EM cultures used in the current project contained variable 

levels of melanin, and so they may have been differentially protected against the effects 

of UVR. Consequently, different levels of oxidative stress may have been generated in 

these different EM cultures leading to different activation of the enzyme cPLA2, 

resulting in variable production of PGE2. Data in the current project showed that 

oxidative stress (as generated by hydrogen peroxide) up-regulated PGE2 production in 

primary EM cultures but caused a reduction in COX-1 expression. This finding may 

represent increased turnover of COX-1 due to increased free AA. However, it was not 

possible to confirm whether oxidative stress was indeed induced in the primary EM 

cultures investigated in response to 73 mJ/cm2 UVR as there was little evidence of 

malondialdehyde formation (a marker of oxidative stress (Wu et al, 2008)) in response 
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to this stimulus. This latter finding was consistent with a previous report that 

malondialdehyde formation is unaffected in vivo in response to a dose of 120 mJ/cm2 

UVB (McArdle et al, 2002). One explanation for the absence of malondialdehyde 

detection in the current project may have been the 24 hr delay in examining these cells 

for modified protein post-UVR stimulation, by which time this type of oxidation of 

proteins may have been repaired. 

          Eumelanin can act as a scavenger of ROS generated in response to UVR (Kade-

karo et al, 2003), whereas pheomelanin can increase the generation of ROS (Menon et 

al, 1983). As the ratio of these 2 types of melanin was unknown in the primary EM 

cultures investigated in this study it is possible that while variable PGE2 production in 

response to UVR did not correlate with total melanin levels this may have correlated 

with relative eumelanin/pheomelanin levels. Also, other factors may have contributed to 

this variable response in EM. For example, it has been shown that levels of catalase 

activity are variable in EM with different levels of melanin (Maresca et al, 2008) and 

catalase is known to reduce levels of hydrogen peroxide (Nishikawa et al, 2009), which 

may be increased as a result of hydroxyl radical formation in response to UVR. 

          UVR stimulation increased PGE2 production in 3 out of the 8 primary EM cultures 

(of mixed skin phototypes) in response to UVR, which suggests that UVR induced the 

liberation of AA from the membranes of these cells cultures. In order for AA to be 

released from melanocyte plasma membranes cPLA2 must be first activated by UVR. It 

has been shown that UVB irradiation up-regulates both cPLA2 expression and activity 

and that these responses can be blocked by treatment with anti-oxidants (Chen et al, 

1996). Therefore, a state of oxidative stress sufficient to cause activation of cPLA2 may 

have been reached in these EM. Interestingly, UVR caused a reduction in PGE2 

production from baseline levels in one out of the 8 primary EM cultures investigated. In 
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order for such a reduction in PGE2 production to occur either the activity of acylases 

need to be increased or the activity of cPLA2 would need to be decreased, in order for 

levels of free AA to drop below baseline levels. Reduced cPLA2 activity is associated 

with a reduction in oxidative stress within cells (Chen et al, 1996). However, this is 

counterintuitive in the context of this current study as UVR is known to cause oxidative 

stress (Halliday, 2005). One potential explanation for this unexpected result may be in 

the high levels of DCT expression (both native and processed forms) in primary EM 

cultures derived from this individual. DCT is required for synthesis of eumelanin (Costin 

et al, 2005), and so it may be possible that these cells contained a high relative 

proportion of eumelanin than did the other EM cultures examined. It is also known that 

DCT has anti-oxidative properties as it can reduce cell sensitivity to oxidative stress 

(Michard et al, 2008). Thus, it may be postulated that in melanocytes DCT can clear 

toxic metabolites produced during quinone metabolism in melanogenesis and so results 

in a global redox status modification (Michard et al, 2008). Quinone metabolites are also 

produced during catecholamine synthesis where the ability of DCT to detoxify these 

metabolites depends on its catalytic activity (Michard et al, 2008). Interestingly, 

melanocytes can produce catecholamines and this production is further increased in 

response to UVR (Tsatmali et al, 2002). DCT has also been shown to increase 

intracellular glutathione (GSH) levels (Michard et al, 2008); this electron donor 

functions as an anti-oxidant. The metal co-factor required for DCT activity is zinc 

(Solano et al, 1996) and levels of this metal are reported to increase in the skin (of mice) 

after UVB exposure (Aricioglu et al, 2001). One could envisage how differential 

increases in zinc in the skin of individuals with different skin phototypes may also 

contribute to variable activations of DCT.  
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          In summary these data suggest that UVR-associated oxidative stress increases the 

production of PGE2 in EM in vitro although this response shows no correlation with 

levels of melanin production. Thus, it can be concluded that these parameters are not 

globally related, although the potential specific affects of eumelanin versus pheomelanin 

remain to be determined. On the other hand PGE2 production in response to UVR shows 

a strong negative correlation with DCT expression, and this finding may highlight a 

novel role for DCT in EM. The latter may be less related to melanogenesis and more 

linked with oxidative stress. Thus, while DCT may have been shown to protect EM 

against PGE2 production in response to UVR, no such role could be identified for total 

melanin content. Therefore, the effect of another compound (melatonin) with known 

anti-oxidant properties was investigated to determine its potential role in PGE2 

production in response to UVR in EM. 

5.5 Primary Epidermal Melanocyte Cultures – The Effect of 
Melatonin on PGE2 Production in Epidermal Melanocytes in 
Response to UVR 
 
          A physiological dose of melatonin added to EM primary cultures before 

stimulation with either UVR or hydrogen peroxide provided no protection against the 

increase in PGE2 production caused by these stimuli in these cells. However, inhibition 

of melatonin receptors before stimulation of EM with UVR or hydrogen peroxide had 

variable effects on the resultant PGE2 production in these cells. Moreover, inhibition of 

melatonin receptors caused an increase in melanin levels in these cells and so suggests 

the effect of melatonin on melanogenesis may at least in part be receptor-mediated.  
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5.5.1 Melatonin Decreases Melanogenesis but does not Protect 
Epidermal Melanocytes from Increased PGE2 Production in 
Response to a Pro-oxidant Stimuli   
 
          Melatonin has been shown to significantly suppress the formation of ROS in 

response to UVR in a receptor-independent manner (Fischer et al, 2001) and this 

response was shown to be stronger even than that of vitamin C (Fischer et al, 2002). 

Therefore, it may be expected that addition of exogenous melatonin before UVR 

exposure or H2O2 stimulation would suppress the associated increase in PGE2 

production by EM caused by oxidative stress. However, data presented in the current 

project suggested that PGE2 production by EM was actually increased after UVR/H2O2, 

which would indicate that melatonin had no protective effect on ROS generation in these 

cells. The fact that melatonin actually exaggerated the effect of both stimuli on PGE2 

production is counterintuitive. However, it has been shown that melatonin can have 

bimodal effects depending on the concentration at which it is used (Fischer et al, 2000). 

In the latter study melatonin was used at 2 mM while, a considerably lower 

concentration of 10 µM was used in this project, which may account for this 

observation. Melatonin (10 µM) was used to reproduce the low physiological 

concentrations of melatonin found in vivo (Karasek and Winczyk, 2006), and so in this 

way it was hoped that it may be possible to determine whether melatonin acted as an 

anti-oxidant in the primary EM culture system.  

          Data generated in the current project showed that inhibition of melatonin receptors 

with luzindole increased melanin levels in primary EM cultures, a result which concurs 

with previous studies showing that melatonin applied exogenously inhibits 

melanogenesis (Slominski and Pruski, 1993). Therefore, these data may suggest that 

melatonin inhibits melanogenesis in a receptor-mediated manner. Indeed, the melatonin 
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receptor Mel-1A couples to inhibitory G-proteins (Godson and Reppert, 1997) and so 

upon agonist stimulation inhibits adenylyl cyclase and reduces cAMP accumulation. The 

latter ultimately inactivates MITF and reduces tyrosinase expression (Bu et al, 2008). 

However, inhibition of melatonin receptors with luzindole had variable effects on PGE2 

production by primary EM cultures. Both increases and decreases in PGE2 in response to 

luzindole were observed. Signaling via Mel-1A is known to increase eicosanoid 

production (Godson and Reppert, 1997), while signaling via the second melatonin 

receptor Mel-1B can decrease eicosanoid production (Von Gall et al, 2002). Moreover, 

the expression of the melatonin receptor has been shown to be variable in the skin and 

also to be increased in response to UVR (Slominski et al, 2005). Therefore, it is possible 

that there may have been a greater proportional expression of Mel-1B receptors in those 

primary EM cultures experiencing a short incubation of luzindole (which blocks 

melatonin receptors) increased PGE2 production. Similarly, in those primary EM 

cultures where a short incubation of luzindole reduced PGE2 production there may have 

been a greater proportion of Mel-1A receptors. Preliminary Western analysis suggested 

this may be so.  

          These data suggest that melatonin receptor expression in EM may mediate PGE2 

production in response to UVR. Therefore, exogenous melatonin (at a concentration that 

far exceeds physiological concentrations) may protect individuals from UVR generated 

oxidative stress, though it is important to first appreciate the relative expression of these 

receptor subtypes in targeted skin cells. 

          UVR generated PGE2 production in some EM investigated therefore AA may 

have been liberated from cell membranes in these cells. Therefore, amounts of AA in 

these cells may have been transiently decreased. In order to investigate this EM were 

stimulated with UVR and levels of AA and other fatty acids used in the synthesis of AA 



 228 

were measured. Also, the possible protective affect of melatonin on these fatty acids was 

investigated.       

5.6 Primary Epidermal Melanocyte Cultures – The Effect of UVR 
and Melatonin on Fatty Acid Levels in Epidermal Melanocytes 
 
          UVR and melatonin had variable affects on AA and eicosatrienoic acid levels in 

the two primary EM cultures investigated. However, UVR decreased both linoleic acid 

and docosatetraenoic acid levels in EM derived from both individuals. Interestingly, 

melatonin inhibited the affect of UVR on both of the latter fatty acids.  

5.6.1 Melatonin has Variable Effects on Fatty Acid Composition of 
Epidermal Melanocytes    

          Melatonin added at physiological concentrations (10 µM) to EM in vitro appeared 

to have no anti-oxidative effects that could inhibit PGE2 production in response to UVR. 

Therefore, the concentration of melatonin used in subsequent experiments in this project 

was raised to 10 mM, similar to the concentration shown to have anti-oxidative 

properties in other studies (Fischer et al, 2002). While UVR increases PGE2 synthesis 

from AA, the latter can be synthesized in multiple ways from other fatty acids. 

Therefore the effect of UVR on some of the levels of these fatty acids in primary EM 

cultures was investigated, together with an assessment of the possible protective role of 

melatonin. 

          UVR variably affected AA levels in EM derived from different donors. While this 

was decreased for EM derived from individual #48, no affect on AA levels was seen in 

EM derived from individual #40. This was interesting as PGE2 production was increased 

in response to UVR in EM derived from individual #48 but not in EM derived from 

individual #40. This suggests that in response to UVR AA was only liberated from 
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membranes (and subsequently converted to PGE2) in EM derived from individual #48. 

By extension therefore, UVR may have increased oxidative stress only in #48 EM but 

not in #40 EM leading to activation of cPLA2. Interestingly, DCT expression was also 

much higher in #40 EM than in #48, which may provide further evidence of an anti-

oxidative role for this enzyme. Moreover, 10 mM melatonin did not protect against a 

decrease in AA levels observed in #48 EM in response to UVR and so may suggest the 

liberation of AA from the cell membranes of these cells was not entirely due to ROS 

generation. In contrast, UVR had no affect on levels of eicosatrienoic acid in EM 

derived from individual #40 but increased levels of this fatty acid in EM derived from 

individual #48. Therefore, these data may suggest that in #48 EM levels of 

eicosatrienoic acid were increased in order to restore levels of AA to baseline levels. 

Also, levels of eicosatrienoic acid need not be altered in #40 EM as no deficit in AA 

levels was induced by UVR. 

          Conversely, UVR caused decreases in linoleic acid and docosatetraenoic acid 

levels in EM derived from both individuals, and this could be blocked by addition of 

exogenous melatonin. Therefore, the decrease in these fatty acids that occurs in EM 

post-UVR stimulation may be primarily due to ROS generation. Still, 10 mM melatonin 

did not exhibit anti-oxidative properties under the experimental conditions used in this 

study, in contrast to work by Fischer et al (2002) which showed that 2 mM melatonin 

nearly completely abolished ROS production by leukocytes in response to 750 mJ/cm2 

UVB. One possible interpretation of this apparent inconsistency could relate to cell-type 

specific effects of melatonin. 

           

 

 



 230 

6 CONCLUSION 
 
          Data produced during this research project has provided evidence to suggest that 

the skin’s response to UVR differs between individuals with SPT-1 and SPT-4 skin. 

Neutrophil infiltration into SPT-1 skin in response to UVR is greater than in SPT-4 skin, 

whereas the opposite is true for CD3/4+ lymphocyte infiltration.  These differences in 

leukocyte infiltration into the skin post-UVR may, in part, be mediated by differential 

eicosanoid production. COX-2 expression was only increased in SPT-1 skin upto 24 hrs 

post-UVR and so may suggest greater prostaglandin production in these individuals. 

Moreover, individuals with SPT-1 skin had greater expression of 12-LOX up to 72 hrs 

post-UVR, whereas individuals with SPT-4 skin had greater expression of 15-LOX. 

Therefore, inflammation that occurs in the skin immediately post-UVR exposure may be 

caused by prostanoid production and resolution of this inflammatory response may be 

caused by a class-switch in eicosanoid production from COX to LOX products, with 15-

LOX products promoting faster resolution of the inflammatory response than 12-LOX 

products.  

          Epidermal melanocytes (EM) may contribute to the production of PGE2 and PGD2 

in the skin in response to UVR. However, the relevance of this finding can not be 

commented upon until production of these two prostanoids by keratinocytes has been 

investigated under the same conditions as used in this project. This would allow the 

relative contribution to PGD2 and PGE2 production in the skin in response to UVR by 

each cell type to be known. The level of melanin production in the EM cells also did not 

correlate with the level of PGE2 that they produced in response to UVR. Therefore, EM 

that do not produce melanin in vivo (SPT-1) may not necessarily contribute more to 

inflammation in response to UVR than EM that contain a greater level of melanin (SPT-



 231 

4). Moreover, the degree to which EM contribute to inflammation by the production of 

the pro-inflammatory eicosanoid PGE2 may instead be modulated by the level of 

baseline DCT expression/activity in these cells.  

7 FUTURE WORK 
 
This study could be further developed and enhanced by inclusion of the following: 
 

• Further classification of the T-lymphocyte infiltration into the skin post-UVR i.e. 

are the infiltrating T-lymphocytes Th-1, Th-2, Th-17 or regulatory T-

lymphocytes, and what cytokines are predominantly involved  

• Measure cytokine production in skin from individuals with SPT-1 and SPT-4 

pre- and post-UVR to see if different chemoattractant profiles exist. 

• Double immunofluorescence on skin sections for neutrophil elastase and CD66b 

to prove conclusively that some of the infiltrating cells are neutrophils. 

• Measure neutrophil elastase activity in skin from individuals with SPT-1 and 

SPT-4 pre and post-UVR to see if any differences in enzymatic activity exist. 

• Investigate presence of Langerhans cells pre- and post-UVR in skin from 

individuals with SPT-1 and SPT-4 to see if differences in migration out of the 

skin exist between the skin phototypes. 

• Measure eicosanoids in the skin of individuals with SPT-1 and SPT-4 pre- and 

post-UVR to see how they correlate with COX and LOX enzyme expression. 

• Double immunofluorescence on skin sections for gp-100 and 12-LOX, 15-LOX, 

COX-1 or COX-2 to investigate whether epidermal melanocytes express these 

enzymes in vivo. 

• Perform epidermal melanocyte and keratinocyte matched co-cultures from SPT-1 

and SPT-4 donors and investigate potential correlation with global melanin 
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content or versus the pheomelanin:eumelanin ratio to determine the paracrine 

role of keratinocytes.  

• Perform epidermal melanocyte and keratinocyte matched co-cultures from SPT-1 

and SPT-4 donors and investigate potential correlation with melanogenic enzyme 

expression/activity to determine the paracrine role of keratinocytes.  

• Investigate the expression of 15-PDGH in epidermal melanocytes to see if this is 

the likely route by which PGE2 is catabolized. 

• Measure the activity of cPGES in epidermal melanocytes and investigate the 

presence of any correlation with PGE2 production. 

• Investigate the apparent block at the translation of COX-2 protein expression in 

COX-2 mRNA-positive epidermal melanocytes. 

• Measure levels of oxidative stress in epidermal melanocytes in response to UVR 

in ways other than malondialdehyde formation and at narrower timepoints post-

UVR and determine any correlation with DCT expression. 

• Overexpress DCT in epidermal melanocytes that produce PGE2 in response to 

UVR to determine the effect of DCT (e.g. would this block PGE2 production in 

these cells in response to UVR?). 

• Investigate pattern of melatonin receptor expression in epidermal melanocytes to 

see if Mel-1A and Mel-1B have variable UVR-associated responsitivity. 

• Determine the effect of UVR on arachidonic acid (AA) and fatty acids involved 

in the synthesis of AA, in epidermal melanocytes derived from individuals with 

SPT-1 and SPT-4.   
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APPENDIX 1 

Cell Culture 

Transport Medium (5X RPMI 1640) 
RPMI 1640 500 ml 
Fetal Calf Serum 10% 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
Fungizone (Amphotericin B) 5X 
 
Complete RPMI 1640 
RPMI 1640 500 ml 
Fetal Calf Serum 10% 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
 
Complete Modified Eagles Medium 
Dulbecco’s Modified Eagle Medium 500 ml 
Fetal Calf Serum 2% 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
Concentrated Non-Essential Amino Acid Mixture 1% v/v 
Endothelin-1 5 ng/ml 
Basic Fibroblast Growth Factor (5 ng/ml) 
Ciprofloxacin 0.004% v/v 
 
Complete Keratinocyte Serum Free Medium 
Keratinocyte Serum Free Medium 500 ml 
Keratinocyte Supplement Mix 2.48% v/v 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
Ciprofloxacin 0.004% v/v 
 
Starved Modified Eagles Medium 
Dulbecco’s Modified Eagle Medium 500 ml 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
Concentrated Non-Essential Amino Acid Mixture 1% v/v 
Endothelin-1 5 ng/ml 
Basic Fibroblast Growth Factor (5 ng/ml) 
Ciprofloxacin 0.004% v/v 
 
Starved Keratinocyte Serum Free Medium 
Keratinocyte Serum Free Medium 500 ml 
Penicillin (100 units/ml) and Streptomycin (100 µg/ml) 5X 
L-Glutamine 2 mM 
Ciprofloxacin 0.004% v/v 
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Complete 2:1 Melanocyte Medium 
2 Complete Modified Eagles Medium : 1 Complete Keratinocyte Serum Free Medium 
 
Starved 2:1 Melanocyte Medium  
2 Starved Modified Eagles Medium : 1 Starved Keratinocyte Serum Free Medium 
  
Freezing Down Solution 
9 dimethyl-sulphoxide (DMSO) : 1 Fetal Calf Serum  

 

APPENDIX 2 

Cell Stimulations 

Arachidonic Acid Stock Solution (1mM) 
Arachidonic Acid 0.031 g 
Ethanol 100 ml 
 
Arachidonic Acid for Cell Stimulations (10 µM) 
1 Arachidonic Acid Stock Solution : 99 Starved 2:1 Melanocyte Medium 
 
Luzindole Stock Solution (1mM) 
Luzindole 0.029 g 
DMSO 100 ml 
 
Luzindole for Cell Stimulations (10 µM) 
1 Luzindole Stock Solution : 99 Starved 2:1 Melanocyte Medium 
 
Melatonin Stock Solution (1M) 
Melatonin 2.322 g 
DMSO 10 ml 
 
Melatonin for Cell Stimulations (10 mM) 
1 Melatonin Stock Solution : 99 Starved 2:1 Melanocyte Medium 
 
Exposure times of cells to UVR to ensure desired irradiance 

• Equation: Irradiation (mJ/cm2) = Exposure time (Secs)/UVR intensity 
(mW/cm2) 

• 55 mJ/cm2 = 273 seconds 
• 73 mJ/cm2 = 363 seconds 
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APPENDIX 3 

Immunochemistry Reagents 

10X Phosphate Buffered Saline (PBS) 
Disodium Hydrogen Orthophosphate 14.4 g 
Potassium Chloride 2 g 
Sodium Chloride 80 g  
Potassium Dihydrogen Orthophosphate 2.4 g 
1000 ml Distilled Water 
Adjust pH to 7.4 with either Sodium Hydroxide (NaOH) or Hydrochloric Acid (HCl) 
 
1X PBS 
Distilled water 900 ml 
10X PBS 100 ml 
 
10% Goat/Donkey Serum 
9 1X PBS : 1 Goat/Donkey serum 
 
0.1% Hydrogen Peroxide (H2O2) 
300 1X PBS : 1 30% H2O2 
 
Scott’s Tap Water 
Magnesium Sulphate 20 g 
Sodium Bicarbonate 3.5 g 
1000 ml Tap Water 
Final solution was pH 9 and had a thymol crystal added to prevent mould formation 

 

APPENDIX 4 

PCR REAGENTS 

Ethanol (70%) 
7 Ethanol : 3 Distilled Water 
 
TRIS-Cl pH 8 (10 mM) 
Tris Base 0.121 g 
Distilled Water 100 ml 
pH adjusted to 8.0 with concentrated HCl  
 
TRIS-Cl pH 8 (1 M) 
Tris Base 12.1 g 
Distilled Water 100 ml 
pH adjusted to 8.0 with concentrated HCl  
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Ethylenedaiminetetraacetic acid (EDTA) pH 8.0 (0.5 M) 
EDTA 18.6 g 
Distilled Water 100 ml 
pH adjusted to 8.0 with concentrated NaOH 
 
Tris-acetate (TAE) Buffer pH 8.5 (50X) 
Tris-Base 24.2 g 
Glacial Acetic Acid 5.7 ml 
0.5 M EDTA pH 8.0 10 ml 
Distilled Water upto 100 ml 
 
TAE Buffer (1X) 
Distilled Water 490 ml 
50X TAE Buffer 10 ml 
 
TE Buffer (1X) 
1 M TRIS-Cl pH 8 0.5 ml 
0.5 M EDTA pH 8.0 0.1 ml 
Distilled Water 49.4 ml 
 
Agarose Gel (1%) 
Agarose 0.5 g 
1X TAE Buffer 50 ml 
Ethidium Bromide 2 µl  

 

APPENDIX 5  

Reagents required for Protein Extraction/Determination, SDS-
PAGE and Western Blotting 
 
Sample Buffer 
Glycerol 2.5 ml 
EDTA 0.185 g 
Sodium Dodecyl Sulphate (SDS) 1.5 g 
Tris 0.19 g 
Distilled Water 25 ml 
 
Bovine Serum Albumin (BSA) Stock 
Sample Buffer 10 ml 
Bovine Serum Albumin 0.1 g (final concentration of 10 mg/ml) 
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Protein Standards (Bovine Serum Albumin) 
Blank: 1000 μl sample buffer 
200 μl/ml: 980 μl sample buffer + 20 μl BSA stock 
400 μl/ml: 960 μl sample buffer + 40 μl BSA stock 
600 μl/ml: 940 μl sample buffer + 60 μl BSA stock 
800 μl/ml: 920 μl sample buffer + 80 μl BSA stock 
1000 μl/ml: 900 μl sample buffer + 100 μl BSA stock 
 
Reagent A’ 
Reagent A 2 ml 
Reagent S 40 μl 
 
Tris Buffer (Lower) pH 8.8 (4X) 
Tris Base 18.16 g 
SDS 0.4 g  
Distilled Water 100 ml 
Adjust pH to 8.8 using HCl 
 
Ammonium Persulphate (10%) 
1 Ammonium Persulphate : 9 Distilled Water 
 
Lower Separating Gel 
Acrylagel 7.8 ml 
Bis-Acrylagel 3.12 ml 
4X Tris Buffer pH 8.8 7.5 ml 
Distilled Water 11.6 ml 
Tetramethylethylenediamine (TEMED) 30 μl 
Ammonium Persulphate 10 % 100 μl 
 
4X Tris Buffer (Upper) pH 6.9 
Tris Base 6.06 g 
SDS 0.4 g 
Distilled Water 100 ml 
Adjust pH to 6.9 using HCl 
 
Upper Stacking Gel 
Acrylagel 2.2 ml 
Bis-Acrylagel 0.9 ml 
4X Tris Buffer pH 6.9 3.75 ml 
Distilled Water 8.15 ml 
TEMED 30 μl 
Ammonium Persulphate 10 % 100 μl 
 
Tank Buffer 
Tris Base 7.5 g 
Glycine 36 g 
SDS 2.5 g 
Distilled Water 250 ml 
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Transblot Buffer 
Tris Base 7.5 g 
Glycine 36 g 
Distilled Water 250 ml 
 
Transblot Sandwich 
3 Sponges (Cathode) 
2 Filter Papers 
Gel 
PVDF Membrane 
2 Filter Papers 
3 Sponges (Anode) 
 
Fast Green 
Fast Green 0.1 g 
Distilled Water 100 ml 
 
Destain Solution 
Methanol 200 ml 
Glacial Acetic Acid 50 ml 
Distilled Water 250 ml 
 
Non-Fat Milk (5%) 
1 Dried Non-Fat Milk : 19 PBS 
 
TRIS (1 M) 
TRIS 12.11 g 
Distilled Water 100 ml 
 
Enhanced Chemi-Luminescence (ECL) Solution 
1M Tris pH 8.5 2.5 ml 
p-coumaric 56 μl 
Luminol 125 μl 
Hydrogen Peroxide 8 μl 
Distilled Water 22.32 ml 
 
Developer 
GBX Developer Replenisher 50 ml 
Tap Water 200 ml 
 
Fixer 
GBX Fixer Replenisher 50 ml 
Tap Water 200 ml 
 
Tween 20 (0.05%) 
1 Tween 20 : 1999 1X PBS 
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APPENDIX 6 

Reagents for Liquid Chromatography/Electrospray Tandem 
Mass Spectrometry 
 
Methanol (15%) 
3 Methanol : 17 Distilled Water 
 
Hydrochloric Acid (HCl) (0.1 M) 
1 1M HCl : 9 Distilled Water 

 

APPENDIX 7 

Reagents for Gas Chromatography 

Butylated Hydroxytoluene (BHT) extraction solvent: 0.01% (w/v) BHT in 2:1 
chloroform:methanol 
BHT 0.03 g 
Chloroform 200 ml 
Methanol 100 ml 
 
Potassium Chloride (KCl) in 50 % methanol (0.5 M) 
Potassium chloride (7.455 g) dissolved in 100 ml water  
Methanol 100 ml 
 
Boron Trifluoride (BF3)-Methanol Solution (14%) 
7 BF3 : 43 Methanol 
 
Potassium Carbonate (K2CO3) (10%) 
1 K2CO3 : 9 Distilled Water 
 
C21:0 (Heneicsanoic Acid) Internal Standard (1mg/ml) 
C21:0 Heneicosanoic acid 1 mg 
Dichloromethane 1 ml 
 
Fatty Acid Methyl Ester (FAME) Cocktail (C4 to C24) 
FAME cocktail 20 µl 
Dichloromethane 180 µl 
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APPENDIX 8 

Reagents Required for Melanin Assay 

Sodium Hydroxide (NaOH) (1 M) 
Distilled water 100 ml 
Sodium hydroxide 4 g 
Stock (500 µg/ml) solution of synthetic melanin 
Synthetic melanin 2.5 g 
1 M NaOH 5 ml 
Place in sonicating water bath for 20 minutes 
 
Melanin standards 
1 ml of stock melanin solution in 4 ml of 1M NaOH (100µg/ml) 
1 ml of the 100 µg/ml melanin solution in 1 ml of 1 M NaOH (50 µg/ml) 
1 ml of the 100 µg/ml melanin solution in 4 ml of 1 M NaOH (20 µg/ml) 
2 ml of the 20 µg/ml melanin solution in 2 ml of 1 M NaOH (10 µg/ml) 
2 ml of the 10 µg/ml melanin solution in 2 ml of 1 M NaOH (5 µg/ml) 
0.5 ml of the 5 µg/ml melanin solution in 4.5 ml of 1 M NaOH (1 µg/ml) 
 
Calculating amount of melanin in pg/cell 
Example calculation: 

 
Step 1 
A x B = C 
A = concentration of melanin calculated by computer in µg/ml 
B = volume of 1M NaOH used to resuspend cells in eppendorf in ml 
C = concentration of melanin in resuspended pellet in µg/ml 

 
Step 2 
(C / D) * E = F 
D = number of cells in pellet i.e. cell count 
E = 1,000,000 
F = amount of melanin in each cell in pg 

 

APPENDIX 9 

Reagents Required for DOPA Oxidase Assay 

3, 4-dihydroxy-L-phenylalanine (L-DOPA) (10 mM) 
L-DOPA 0.197 g 
1X PBS 100 ml 
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	1.1.1.1 Keratinocytes
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	Keratinocytes exist in an “epidermal melanin unit” in normal healthy skin and release a myriad of paracrine factors that act upon melanocytes under both basal (i.e. unstimulated) and UV-stimulated conditions to promote their viability or in ...
	Keratinocytes are also known to produce cytokines such as interleukins (IL) and tumor necrosis factor-alpha (TNF-α), which serve to modulate the inflammatory response in response to UVR in both pro- and anti-inflammatory ways. In response to...
	The stratum corneum is the tough layer that protects our body from most of the insults offered by the external environment. It is composed of protein-rich, lipid-poor, corneocytes and the protein-poor lipid-rich cornefied envelope, described...
	The stratum corneum also contains trans-urocanic acid (trans-UCA) (about 0.5% of its dry weight), and ultraviolet B radiation (UVB) can convert this trans-UCA to its more soluble cis isomer (Noonan and De Fabo, 1992). cis-UCA can activate se...
	1.1.1.2 Melanocytes

	Epidermal melanocytes are located in the stratum basale and remain attached to the basement membrane. They are highly specialized neural crest-derived cells whose main obvious function is to produce melanin of two main types; the black/brown...
	Melanin pigment protects keratinocyte components from being damaged by UV light as melanin can absorb electromagnetic radiation of this wavelength, as well as acting as a scavenger of free-radicals produced by UV light (Prota, 1997). Therefo...
	1.1.1.3 Langerhans Cells
	1.1.1.4 Merkel Cells
	1.1.2 Basement Membrane Zone

	The Basement Membrane Zone (BMZ) at the junction between the epidermis and the dermis contains calcium-dependent integrins, laminins and collagens. Collagen 17 acts as the anchoring filament attaching the basal keratinocytes to the basement ...
	1.1.3 Dermis

	The dermis is usually less than 2 mm thick and is divided into 2 main layers; the upper papillary dermis and the lower reticular dermis. Both layers of the dermis consist of fibroblasts, mast cells and other transiently migratory cells and e...
	1.1.3.1 Fibroblasts

	The function of fibroblasts is to maintain the structural integrity of the connective tissue by continuously secreting precursors of the ECM. Fibroblasts secrete the precursors of all the components of the ECM including collagens (for suppor...
	1.1.3.2 Mast Cells
	1.1.3.3 Appendages of the Skin

	In addition to the aforementioned cells and the ECM, the dermis also houses the lymphatic, neural and vascular systems, excretory glands, keratinizing structures, sensory nerve receptors, free terminals and hair follicle endings. The extensi...
	1.1.4 Subcutaneous Layer

	Proximal to the skin proper is a subcutaneous layer composed of fatty connective tissue that connects the dermis to skeletal components underneath. The subcutis is heavily interlaced with blood vessels, ensuring a quick delivery of stored nu...
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	1.7.3  Formation of Reactive Oxygen Species


	As mentioned previously UV light can have a detrimental effect on cellular structures either as a result of the ability of these structures (so-called chromophores) to directly absorb this energy, or as a result of photo-sensitized processes...
	The production of free radicals is caused by incident energy removing an electron or a hydrogen atom from the cellular target rendering it highly reactive. This type of reaction is known as a Type 1 Reaction. A Type 2 Reaction results when t...
	Several ROS are known to exist and the major ones include the superoxide anion (O2.- ), hydrogen peroxide (H2O2), the hydroxyl radical (.OH), nitric oxide (.NO) and singlet oxygen (1O2). O2.- is formed when oxygen acquires one extra electron...
	1.7.2 Effect of Ultraviolet Radiation on Biological Molecules

	As can be seen from figure 12 the majority of products, especially cancer-causing products, are produced when UVB is absorbed by pyrimidine bases. These bases absorb UVR further into the near UV region and during DNA replication DNA polymerase ...
	Lipids: UVA is the main source of damage to lipids as it is the major source of ROS. ROS damage cell membranes by removing electrons from lipids and ultimately this results in the formation of a hydroperoxide. This can either occur via auto-...
	Auto-oxidation of lipids is a three step process involving initiation, propagation and termination. The initiation of a peroxidation sequence involves a ROS abstracting a hydrogen atom from a methylene group. This results in the production of...
	Photo-oxidation occurs when 1O2 produced from oxygen in the presence of light reacts with a double bond in the presence of a sensitizer e.g. manganese porphyrins. Oxygen is added at either end of a carbon double bond, which means the bond th...
	As shown in figure 14 it can be seen that the major consequences of the formation of a lipid hydroperoxide is decreased cellular function caused by membrane damage and oxidative stress.
	1.8 Defense Mechanisms of Cell to Combat Oxidative Stress

	2 AIMS OF THE PROJECT
	3 MATERIALS AND METHODS
	3.1 Isolation of Epidermal Melanocytes from Human Skin Blister Roofs

	The collection of these skin samples (post 120 mJ/cm2 broadband UVB) was approved by the Research Ethics Council, of Hope Hospital (Prof. L. Rhodes) and obtained by suction with a pressure of 250 mm Hg as previously described (Rhodes et al, ...
	The washed epidermis was placed in a 1.5 ml eppendorf tube containing 600 μl of trypsin/EDTA and incubated in a water bath at 37.50C for 3-5 minutes to break intercellular junctions and free the cells contained within the skin samples. The e...
	The epidermal cell suspension was sealed with a lid and parafilm and then centrifuged at 1200 rpm (290 g) for 5 minutes. After this the supernatant was carefully removed to avoid disturbing the cell pellet, and cells were resuspended in 3 ml...
	The medium was replaced with fresh medium containing 150 μg/ml of Geneticin and left for 48 hrs in order to kill any contaminating fibroblasts (Halaban and Alfano, 1984). Geneticin prevents mitosis and so does not allow cells to progress thr...
	3.2 Cell Culture
	3.2.1 Feeding of Cell Cultures


	Cells were cultured in polystyrene rectangular canted-neck cell culture flasks that were sealed with vented caps. Three sizes of flask were used and these depended on the number of cells per flask needed. The surface areas of the flasks used...
	3.2.2 Passaging of Cell Cultures

	Cell passaging was performed at approximately 80% confluency. Briefly, medium was removed from the flasks and the cell monolayer was washed three times in sterile PBS to remove attached serum, which could possibly inactivate the trypsin. An ...
	3.2.3 Freezing and Thawing of Cell Cultures

	As cell cultures became confluent they were suitable for freezing down for storage and later use. The cells were trypsinized and gently centrifuged. The medium was then removed and the cell pellet was resuspended in cell freezing solution (s...
	When re-establishing the cells in culture was warranted the cryovials were removed from the liquid nitrogen and placed in a water bath at 37.50C. Just before complete thawing the contents of the cryovial were added to a T75 culture flask fol...
	3.2.4 Cell Counting

	Single cell suspensions were obtained as above and 10 μl of this cell suspension was placed into each of the two chambers of a coverslipped Improved Neubauer Counting Chamber. Cells were counted in the four large corner squares and the centr...
	3.3 Cell Stimulations
	3.3.1 Ultraviolet Radiation
	3.3.2 Arachidonic Acid
	3.3.3 Luzindole
	3.3.4 Melatonin

	3.4 Tissues
	3.5 Immunocytochemistry
	3.5.1 Preparation of Skin Sections for Immunohistochemistry


	Skin specimens were embedded in Optimal Cutting Temperature (OCT) compound and frozen at -200C. When the specimens were ready for sectioning they were placed in a cryostat at -230C and cut at a thickness of 5 μm. The sections were collected ...
	3.5.2 Immunohistochemical Staining

	The frozen sections were air-dried at room temperature for 1 hr, fixed in ice-cold acetone for 10 mins and washed in PBS. Because the immunodetection system included a SHRP molecule the skin was incubated with 0.1% hydrogen peroxide (H2O2) (...
	The next day the sections were washed with PBS and incubated with the secondary antibodies at room temperature for 30 mins. The sections were washed with PBS and incubated at room temperature with SHRP for 30 mins. After this final incubatio...
	The sections were counterstained by placing them briefly (about 5 secs) in Meyer’s Haematoxylin and then “blueing” in Scott’s tap water (see appendix 3) for approximately 45 secs. The slides were then mounted in Glycergel medium, coverslippe...
	3.5.3 Quantification of Immunohistochemical Analysis
	3.5.4 Preparation of Cells for Immunocytochemistry

	Cells were isolated, cultured and counted as described previously. Between 5 x 103 and 1 x 104 cells were added to each well of an eight-well chambered slide. The total volume in each chamber was made up to 200 μl with complete medium.
	The slides were then placed in the incubator for about 24 hrs to allow the cells to attach. Once this had occurred the cells were placed in either complete medium or starved medium (without FCS) depending on the protocol used for 24 hrs and ...
	3.5.5 Immunocytochemical Staining

	Methanol-fixed cells were rehydrated in PBS for about 3 mins and incubated with either 10% GS or 10% DS for 1 hr at room temperature (250C) to block any non-specific binding that may occur by the secondary antibodies to be used. The GS or DS...
	The secondary antibody of choice was then added to the correct well and left for 30 mins. The secondary antibody was removed and the cells were washed with PBS. SHRP was added to all wells and left for 30 mins. The SHRP was removed and the c...
	The chambers were removed from the slide and the slide was mounted in Glycergel medium, coverslipped and photographed.
	3.5.6 Single Immunofluorescence

	Single immunofluorescence was used when little staining was observed in cells/tissues using AEC-based immunochemistry techniques, as immunofluorescence can reveal even weak positive staining more easily, as with this technique all unstained ...
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