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Abstract

The skin functions as a biologically active barrier separating the internal milieu from the
external environment. It is the body’s first line of defense against external trauma and has
evolved to detect, integrate and respond to a great variety of stressors including solar
radiation. It has been shown that levels of sunlight attained during normal daily activities are
mutagenic, and that exposure to the ultraviolet (UV) component of sunlight, specifically the
long wavelength UVA (315-400 nm), may lead to photocarcinogenesis and photoaging.
UV A-induced skin damage occurs mainly indirectly through oxidative processes initiated by
endogenous photosensitization. The increase in intracellular reactive oxygen species (ROS)
induced by UVA may overwhelm the cells antioxidant capacity, leading to oxidative stress.
As continued oxidative stress may lead to cell death via apoptosis or necrosis, it is hereby
hypothesized that the pre-treatment of cells with exogenous antioxidants could be effective
in reducing oxidative stress. The combination of ferulic acid, a botanically-derived
antioxidant, with vitamins C and E has been shown to provide a photoprotective effect in
porcine skin, illustrating that the incorporation of antioxidants into photoprotective agents

may be a feasible option for combating UV A-mediated oxidative damage.

This study assessed the ability of 0.8 mM ferulic acid (FA), in combination with vitamins C
and E, to reduce the effect of UVA-induced photodamage in human epidermal (HaCaTs)
and dermal skin cells (primary human fibroblasts (HFbs) and murine 3T3 cells). Pre-
treatment with the FA and vitamins C and E (vEC) combination solution reduced UVA-
induced ROS in human fibroblasts while pre-treatment with vEC individually led to a
reduction in HaCaTs. As exposure to UVA may also lead to an increase in lipid
peroxidation, it was believed that antioxidant pre-exposure may lead to a reduction in ROS
and subsequent reduction in lipid peroxidation. The thiobarbituric acid reactive substances
(TBARS) and conjugated diene assay were used to measure lipid peroxidation. Pre-
treatment with vEC led to an apparent reduction in conjugated diene levels in HaCaTs, but
the data did not correlate with the ROS result in the HFbs. As prolonged oxidative stress

may result in cell death, this study investigated whether the treatment was able to attenuate
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UVA-induced cell death. The cell viability assay showed treatment had no effect on cell
death in HaCaTs and 3T3 cells, yet appeared to confer some degree of protection to HFbs.
Analysis of the mode of cell death using Annexin V/ propidium iodide staining showed that
HaCaTs were predominantly dying by apoptosis. It was determined the human fibroblasts
were largely dying by nccrosis after 2 h and by apoptosis after 4, 12 and 24 h. Pre-treating
the HFbs with vEC alone was able to maintain a level of viability similar to control cells
after 24 h. To further understand the mechanisms of apoptotic cell death in HFbs, two
apoptosis-associated proteins, anti-apoptotic Bcl-2 and pro-apoptotic Bax, were investigated.
Their ratio (Bcl-2:Bax) is indicative of survival, however no significant trends were

established and further assays are required to determine conclusive results.

Ferulic acid, in combination with vitamins C and E, has been shown to be effective as a
photoprotective agent in vivo. The findings of this study have shown that although the
antioxidants have little effect in the epidermal keratinocytes, they show great potential in the
dermal fibroblasts, which is very important with regards to photoaging. Future studies
investigating the effect of the antioxidants on UVA-induced DNA and protein damage will

aid in the elucidation of the protective mechanisms portrayed by this dynamic combination.



Chapter 1: Introducrnion

Chapter 1: Introduction

1.1 Structure of the Skin

The skin is the largest orzan in the human body and functions as a biologically active barrier
separating intermal homeostasis trom the external environment " . 11 is the body's first line
of defense agmnst external trauma and has evolved ro detect, integrate and respond 10 a great
range of stressors, mchuding noxiows chemical, physical and bwlogical insults, changes in

humadity and solar amd thermal radiadion ;

I'he skin consists of two distinet Tavers, the epidermis and the dermis, which are separated

by a non-cellular basement mermbrane (Ngure 1.1). Epidermal-dermal cohesion s vital in

preserving the protective function of skin ',

Fpidlermis

. apiiibarty i membraneg

Lrermis
Heticular derinis

Figure 1.1 Histological representiation of the skin, iltustrating the specific layers of the

epidermis and dermis |

1.1.1  The Epidermis

I'he upper layer of the skin, the epidermis, is a stratified squamouns epithelium that

regrenerates contnuously tironghont the life of the oreanism ®. This continuons selfrencwal
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is mediated by epudermnal stem cells, which reside in the basal layer of the epidermis ”. The
division of these basal stem celly vields 4 population of daughter celis that are committed 1o
d specific semes of events, including cell cycle arrest, outward migration snd terminal
differentiation *, During this journey. kevatin-producing Keratinoeyies undergo a sequence of
hiochemical and morphological changes that resolt in the formation of the various epidenial

luyers " ({igure 1.2,

Sirgluin corneum

Sirafium pranulosum

Sratum Spinason
Keruatinocyte
Stratum basale

Iangerhans ecll

¥elanoeyvie

Figure 1.2 Thagrammatic sepresentation of the epidermal livers and resident cell types %

The epidermnal cell Jayer bordering the basement membrane s known as the stratum basale,
and contains actively proliferating keratinocytes, mgment-praducing melanocytes and
sensory Merkel cells. In 1963, Fitzpatrick and Breathnach discovered that for every thiny-
six viable keratinoeytes there was one specifically interacting melanocyte, collectively now
relerred to ay Lhe epidermal-melanin unit ™ Ll Melanocyies are highly dendritic, nocural crese-
derived cells. They are responsibie for the production of a pelvmence pigment called
melanin. The svnthesis of melamn resubts from a phylozenctically conscrved biochemical
pathway called melnogenesis |- Melanogenesis takes place in specialized melanocyle-
specific organelles called melancsomes, Mcelancsomes translocate Trom the penkaryon
towurds  the melanoeyte dendnte tips, before they are transferred 1o acighbouring
i

keratinocytes | 'Y, Once the melanosomes enter the cvtoplasm of the keratinocyies, the
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melanin serves as a form of photoprotection against DNA damage by forming a

. - 13,14
supranuclear melanin cap around the keratinocyte nucleus .

The layer above the stratum basale is known as the stratum spinosum (figure 1.2). This
‘prickle cell layer’ consists of relatively large, polyhedral shaped keratinocytes, as well as
bone-marrow derived sentinel cells of the immune system called Langerhans cells. These
epidermal antigen presenting cells are also able to express some neuronal markers, as well as
neuropeptide receptors, and are key in providing the link between the neuroendocrine and
immune systems in the skin > 131617 "One Langerhans cell is responsible for the immune
surveillance of fifty-three surrounding epidermal cells " The next layer, the stratum
granulosum, contains keratinocytes that develop a flattened morphology as dividing cells
below push them towards the skin surface. The uppermost layer, the stratum corneum,
comprises 15-30 sheets of non-viable, but biochemically active cells called corneocytes '
This layer is the principal barrier to the percutaneous penetration of exogenous substances,

and has well established antimicrobial, chemical and antioxidant defense mechanisms 219

1.1.2 The Dermis

Dermal tissue is separated from the overlying epidermis by a cutaneous basement membrane
(figure 1.1). This specialized membrane plays an important role in normal skin functioning
as well as a key part in pathological processes such as wound healing and tumour cell

2

invasion . The dermis itself may be divided into the papillary and reticular dermis,
reflecting their respective composition of connective tissue components, cell number, and
supply of blood vessels and nerves '. Dermal cell populations include fibroblasts,
adipocytes, macrophages, mast cells, Langerhans cells, T lymphocytes, dendrocytes, smooth

muscle cells and vascular and lymphatic endothelial cells °.

In vertebrates, connective tissue is functionally designed to provide a structural scaffold for

2

vessels and cells, the principle cell type being fibroblasts *'. Dermal fibroblasts play an

important role in the regulation of tissue structure and cellular microenvironment by the
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22

production of extracellular matrix (ECM) proteins **, chemokines ** and matrix

metalloproteinases * and play major roles in wound healing '~ '

The mature epidermis is reliant on the meticulous balance of keratinocyte proliferation and
differentiation, which is tightly regulated via a cytokine expression network between
keratinocytes and adjacent fibroblasts > 26 during both skin development and regeneration
728 The manner in which keratinocytes and fibroblasts interact is via a double paracrine
system 2 Keratinocytes produce factors such as the cytokine interleukin-1 (IL-1) *°, which
in turn induces growth factor expression in fibroblasts *'. Keratinocyte growth factor (KGF)
and other fibroblast-derived mitogens are then responsible for the regulation of keratinocyte

proliferation and differentiation 32

1.2 Skin Cancer and Photoaging

The skin is by design resistant to most external traumas; however over-exposure to certain
environmental insults such as ultraviolet (UV) radiation may result in cancer formation ** **.
Skin cancer is the most common cancer in South Africa, with approximately 20 000 new
cases reported each year *_In addition, South Africa has the second highest incidence of

skin cancer in the world behind Australia >°.

Skin cancers are clinically classified as melanoma and non-melanoma skin cancer (NMSC),
as determined by the original epidermal cell from which the cancer stems. Non-melanoma
skin cancer can be further subdivided into basal cell (BCC) and squamous cell carcinoma
(SCC). Both BCC and SCC arise from the basal layer of the epidermis, with BCC having a
slow progression, and SCC being highly invasive and metastatic *°. BCC is the most
common skin cancer and the most common human malignancy in general 7. BCCs and
SCCs account for approximately 80% and 16% of all skin cancers respectively, while

malignant melanomas account for the remaining 4% °°.



The main aetiological cause of skin cancer is exposure to UV radiation, primarily from
sunlight 3333940 It has been shown that as well as chronic exposure to sunlight, levels of
exposure achievable during normal daily activities are mutagenic *'. In an attempt to protect
itself from further UV damage, the skin responds to sun exposure by tanning . The degree
of skin pigmentation and the ability to tan are crucial factors in the development of skin
cancer, and the risk of NMSC is highest in people who sunburn easily and fail to tan
effectively . The predominant acute effects of UV-irradiation on normal human skin
include sunburn, inflammation (erythema), tanning and local or systemic
immunosuppression. Chronic exposure leads to photoaging, immunosuppression and
ultimately photocarcinogenesis ** *°. The numerous effects of UV-irradiation are
consequential of specific wavelengths that result in different cellular damages and

46, 47
subsequent responses .

Exposure of the skin to the UV component of sunlight, specifically the long wavelength
UVA, has been shown to initiate two of the key pathways leading to photoaging, namely the
induction of matrix metalloproteinases (MMPs) (the enzymes responsible for the
degradation of the extracellular matrix) ** and mutations in mitochondrial DNA ** %,
Mutations in mitochondrial DNA have been recognized in degenerative diseases and also
found to play a role in skin photoaging -39 The harmful effect of UVA in generating

mitochondrial DNA mutations and inducing MMPs is well documented in human dermal

fibroblasts °% 3!,

1.3 Ultraviolet Radiation

Sunlight is composed of a continuous spectrum of electromagnetic radiation that is divided
into three main parts based on different wavelengths: ultraviolet (5%), visible (50%) and
infrared (45%) (figure 1.3) 52 The solar UV spectrum occurs between 100-400 nm. It is
subdivided into short wave UVC (100-280 nm), medium wave UVB (280-315 nm) and long
wave UVA (315-400 nm) (figure 1.3) > 3+ 555657,
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Ultraviolct Visible Intrared

10 ZHI 35 400 T 1=
Wavclength {nm)

Figure 1.3 The wavelengths constituting the solar light spectrum L8

The czone layer officiemt]y absarbs LUV radistion up lo approximately 310 nm, thus
consuming all UV and 95% of UVRE, whilst UV A 5 not absorbed at all. The energy carmied
by each portion of the spectrum is inversely related 1o its wavelength, UVC s of the highest
energy and would be the most damaging to hiolegical tissues; however it is effectively
absorbed by simtospheric ozene and is largely imelevanl o human health T Whilst the
absorption maximum of DNA s ai 260 nm (VO 1t has been delermined that 500 nim
(within the UVB rungc) is the most effective wavelength for inducig DNA photoproducts

in the hasal layer of the epidernis ™

UVR, which constitutes 5-40% of Lhe LY radiation reaching the earth's surface, i able to
directly induce alteralions wn the struciure of nucleic acids by inroducing cvelobutane
pyrimiding dimers (CPD) * "1 % and pyrimidine (6-43 pyrimidone photoproducts (6.4-PP)
*1-%2 For many vears this high energy wavelength was the primary focus of rescarch aimed
al determining the mechanisms underlying skin cancer " More recently however, numerous
studies have shown thal UVA s also able o induce variety of dumapges to DNA 6o
proteins 1 and tipids ™ with associated detrimental consequences such uy skin aging and

2 PO 15
Cﬂl'Clnﬂgf]'lEHlﬁ ﬁ'.

1.3 Ulltraviolet-A

LV A constitutes mewe than 90% of the UV radiaton reaching the earth™s surface, and

although his wavelength is considered less energelic than UV i has been implicated in
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UV-carcinogenesis due to its high penetration properties. Compared to UVB, UVA is about
1000 times more effective in the production of an immediate tanning response, and is
considerably more efficient in penetrating the actively dividing cells of the epidermal basal
layer, as well as the fibroblasts of the underlying dermis 52 63.67. 68 (JY A radiation has been
shown to be mutagenic in cultured cells 63, including human fibroblasts 69, and able to
induce melanomas "° and SCCs 7' in mice. In 2006, He er al. illustrated that chronic
exposure to UVA alone was adequate to induce a malignant phenotype in cultured human
keratinocytes 1Tt has also been shown that during normal daily activities, exposure to UVA
levels within sunlight sufficiently generates mutations of the tumour suppressor gene p53 in

the basal layer of the epidermis ',

1.4 UVA-Induced Damage

1.4.1 Indirect Mechanism

At the cellular level, UVA is only weakly absorbed by DNA 7, and the majority of UVA-
induced damage occurs indirectly through oxidative processes initiated by endogenous

photosensitization. Endogenous photosensitizers are cellular chromophores that include

74 7

flavins™, certain sterols”, aromatic amino acids’®, NAD(P)H, porphyrins, heme ' and

. . . . . 78. 79
urocanic acid, which occurs at high levels in the stratum corneum .

1.4.2 DNA damage

UVA’s ability to damage DNA is primarily due to excitation of non-DNA chromophores,
leading to increased reactive oxygen species (ROS), which subsequently result in oxidative

61.80- 81 'ROS can induce numerous covalent modifications to DNA, including

base damage
single-nucleobase lesions, strand breaks, inter- and intrastrand cross-links and protein-DNA
cross-links ®2. It has also been shown that UVA exposure leads to persistent genoimic
instability in human keratinocytes % Work performed by Peak and Peak (1991)
demonstrated that UVA is substantially more effective than shorter wavelength UVR in

generating both single strand breaks (SSB) and protein-DNA cross-links . Interestingly the
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repair of SSB in cultured human fibroblasts after UVA irradiation appears to be a very rapid

. . Cy . 35
process, with 90% being removed within 15 min of exposure ™.

It was initially believed that photodimeric CPDs and 6,4-PPs, which are responsible for
single or tandem cytosine to thymine transversions, would not be expected to occur in DNA
exposed to UVA. There is evidence to support this theory 86 yet a multitude of studies have

shown CPDs to be a major pre-mutagenic lesion in UVA-induced mutagenesis §1. 87. 88. 9. 90.

91 92.93.94.95. 9 1t hag been suggested that UVA induces these CPDs by a photosensitized

triplet energy transfer in contrast to the direct excitation of DNA by UVB 8192

1.4.3 Protein Damage

Proteins are major molecular targets for oxidative damage within cells, owing to their high
abundance (comprising about 68% of the dry weight of cells) and rapid reaction rates with
radicals and excited-state species such as singlet oxygen 7. ROS cause modifications to
amino acids that frequently result in functional changes of structural or enzymatic
proteins °®. The formation of modified proteins as a result of singlet oxygen-mediated photo-
oxidation may lead to critical changes in the properties and function of these proteins,
induce structural alterations such as protein cross-linking % and lead to a change in
susceptibility of the oxidised protein to proteolytic enzymes ' The oxidation of critical
methionine residues (methionine sulfoxide) may lead to the inactivation of certain proteins,
and the reduction of this oxidised amino acid appears to be crucial for cell survival in the
presence of ROS "I The peptide methionine sulfoxide reductase A (MSRA) is a repair
enzyme that is able to reduce methionine sulfoxide, and has been found to be upregulated by
UVA exposure and represents the only enzyme thus far identified in human skin that is able

T : 102
to repair oxidative protein damage .

The detection of carbonyl groups in the skin is commonly used as a marker of ROS
mediated protein oxidation ' 104195 protein carbonyls may be introduced into proteins
through reactions with reactive carbonyl derivatives formed from the reaction of reducing

sugars or their oxidation products with lysine residues, or by reactions with aldehydes (4-



hydroxy-2-nonenal (4-HNE) or malondialdehyde (MDA)) during lipid peroxidation e,

UVA-irradiation of human fibroblasts results in increased protein oxidation, illustrated by a

dose-dependent increase in the amount of protein carbonyls o

1.4.4 Lipid Damage

Like nucleic acids and proteins, unsaturated lipids are prominent targets of free radical
attack in cells that are under photo-oxidative stress. It has been shown that UV A radiation is
the most proficient UVR in triggering the peroxidation response . Lipid peroxidation is
initiated by free radical (e.g. hydroxyl radical) attack on a fatty acid or fatty acid side chain
that has sufficient reactivity to abstract a hydrogen atom from a methylene carbon in the side

chain 'Y

(figure 1.4). The greater the amount of double bonds present in fatty acid side
chains the easier the abstraction of a hydrogen atom, making polyunsaturated fatty acids
(PUFAGs) ideal targets for peroxidation. The removal of a hydrogen atom from one of these
bonds yields a carbon-centred lipid radical that subsequently interacts with molecular
oxygen to form a peroxyl radical. The resulting peroxyl radical is able to damage membrane
proteins, or abstract hydrogen from adjacent fatty acid side chains which results in a chain

107. 108199 "The resulting lipid hydroperoxide formed is

reaction of lipid peroxidation
unstable, and can decompose to various species including MDA, or be reduced to a more

stable alcohol form '° (figure 1.4).

The degree of lipid oxidation can be determined by measuring losses of unsaturated fatty
acids, amounts of primary peroxidation products or amounts of secondary products such as

07, Early peroxidation of unsaturated fatty acids is

carbonyls and hydrocarbon gases
accompanied by the generation of conjugated diene structures (figure 1.4), which absorb UV
light between 230-235 nm, and can be detected spectrophotometrically 7 MDA
(figure 1.4) is used as a convenient biomarker for lipid peroxidation due to its simplistic
reaction with thiobarbituric acid (thiobarbituric acid reactive substances (TBARS) assay) to
form an intense pink chromogen, which can be measured at an absorbance of 532 nm '”’_ It

has been shown that UV A-irradiation results in an increase in the amount of MDA in both

cultured human keratinocytes 83- 11 and fibroblasts ®°. Exposure to UVA at physiologically



Chuapioy b Intveduction 110

relevant doses is capable of increasing MDA levels via pathways involving iron and singlet

oxygen "2 Tt has been further shown that lipid peroxidation in human fibroblasts is involved

in UVA-induced MMP-1 activation, which plays a role in skin aging and cancer A,

A—Watw acid with 3 double bonds

l -H®* Hydrogen abstraction by hydroxyl radical
/\=/\=M Unstable carbon radical

l Molecular rearrangement

Conjugated diene*

l Oxygen uptake

Peroxyl radical

O
l +H Hydrogen abstraction ==y Chain reaction

\/\—/\—/ Lipid hydroperoxide
P
*
OH Q, MDA, 4-HNE etc.

Figure 1.4 Schematic representation of lipid peroxidation in poly-unsaturated fatty acids

114

Stars indicate the lipid peroxidation products detected in this study.

1.5 Free Radicals and Reactive Oxygen Species

1.5.1 Free Radicals

Free radicals may be defined as ‘any species capable of independent existence that contains
one of more unpaired electrons’ 5 Radicals may be formed by a non-radical losing or

.. . 11
gaining a single electron 3,

Gerschman’s free radical theory of oxygen toxicity, which states that the toxicity of oxygen

is due to partially reduced forms of oxygen, shed light on the previously vague subject of



oxygen poisoning " The realm of free radicals in biological systems was soon thereafter
explored by Denham Harman, who hypothesized that oxygen radicals may be formed as by-
products of enzymatic reactions in vivo 'Y Harman held free radicals accountable for major
cellular damage, mutagenesis and cancer, as well as the degenerative process of biological
aging H7- 18 The science of free radicals in living systems gained renewed momentum after
convincing evidence about their importance was proclaimed following the discovery of

superoxide dismutase in 1969 e,

1.5.2 Reactive Oxygen Species

Reactive oxygen species (ROS) are natural by-products of normal cellular metabolism,
formed principally through the reduction of molecular oxygen. Molecular oxygen, also
known as dioxygen (O;), in its ground state, contains two unpaired electrons which lead to
preferential reduction via a univalent pathway (figure 1.5). The intermediates formed along
this pathway include superoxide (O;"), hydrogen peroxide (H,O) and the highly volatile
hydroxyl radical (HO") * (figure 1.5).

e e +2H™* e + H e + HY
0, —— 0, —— H,0; OH' —— H,0

20

Figure 1.5 Molecular representation of the univalent reduction of oxygen. O, (dioxygen),

0," (superoxide), H,O, (hydrogen peroxide), HO" (hydroxyl radical) and H,O (water).

ROS include radical species, such as superoxide and hydroxyl radical, along with non-
radical species such as hydrogen peroxide 10 (table 1.1). Most of the ROS produced by cells
occur mainly through four endogenous sources: aerobic respiration (mitochondria
sequentially reduce oxygen to water) 121122 destruction of bacteria or virus-infected cells
with an oxidative burst by phagocytic cells '3 peroxisomes (organelles that degrade fatty
acids and produce hydrogen peroxide as a by-product) ' and cytochrome P450 enzymes

(the degradation of xenobiotics results in oxidant by-products) 123 126 An additional

11



noteworthy source of ROS comes from the two-step reaction catalysed by the xanthine
oxidase (XO), whereby hypoxanthine is converted to xanthine, forming superoxide, and
xanthine is converted to uric acid, forming hydrogen peroxide R Exogenous sources

that lead to ROS production include x-ray, gamma-ray and UV light irradiation 12

Table 1.1 Radical and non-radical reactive oxygen species s,

Free radicals Non-radicals

Superoxide 0;" Hydrogen peroxide H,0,
Hydroxyl HO’ Hypobromous acid HOBr
Hydroperoxyl HO,' Hypochlorous acid HOCI
Carbonate CO;5” Ozone oF
Peroxyl RO, Singlet oxygen 0, Ag
Alkoxyl RO’ Organic peroxides ROOH
Carbon dioxide CO,” Peroxynitrite ONOO
Peroxynitrate 0;NOO"
Peroxynitrous acid ONOOH
Nitrosoperoxycarbonate =~ ONOOCO;
Peroxomonocarbonate HOOCO,

In his final paper published in 1934, Professor Fritz Haber (with Joseph Weiss) was the first
to propose that the interaction between superoxide and hydrogen peroxide could generate
the highly reactive hydroxyl radical "*°. It was quickly recognized that the Haber-Weiss
reaction (Eq. 3) may be a mechanism to generate more toxic radicals. The basic reaction
(Eq. 3) has a second order rate constant of zero in aqueous solutions and is thus
thermodynamically unfavourable in biological systems. Transition metal ions, such as iron,
are present at low concentrations in biological systems, and are able to act as catalysts for
the reaction (Eq. 1 and 2), possibly accounting for the in vivo production of the hydroxyl
radical. The iron-catalyzed Haber-Weiss reaction, which makes use of Fenton chemistry, is
the principle pathway in generating the most reactive oxygen species, the hydroxyl radical,

in biological systems ''°.

12



Fe¥*+ 0, —> Fe**+0, 1)

Fe¥*+ H,0, —> Fe* +HO+HO* (2

The net reaction:

0,"+H,0, —> 0,+HO +HO* (3

Following UV A-irradiation, the majority of hydrogen peroxide produced in cultured human
keratinocytes appears to originate from superoxide, and its subsequent conversion to
hydroxyl radicals appears to be a critical step in the UVA-induced generation of strand

breaks and alkali-labile sites "',

1.6 Antioxidant Defense

1.6.1 Redox Homeostasis

ROS have been identified as both deleterious and beneficial molecules within living
systems 126 At low or moderate concentrations, reactive species, such as nitric oxide and
superoxide, function in the induction of mitogenic responses and in redox signalling, the
latter of which is a regulatory process where the signal is delivered through redox
chemistry 132 Studies have shown that the hydrogen peroxide produced by receptor binding
of numerous peptide growth factors is required for certain signal transduction cascades, such
as the signalling pathways involving insulin '3 and vascular epithelial growth factor Bl
has been further shown that the addition of certain antioxidants leads to a suppression of
both survival and death signalling, indicating that both of these vital pathways are redox-

regulated s,

1.6.2 Antioxidants

The redox system is vital in maintaining cellular homeostasis. Under physiological
conditions, redox regulation is achieved through the generation and elimination of ROS and

other reactive species ' The steady-state formation of pro-oxidants in cells is balanced by

113
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a similar rate of their expenditure by enzymatic and non-enzymatic antioxidants (table 1.2).

An antioxidant is ‘any substance that delays, prevents or removes oxidative damage to a

s HS

target molecule . When the antioxidant defense mechanisms are overwhelmed by

increasing ROS, the pro-oxidant/ antioxidant equilibrium is shifted in favour of the pro-

. . " 136
oxidants, resulting in oxidative stress .

Table 1.2 Enzymatic and non-enzymatic antioxidants

Superoxide dismutase (SOD) Ascorbic acid (vitamin C)
Catalase (Cat) a-Tocopherol (vitamin E)
Glutathione peroxidase (GPx) Glutathione (GSH)
Glutathione reductase (GR) Ubiquinone/ ubiquinol (CoQ)
Thioredoxin reductase (TR) Thioredoxin (Trx)

Heme oxygenase

1.6.2.1 Enzymatic Antioxidants

A major enzymatic antioxidant, which is responsible for the dismutation of superoxide to
hydrogen peroxide, is superoxide dismutase (SOD) (Eq. 4). Several isoforms of SOD inhabit
various cellular compartments. SOD1 (cytosolic or copper-zinc SOD- CuZnSOD) is the
major isoform found in the cytoplasm, mitochondrial intermembrane space, nucleus and
lysosomes, whereas SOD2 (manganese SOD- MnSOD) and SOD3 (extracellular SOD- EC-
SOD) are found in the mitochondria and extracellular matrix respectively 37 Further
conversion of H,O; to H,O + O, occurs through the action of catalase (Eq. 5) or through
reduction by the seleno-enzyme glutathione peroxidase (GPx) (Eq. 6), whereby GPx
catalyzes the oxidation of reduced glutathione (GSH to GSSG). The reduced form of
glutathione is restored by glutathione reductase (GR) (Eq. 7) 20
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SOD
O0,-+2H* ———> H,0, €))
CAT
2H,0, —— > 2H,0+ 0O, (5)
GPx
2GSH + H,0, ——— > GSSG +2H,0 (6)
GR
GSSG + NADPH+H" —~ 2GSH+ NADP* 7N

Superoxide dismutase, catalase and the enzymatic glutathione system are all present in
higher concentrations in the epidermis than the dermis, with catalase activity in particular
being remarkably higher (720%) in the epidermis "8 The deleterious effect of UVA-

irradiation on keratinocytes is illustrated by the significant decrease in both SOD and

1

catalase activity upon exposure "' Like most cellular macromolecules these enzymatic

antioxidants are susceptible to oxidative reactive species, and if the oxidative stress is great
enough they may be completely inactivated, leading to a further increase in stress % The

effects of UV A-treatment on dermal fibroblasts illustrate an inactivation of catalase and a

reduction of SOD, with levels of GPx and GR remaining virtually unchanged 140

1.6.2.1.1 Heme Oxygenase and Iron

In 1989, Keyse and Tyrrell determined that heme oxygenase (HO) was the major 32 kDa
stress protein that was found to be induced in human skin fibroblasts by UV A-irradiation '*'.
It has since been identified that singlet oxygen is a primary effector in the induction of
HO '*2. HO-1 is an inducible form of the enzyme, and is responsible for heme-catabolism,

resulting in biliverdin, carbon monoxide and iron '*. Bilirubin (derived from biliverdin) has

144, 145, 146. 147

strong radical scavenging capabilities , while carbon monoxide has been shown

to be involved in the photoimmunoprotective effect of UVA '8 149 130 151 "pe gy A-

induced transcriptional activation of HO-1 eventually (i.e. 1 to 2 days) leads to a HO-1

15

dependent increase in the iron-storage protein ferritin 2 and a consequent lowering of the

15

pro-oxidant state of the cells '*. However, there is an initial decrease in the amount of

ferritin, before the increase 1 to 2 days later, due to UVA-induced proteolysis which

154
1

contributes to the free iron in the cell "". High levels of free iron are detrimental to cells, in

15
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that singlet oxygen and hydrogen peroxide generated by UVA promote biological damage
such as lipid peroxidation in cultured human fibroblasts, via iron-catalyzed oxidative
reactions ''* '™+ 5% Human keratinocytes have higher basal levels of the non-inducible form
of heme oxygenase (HO-2) than fibroblasts, but little inducible (HO-1) activity "5 The
keratinocytes are the ‘first line of defense’ against UVA, and may require the added

protection of constitutively expressed HO.

Along with members of the heat shock protein and thioredoxin families, HO-1 is considered
a vitagene. The term ‘vitagene’ refers to a subset of genes that are involved in maintaining
cellular homeostasis during stressful conditions, such as oxidative stress 156 Tnducers of HO-
I include compounds such as phenolic antioxidants and Michael reaction acceptors, which
act via a transcriptional enhancer element known as the antioxidant responsive element
(ARE) "7 "% 159 Pphenolic antioxidants which have shown the ability to induce HO-1
expression include curcumin (in neuronal cultures) and ferulic acid ethyl ester (in human

fibroblasts) '*% ',

1.6.2.2 Non-Enzymatic Antioxidants
1.6.2.2.1 Hydrophilic Antioxidants

Endogenous non-enzymatic antioxidants (table 1.2), recognized to execute thiol-disulfide
exchange reactions, play a major role in maintaining redox homeostasis. Glutathione (GSH),
the most abundant peptide in cells, possesses a multitude of functions ranging from being a
co-factor of various antioxidant enzymes, to directly scavenging hydroxyl radicals and
singlet oxygen, and regenerating other antioxidants such as vitamins C and E to their active

161

forms °°. Thioredoxin, a seleno-protein containing two redox-active cysteines, is an

important thiol antioxidant making up the thioredoxin system, consisting of thioredoxin

(Trx) and thioredoxin reductase (TR) o2

. Didier et al. (2001) demonstrated an increase in
intracellular levels of Trx and TR in UVA-irradiated human skin fibroblasts. They further
showed that inducible Trx was able to decrease ROS production and protect against UVA-

induced apoptosis '*.

|16
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Vitamin C is one of the body’s major aqueous phase reductants . It is the predominant

antioxidant in the skin, with its concentration being 15-fold more than GSH and 200-fold

. . 165
more than vitamin E '°

. This essential water-soluble vitamin comprises two major
interconvertible forms, L-ascorbic acid (figure 1.6) and L-dehydroascorbic acid, both
present in biological tissues and food '®. Vitamin C does not absorb UVA and its quenching
activity arises solely due to its capacity to scavenge reactive species such as hydroxyl
radicals, superoxide and singlet oxygen 13 167 By systematic donation of an electron, the
resulting ascorbate free radical formed is more stable than most other free radicals, hence its
functional significance as a free radical chain terminator. After the loss of a second electron,

dehydroascorbate can be regenerated to ascorbate by dehydroascorbic acid reductase or

GSH (figure 1.7), or may simply decay 163,

CH,

Figure 1.6 Structure of L.-ascorbic acid (left) and a-tocopherol (right).

1.6.2.2.2 Hydrophobic Antioxidants

Co-enzyme Q (CoQ) (ubiquinone and ubiquinol) is a lipid-soluble redox molecule that
functions mainly as a component of membrane electron transport systems such as the
mitochondrial respiratory chain '®®. In the skin the majority of ubiquinone exists in its
oxidised form ubiquinone-10 '®, which has been shown to protect primary and HaCaT
keratinocytes against UVA-induced oxidative DNA damage, as well as reduce the

detrimental photoaging effects of UVA on dermal fibroblasts ',

Vitamin E is an essential vitamin that, in humans, is rarely deficient due to its broad

distribution in food '"'. The term ‘vitamin E’ collectively refers to the eight naturally

117
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occurring compounds that exhibit vitamin E activity. These include four tocopherols (phytyl
side chains) and four tocotrienols (isoprenoid side chains) '®. The a-, p-, y- and &
tocopherols and tocotrienols, which each contain an essential hydroxyl group necessary for
antioxidant activity, differ only in the number and position of the methyl groups on the
chroman ring. The most potent isoform is RRR-a-tocopherol (figure 1.6), which is
responsible for about 90% of the vitamin E activity found within tissues '’ This lipophilic
compound partitions into lipoproteins and cell membranes, where it can confer stability and
function as a lipid antioxidant to protect the polyunsaturated membrane lipids from free
radical attack. When ROS attack membrane lipids a peroxyl radical may form, which has the
ability to generate more peroxyl radicals, which may propagate a chain reaction and threaten
the structural integrity of the membrane "2 The propagation of these chain reactions may be
inhibited through the peroxyl scavenging activity of a-tocopherol, which in addition is able

173

to quench the highly reactive singlet oxygen . It has been determined that the

concentration of a-tocopherols is 90% higher in the epidermal layer than the dermal layer in

o
human skin '*

, which is necessary considering tocopherols in the stratum corneum are
highly susceptible to solar stimulated UV irradiation, and both «- and y-tocopherol levels are

dramatically reduced following exposure to UVA and UVB 1

Non-enzymatic antioxidants work in tissues, including the skin, as a coordinated interactive
group of compounds related to chemical structure, location and relative redox potential 7,
For example, when a ROS is generated in a membrane structure and is reduced by a-
tocopherol, the oxidised antioxidant can be regenerated by ubiquinol or L-ascorbic acid. The
resulting dehydroascorbate can be reduced by GSH, which can subsequently be reduced by

the nicotinamide adenine dinucleotide phosphate reduced (NAD(P)H) pool 165 (figure 1.7).
p

| 18
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1.7 Plant Phenolies and Ferulic Acid

1.7.1 Polyphenolic Phytochemicals

Recently, there has been extensive interest in naturally cccurring antioxidants which are
capable of redecmg ROS-mediated oxidative stress. Oxidative stress 1s proposed fo play a

role i several pathological diserders such as cancer and aging. and phenolics in particular

F 5 P |7k, 1327
are considered potential therapeutic agents '

Thowsands of compounds possessing 4 polvphenalic strecture tan aromalic ring yielding it

lcast one hydroxyl substitsent) have been identified in g variety of plams species ' 1 1M

E ¥ o 0 - r -
L These compounds are secondary metabolites of plants and are typically involved in




hiprre b doitvoduyctyon

maintenance of cell wall shape and integrity, as well as protection against UVR and

183,

pathogens '8 Polyphenols can be subdivided into various groups, including phenolic

acids, flavonoids, stilbenes and lignans, based on the number of phenol rings they possess

"% Phenolic acids may be

and of the structural components that bind these rings together
distinguished as derivatives of either benzoic or cinnamic acid. The hydroxycinnamic acids
are more common than the hydroxybenzoic acids and consist mainly of the structurally
related p-coumaric, caffeic, ferulic and sinapic acids, which are synthesized via the
shikimate pathway from L-phenylalanine or L-tyrosine 185 156 (figure 1.8). This class of

phenylpropanoids have well characterized physiological activities, such as anti-cancer 187,

s : 187 . s 188 . . : 184. 189
anti-inflammation ', anti-hepatoxicity " and anti-oxidation .
COOH COOH
? NH, F
Phenylalanine Cinnamic Acid
COOH COOH COOH COOH COOH
NH,
OH OCH,CH,0 OCH,
OH OH OH OH OH
Tyrosine P-Coumaric Acid Caffeic Acid Ferulic Acid Sinapic Acid

Figure 1.8 Biosynthesis of hyroxycinnamates via the shikimate pathway 186,

The antioxidant activity of polyphenols may be anticipated based on the availability of the
phenolic hydrogens as hydrogen-donating radical scavengers. For a polyphenol to be
defined as an antioxidant, it must comply with two basic criteria: firstly, it must be able to

delay, retard, or prevent the auto-oxidation or free radical-mediated oxidation when in a low

120



concentration relative to the substrate being oxidised "5 and secondly, the ensuing radical
formed post-scavenging must be stable through intramolecular hydrogen bonding upon

further oxidation "

1.7.2 Ferulic Acid and Related Compounds

Hydroxycinnamates are found in all compartments of fruit, with the highest concentrations
seen in the outer parts of ripe fruit. Caffeic acid, free and esterified, is typically the most
profuse phenolic acid accounting for between 75 and 100% of the overall hydroxycinnamic
acid content of most fruit '®°, whilst ferulic acid (FA) is the most plentiful phenolic acid
found in cereal grains, constituting approximately 0.8-2 g/kg (dry weight) of wheat grain
and may represent 90% of the total polyphenols 1 FA has a distinctive bi-functional role in
the structuring of cell walls in that it can cross-link heteroxylans in cereal tissues and pectins
in beet root tissues ''°. Apart from 10% that exists in the soluble free form, it is primarily
found in the frans form, esterified to arabinoxylans and hemicelluloses e (i may also exist

. . . . . . . 185
as a dimer in certain cereals, forming bridge structures between hemicelluloses chains 5

The main mechanism for a phenolic antioxidant is the trapping and stabilizing of radical
species such as the lipid peroxyl radical. The elucidation of the anti-oxidation mechanism of

192

FA (3-hydroxy-4-methoxycinnamic acid) has been assessed kinetically and by a
structure-activity approach 3 1t s widely accepted that its antioxidant potential may be
attributed to its structural characteristics, as its phenolic nucleus and unsaturated side chain
can readily form a resonance stabilized phenoxy radical '**. Any reactive species interacting
with FA are highly capable of abstracting a hydrogen atom, forming a phenoxy radical. The
resultant radical is highly stable as the unpaired electron may be positioned on the oxygen,
or delocalized across the entire molecule. The phenoxy radical generated is unable to initiate
or propagate a radical chain reaction and most likely will collide and condense with another
ferulate radical to give rise to the dimer curcumin, itself a well reported radical

scavenger %5 Such coupling may generate a variety of compounds, the majority of which

still contain hydroxyl moieties capable of radical scavenging "**.
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Kanski et al. (2001) have demonstrated that FA is able to efficiently attenuate free radical
damage in a neuronal cell line more effectively than structurally related vanilic, cinnamic
and coumaric acids, through a decrease in ROS formation and lipid and protein

96

oxidation ' Ferulic acid has also been shown to reduce lipid peroxidation in

198199 and efficiently scavenge nitric oxide '™, 1,1-diphenyl-

microsomes '’ and liposomes
2-picrylhydrazyl (DPPH) 199, 200, 201 superoxide and hydroxyl radicals 02 Importantly, FA
appears to be a viable option for topical in vive protection against UV A-induced skin
damage as it readily permeates through the stratum corneum of excised human skin A
naturally occurring and more hydrophobic form of FA (ferulic acid ethyl ester) has been
shown to protect against hydrogen peroxide- induced lipid and protein oxidation in human

dermal fibroblasts '*°. Despite these reports, the mechanism of how FA is able to confer

protection in skin cells against UV A-mediated oxidative stress still remains to be elucidated.

1.8 Antioxidant Combinations as Photoprotective Agents

The rising incidence of both melanoma and NMSC, and the established role of solar UVR in

3 . .
>, provides evidence for an urgent need of an

the actiology of photocarcinogenicity °
improved skin photoprotection system that provides adequate defense against both UVA and
UVB **. The incorporation of antioxidants into photoprotective agents is a feasible option
for combating UV-mediated oxidative damage. Studies are currently being undertaken to
isolate potential antioxidants and polyphenolic compounds that could be used to attenuate

the deleterious effects of UVA on human skin >%.

The complementary effects of combining vitamins and antioxidants are well established '®>
200, 207. 208. 209. 210 yjtamin E’s ability to scavenge lipid peroxyl radicals and subsequently be

21

reduced by vitamin C to regenerate its active form remains the key reason why this
antioxidant pair is often incorporated into topical cosmeceutical formulations *'. It has been
shown that a topical solution containing L-ascorbic acid (15%) and a-tocopherol (1%)
provides a four-fold photoprotective effect against UV-irradiation in porcine skin compared
to a two-fold protection for either vitamin alone *'*. Interestingly the addition of FA (0.5%)

to this combination solution stabilized the formulation and acted synergistically to double
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the photoprotection from four to eight-fold . In 2008, Murray et al. were able to

reproduce this work on human skin, and confirmed that the combination was able to confer

significant photoprotection against solar-simulated UV-radiation *'*.

Despite this in vivo study, in vitro studies have not been undertaken to elucidate the effect of
the FA with vitamins C and E (VEC) combination treatment on the specific cells of the

epidermis and dermis.

1.9 Cell Death Mechanisms

1.9.1 Cell Death

With continued UV A-induced oxidative insult, the primary defensive mechanisms employed
by the cell are often not adequate to entirely avoid cellular damage and a second line of
defense is required. In an attempt to survive persistent oxidative stress, cells may initiate the
process of autophagy. Autophagy pathways, including macroautophagy, microautophagy
and chaperone-mediated autophagy, are some of the early cellular responses to early-stage
oxidative stress for removal of damaged components before further damage or aggregation

214, 215. 216
occurs .

1.9.2 Apoptosis

217

In 1972 the concept of apoptosis emerged -, and our knowledge of the mechanisms

involved increased considerably through the study of programmed cell death that occurs

218 This structured

throughout the development of the nematode Caenorhabditis elegans
cell clearance system has distinct morphological features that are distinguishable from
senescence or necrosis, such as cell shrinkage, plasma membrane blebbing, chromatin
condensation, DNA fragmentation and the formation of apoptotic bodies *'" (table 1.3).
Cells undergoing apoptosis are renowned for displaying ‘come and eat me’ signals to
neighbouring phagocytes, and one of these signals is phosphatidylserine (PS) externalisation

of the cell membrane. These phospholipids usually exist on the cytoplasmic side of the cell

membrane, but they become exposed to the external environment during the course of
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apoptosis . This translocation of PS ensures that the apoptotic bodies are swiftly and

217.220. 221, 222

safely engulfed by phagocytes, avoiding an inflammatory response

Table 1.3 Differences between apoptotic and necrotic cell death =

Apoptosis Necrosis

Individual cells/ small clusters of cells Neighbouring cells affected

Cell shrinkage and convolution Cell swelling

Pyknosis and karyorrhexis Karyolysts, pyknosis and karyorrhexis
Intact cell membrane Disrupted cell membrane

Cytoplasm contained in apoptotic bodies | Cytoplasm released from cells

No inflammatory response Inflammatory response

It has been shown in skin reconstructed in vitro that UVA is able to induce apoptosis in the
superficial dermal fibroblasts without major alterations to the epidermal keratinocytes 24
This effect suggests differential cell type sensitivity to UVA radiation, which is expected
considering the epidermis is the first line of defense and needs to be well equipped to resist
damage. Although it must be noted that keratinocytes are not completely resistant to the
damaging effects of UV, and that FA vEC pre-treatment of both porcine and human skin has
been shown to reduce the number of apoptotic keratinocytes (sunburn cells) compared to

. : 208, 209. 210. 225
untreated skin upon exposure to solar-stimulated UV 08. 209. 210. 225,

1.9.2.1 Caspases

Some of the key proteins in apoptosis belong to a family of cysteine proteases know as the
caspases. To date, approximately 14 mammalian caspases have been identified and broadly

categorized as initiators (caspases-2, -8, -9, -10), executioners (caspases-3, -6, -7) and

223

inflammatory caspases (-1, -4, -5) “. Caspases-11, -12, -13 and -14 are involved in various

26, 227, 228. 2

R 2 229 c. . .
other apoptotic processes . Initiator caspases have a prominent pro-domain,

unlike the executioner caspases that contain either a death effector domain (DED) (caspases-
8, -10) or a caspase activation and recruitment domain (CARD) (caspase-2, -9) 30

Activated caspases cleave a number of assorted substrates in the cytoplasm or nucleus

I 24



leading to the many morphologic features of apoptotic cell death **'. Pre-treatment with the
FA vEC combination has been demonstrated to protect against caspase-3 and -7 activation in

- . 208. 209
porcine skin .

1.9.2.2 Extrinsic Pathway of Apoptosis

The process of apoptosis may be triggered by extrinsic (death-receptor mediated) or intrinsic
(mitochondria mediated) switches (figure 1.10). The extrinsic signalling pathway involves
transmembrane receptor-mediated interactions, specifically death receptors that are members
of the tumour necrosis factor (TNF) receptor gene superfamily 22 Members of this family
share similar features and are characterized by the presence of cysteine rich domains, that
facilitate ligand binding, as well as a critically important 80 amino acid cytoplasmic domain,

referred to as the ‘death domain’ **°

. This death domain is vital in conveying the
extracellular death signal to the intracellular signalling pathways. Two examples that best
exemplify the extrinsic phase of apoptosis are that of the Fatty acid synthetase ligand
(FasL)/ FasR and TNF-o/ TNFR1. The binding of Fas ligand to Fas receptor leads to
recruitment of the cytoplasmic adaptor protein Fas-associated death domain (FADD), and
the binding of TNF ligand to TNF receptor results in binding of the adaptor protein TNF
receptor-associated death domain (TRADD) with additional recruitment of FADD and
receptor-interacting protein (RIP) 2425 FADD subsequently associates with procaspase-8
through dimerization of their individual death effector domains (DED), which effectively
forms a death-inducing signalling complex (DISC) and leads to the autocatalytic activation
of procaspase-8, which is capable of triggering a caspase cascade and subsequent cell death
by directly cleaving downstream executioner caspases, such as caspase-3 and -7 230, 137,
Death receptor-mediated apoptosis can be inhibited by a protein known as FLICE-inhibitory

protein (c-FLIP) which binds to FADD and caspase-8, rendering them redundant ***.

1.9.2.3 Intrinsic Pathway of Apoptosis

The mitochondrial pathway is used extensively in response to extracellular cues and internal
insults such as DNA damage > This pathway proceeds when pro-apoptotic factors

sequestered between the outer and inner mitochondrial membranes are released to the
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cytosol as a result of mitochondrial outer membrane permealizaton (MOMP), which
triggers a sequence of events thal culminates with caspase activanen (fgure 1,100, 1T the
caspase activabion pathway 1s inhibited, o caspase-independent cell deuth ensures cellular
demise. This process may utlize mechamisms involving ROS, loss of mitochondrial tunction
or released mitechondnial intenmembrane apoptogenic fuctors such as apoptosis-inducing
factor (AIF} “*. MOMP occurs in buolh caspitse-dependent and  caspase-independent

processes. distupting mitochendrial [unction and resulting in subsequent death as energy

production dimimishes .

The B-ceil lymphoma-2 (Rel-20 family of proteins, comprising both ani- and pro-upoptotic
members, mediates the cellulur “life-or-death” switch by regulating MOME = 7% The
averexpressien of Bol-2 has boen shawn to exert a tumourigenic influence by inhibiting cell
death, as epposcd to prometing cell prolileration like mosl oncogenes = The Bel-2 family
of proteing is divided inta three groups hased on the preseace of up 1o four Bel-2 homology
domains (BH1-4% anti-apepteric members, including Bel-2, Bel-sL, Mcl-1 and A1: pro-
apepetic etfoctor members, meloding Bax and Buk: and lastly the pro-apoptotic members,
the BH3-omly proscing inciuding Bid. Bim, Bad, Noxa and Puma 3 Rath granps ol pro-

2,

ipaplolic members are requirad to iitiale apoptosis 7 Commitment to MOMP aceurs
when the celiular array of anti-apoptotic Bel-2 profeing are neutralized by BH3-only
protetns, as this prevents the anti-apoptotic members from sequestenny the pro-upoptotic
effector molecules Bax and Bak, A combination of BH3-only proteimns is required, as each

neutralizes anly a subset of anti-apoptotie Bel-2 protems ifigure 1.9),

1li1-2

Fel-x1 155ud
Hid PR T-wy
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Figure 1.9 Schemaiic representation of ihe pro-apopiotic BH3-only proteins (red) and their

lirget anti-upoptolic proteins ( gieen) R
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BH3-only proteins may be classified as de-repressors (e.g. Bad, Puma and Noxa) or direct
activators (e.g. Bid and Bim). De-repressor BH3-only proteins bind anti-apoptotic Bcl-2
proteins and displace direct activator BH3-only members, thus promoting MOMP. De-
repressors themselves do not directly activate the effector proteins Bax and Bak. For
example, Bid can be released from Bcl-xL by Bad and go on to interact with the effector

proteins Bax and Bak =,

Upon activation of the Bcl-2 effector molecules Bax and Bak, they oligomerize to form
homodimers that embed in the outer mitochondrial membrane to promote the release of

2

intermembrane space molecules such as cytochrome ¢ **. Upon permeabilization these
apoptogenic proteins, including second mitochondrial activator of caspases (Smac)/ direct
IAP binding protein with low pl (DIABLO), Omi/ high temperature requirement protein 2A
(HtrA2), AIF, endonuclease G and cytochrome c, are expelled into the cytosol to elicit the

execution of cell death by contributing to nuclear degradation 8. 249

, promoting caspase
activation or by acting as caspase-independent death effectors **°. A family of proteins
capable of suppressing the caspase activity, the inhibitor of apoptosis proteins (IAPs), are
negatively regulated by the apoptogenic factors Smac/DIABLO and Omi/Htra2A >! When
cytochrome c is released, it is able to bind to the C-terminal of the adaptor protein apoptotic
protease activating factor (Apaf-1), which triggers a dATP-dependent oligomerization of
Apaf-1, a process required for activation of the initiator caspase, caspase-9 =2 Caspase-9
contains a long pro-domain, which allows it to interact with the N-terminal CARD present
on Apaf-1. The resultant complex formed is referred to as the apoptosome. Once activated,
caspase-9 is free to activate executioner caspases such as caspase-3, -6 and -7, which

subsequently affect target molecules such as inhibitor of caspase-3-activated DNase:

caspase-3-activated DNase (ICAD: CAD) 253 (figure 1.10).

Cross-talk and integration between the death-receptor and mitochondrial pathways is
mediated via the pro-apoptotic Bcl-2 family member Bid. Bid is another substrate of

activated caspase-8, and the C-terminal of the truncated form translocates to the

239

mitochondrial membrane and promotes cytochrome c¢ release ~°. The two pathways

|27
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typically funcriion exclusively. yet under most conditions there s a certain amount of cross-

Lalk 254, 255.
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Figure 1,10 [Hagram of the intrinsic and extrinsic pathways of apoptosis. UV (uliraviolet),
RIT3 (Bcl-2 homology domainy, Bel-2 (B-cell lymphoma-2), Bax (HBcl-2 associated X
protein), Bid {Bl3-interacting death domain agonist), tBid {(truncated Bid), Apaf-I
{apoptedic  profease  activating  factor-1),  dATP  {deoxyadennsine  triphosphate), AlF
{apaptasis-inducing factor), Fndao G dendonuclease G}, Omi/ HirA2 {Omif high temperatire
requirenent protein 2A3, Smac/ DIARLO (second mitochondrial activator of caspases/
direct [AFP hinding profein with low ply, TAP (inhibitor of apopiosis protein), Fasl. (Farry
acid syntherase hgandd, FADNY (Fas-associated death domainy, DISC (death-inducing
signalling complex ), ¢-Flip (FLICE-inhibitory protein), LCADCAD (inhibitor of caspase-3-

activaled DNuse: caspase-3-uclivated DNase),
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1.9.3 Necrosis

Another mode of cell death is necrosis, which is considered to be a noxious process where
the cell passively follows an energy-independent mode of cell death = Although the
process of apoptosis and necrosis appear to be two distinct pathways, they appear to overlap
via morphologic expressions of a common biochemical network termed the ‘apoptosis-
necrosis continuum’ *°°. An ongoing apoptotic process may be converted to a necrotic
process if there is a diminished availability of caspases and intracellular ATP *7 % The
nature of the cell death signal, the tissue type and physiological milieu are all factors that
determine whether a cell dies by necrosis or apoptosis **® **°. Some of the prominent
morphological changes that materialize during necrosis include cell swelling, vacuolation,

damage to organelles and ultimately loss of cell membrane integrity (table 1.3) 217,260,

It has been shown that the mode of UVA-induced cell death in human fibroblasts shifts from
apoptosis to necrosis at high doses of UVA 9 whereas human keratinocytes are able to
resist both modes of death **°. It is thought that cell-type specific susceptibility to UVA-
induced necrotic cell death in skin cells is directly correlative to the intracellular labile iron
pool **'. The differential response of epidermal keratinocytes and dermal fibroblasts to UVA
may partially be explained by the keratinocytes having a lower basal and UV A-inducible

261

labile iron level than the fibroblasts =". Also, unlike the fibroblasts, there is no significant

261

decrease in UVA-mediated ATP depletion in keratinocytes =, which is a hallmark of

necrotic cell death 2.
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Project Objective and Aims

Objective

‘The broad project objective is to elucidate the protective effects of ferulic acid, in
combination with vitamins C and E, on UVA-irradiated human keratinocytes and

fibroblasts.

Aims

Aim 1: Determine the optimal concentration of ferulic acid for human keratinocytes (HaCaT

cells) and human/ mouse fibroblasts (primary human fibroblasts and murine 37T3 cells).

Aim 2: Quantify the amount of ROS produced following UV A-irradiation and subsequently
determine the lipid peroxidation status in human keratinocytes (HaCaT cells) and fibroblasts

(primary human fibroblasts).

Aim 3: To establish whether treatment was able to attenuate cell death, and if not, identify
the mode of cell death in human keratinocytes (HaCaT cells) and fibroblasts (primary
human fibroblasts). Proteins specific to the mode of cell death in fibroblasts would then be

assessed.

Hypothesis

The pre-treatment of human epidermal keratinocytes and dermal fibroblasts with the
antioxidant combination of ferulic acid, vitamin C and vitamin E will confer protection

against UVA-mediated photodamage.
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Chapter 2: Materials and Methods

2.1 Cell Culture

2.1.1 General Maintenance

A spontaneously transformed human keratinocyte cell line (HaCaT, a gift from Dr. N.
Fusenig, Heidelberg, Germany) represented epidermal cells, while primary human dermal
fibroblasts (courtesy of Ms. Ingrid Baumgarten, Department of Chemical Pathology, UCT)
and an immortalized mouse embryonic fibroblast cell line (NIH/3T3 cells, ATCC number
CRL1658) represented dermal cells in all experiments. (Murine 3T3s were initially
incorporated into this study as the availability of primary human fibroblasts was uncertain.
Human fibroblasts were the preferential dermal representative, and once they became

frequently available the 3T3s were excluded from experiments.)

All cells were aseptically maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Highveld Biological Pty. Ltd., Johannesburg, South Africa), supplemented with 10% (v/v)
heat inactivated Fetal Bovine Serum (Highveld Biological Pty. Ltd., Johannesburg, South
Africa) and 1% penicillin (100 U) (Sigma, Schnelldorf, Germany)/ streptomycin
(100 pug/ml) (Sigma, Schnelldorf, Germany), at 37°C in a humidified 5% CO- atmosphere.

Cells were checked daily for any morphological changes, and tested for mycoplasma
contamination fortnightly (Appendix B). To passage cells, media was removed and cells
were rinsed once with 1X phosphate-buffered saline (1X PBS) (Appendix A), before being
incubated in a trypsin (0.05%)/ ethylenediaminetetraacetic acid (EDTA) (0.02%) solution
(Appendix A) for 5 min at 37°C. HaCaT cells received treatment with 0.05% EDTA
(Appendix A) for 10 min at 37°C prior to trypsinization. All primary human fibroblasts used

never exceeded passage 9 for all experiments.
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2.1.2 Phase Contrast Microscopy

Cell were seeded onto coverslips (22x22 mm, Marienfeld, Lauda-Konigshofen, Germany) in
35 mm® dishes, and grown until approximately 90% confluent. Cells were treated according
to the experimental setup (Chapter 2, Subsection 2.2.2). Following irradiation complete
DMEM was added and cells were allowed to recover for 30 min. Medium was removed and
cells were rinsed with 1X PBS before being placed in a 4% paraformaldehyde solution
(Appendix A) for 15 min. The coverslips were rinsed with 1X PBS and mounted onto a slide
(Marienfeld, Lauda-Konigshofen, Germany) using mounting fluid (Appendix A). Slides
were viewed on the Zeiss Axiovert 200M fluorescent microscope, and images were taken
using a monochrome Zeiss high resolution camera (Axiocam HR). Images were analysed

using Zeiss Axiovision software (version 4.8).

2.2 Experimental Design

2.2.1 Irradiation Conditions

In all experiments cells were irradiated with 22.3 J/cm® UVA, provided by FI5W/T8 PUVA
lamps (Waldmann, Germany), determined by the following formula (where I is a measure of

irradiance and T is time):

T (min) = Dose (mJ/em*)/0.06

I (uW/ cm?)

The wavelength emitted was between 315-400 nm (UVA), with an emission maximum of
365 nm. This formula was used to calculate the total time needed to deliver a dosage that
was equivalent to 30 min in the midday South African sun. A time of 2 h 12 min, equivalent

to 22.3 J/cmz, was determined.
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2.2.2 Experimental setup

The standard experimental setup included all the following controls (figure 2.1):

I.  control (vehiclel only)
II.  control- sham® (vehicle only)
III.  FA only- sham
IV.  FA + vEC’- sham
V. FA+VvEC+UVA
VI.  FAonly+ UVA
VII.  vEConly + UVA
VIII.  UVA only

! Vehicle was <1% absolute ethanol for all samples

* Sham irradiation involved placing the experimental dishes under aluminium foil to prevent

any resultant changes due to the UV exposure.

335 pM Vitamin E (1% (v/v)) and 50 uM Vitamin C (10% (v/v)) (Appendix A) were used

in all experiments.

The treatment regime is summarised in figure 2.1. Briefly all cells were incubated with the
various treatments for 18 h at 37°C in a 5% CO; atmosphere, before being rinsed once with
I1X PBS and exposed to UVA. Cells were either harvested immediately or allowed to
recover in complete DMEM for 2, 4, 12 or 24 h at 37°C in a 5% CO, atmosphere, before

being analysed.
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= Traatment added

ﬂ P18 bt 37°C o 5% CO. atmosphere)

E Treatment replaced with 1X PES

ﬂ 1UVA exposure for 2 b 12 min- 22.3 Jem?y

UY Box

UVA Lamp

Harvested immedistely  Recovered for2, .12 0r 24 h

Figure 2.1 Experimental design. Cells were incubated with the various treatments for 18 h
At 37°C in a 5% CO-» atmosphere hefore being exposed to 22,3 lem” of UVA_ Specific sham
trradiated contrafs were maintained thronghout ali experiments. Cells were either haryested

immediately ar allowed w recover in complete DMEM for specified time points.

2.3 Cell Yiability Assay

Cell viabulity was assessed vsing the XTT assay (NTT Cell Proliferation Kt 11, Roche,
Germany ), The principle of the assay 15 based on the ability of metabolically active cells 1o
reduce the vellew NTT tetrweoliom salt woan orange-colonred, water-soluble formazan
product, The amount ef preduct 15 dwectly proportional 10 omtechandnal metabolism

1., cell viability) and can be quantined by assessing the absorbance at 450 mim,

2.3.1 Cell Preparation

Cells were cultured in 16{ mm” dishes until approximately 90% confluent. They were then
typsinized and seeded inte 96-well tissue culture plates (Cellstar®, CGreiner Bio-One.

Frickenhausen, Germanv) ot the following densities: 3xt07 cells! well for primary
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fibroblasts; 2.5x10" cells/ well for 3T3 cells; and 5x10% cells/ well for HaCaT cells. Cell
numbers were determined through manual counting by means of a haemocytometer
(Neubauer improved bright-line, Marienfeld, Lauda-Konigshofen, Germany) (Appendix B)

and allowed to adhere to the wells for 24 h.

2.3.2 Determining the Optimal Concentration of FA

To determine the optimal concentration of FA (Appendix A for stock solution) that
generated the least amount of cytotoxicity, cells were treated with the following
concentrations: 0.2 mM, 0.4 mM, 0.8 mM, 1.5 mM or 3 mM in complete medium. The final
volume in all wells was 200 pl, and cells were incubated for 18 h at 37°C in a 5% CO,
atmosphere. The XTT reagent was prepared (Appendix A) and 50 pl was added directly to
each well and incubated for 4 h at 37°C. Following incubation the absorbance was measured
at 450 nm using a multi-well reader (VERSAmax  tunable microplate reader, Molecular
Devices, Sunnyvale, CA, USA; Software: Softmax Pro version 4.3.1) and results were

calculated by determining the percentage viability relative to the control (vehicle only).

2.3.3 Cell Viability Following UVA exposure

To determine the effects of the various treatments on cell viability, cells were allowed to
adhere for 24 h, before being exposed to treatment. Cells were incubated with the various
treatments for 18 h at 37°C before being exposed to 22.3 J/em® UVA. Post-irradiation cells
were incubated with XTT reagent for 4 h at 37°C. The absorbance was then measured at
450 nm using a multi-well reader and results were calculated by determining the percentage

viability relative to the control (vehicle only).

2.4 Flow Cytometry

Flow cytometry, which made use of a fluorescence-activated cell sorting (FACS) system,
was used to quantify intracellular ROS and to determine the mode of cell death. The
instrument used for this study was the Becton Dickinson FACS Calibur (Division of

Immunology, UCT), which made use of a blue (488 nm) argon laser. Individual cells are
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suspended in a narrow stream of fluid and passed through one or more laser beams that
cause light to scatter and fluorescent dyes to emit light at different frequencies. Briefly, this
system identifies cells by analysing forward and side scatter while fluorescent labelling is
used to investigate cell structure and function. Fluorescence signals are accumulated in one
to several channels relating to different laser excitation and fluorescence cmission
wavelength. In this study, forward and side scatter were measured in linear mode, while the
fluorescent channels were measured using a logarithmic amplification scale. Green emitted
fluorescence (Dihydrorhodamine 123 and Annexin V-FITC) was measured in fluorescence
channel FL1 (530 nm), while red emitted fluorescence (propidium iodide) was measured
in fluorescence channel FL3 (675 nm). All data generated were analysed using CellQuest

Pro software (version 5.2.1).

2.4.1 ROS Assay

In order to quantify the amount of intracellular ROS produced, Dihydrorhodamine 123
(DHR 123) (Molecular Probes®, Eugene, OR, USA) (Appendix A for stock solution), a
fluorogenic substrate, which becomes oxidised from non-fluorescent, uncharged DHR 123

to fluorescent, cationic rhodamine 123, was used.

Cells were seeded onto 35 mm® dishes and allowed to adhere overnight. Medium was
changed every alternate day until the cells reached 90% confluence. Cells were then exposed
to treatment according to the experimental treatment regime (Chapter 2, subsection 2.2.2), to
a final volume of 2 ml. Following irradiation, 1 ml of fresh complete medium containing
DHR 123 (0.1 mg/ml) was added to each dish, and cells were incubated for 30 min at 37°C.
After the incubation period, media was collected and any non-adherent cells were harvested
through centrifugation at 2500 rpm for 5 min (Hermle Z233 MK-2, HERMLE Labortechnik
GmbH, Wehingen, Germany) at room temperature. The adherent cells were washed once
with 1X PBS, removed by trypsinization and pooled with the non-adherent cells. Eppendorf
tubes containing entire cell populations were centrifuged at 3500 rpm for 5 min at room
temperature, the supernatants discarded and the cells washed once with 1X PBS. Cells were

resuspended in 500 pl of fresh 1X PBS, transferred to 5 ml FACS tubes (BD Falcon tubes,
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BL Biosciences, Beoton Dickinson Inernations), Erembodesermn. Belgivm) and analysed

trnamediately by Now cylometry,

The fluorescert DHR 123 was detected in FL1 and the resolts from [O000 events were
plotted in & histogram. The meun Nuorescence of the entire population (ML) was determined
and analysed as a percentage relative to the condred. An example of the histogram output cin

be scen o Ngure 2.2,
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Figure 2.2 Dilhydrorhodamine §23 was deweted i the Quorescent channcl FLT (530 nm),
The mean of the enlire coll population (R was used 1o deteomine an increase or decrease

i ntracellular ROS. Plots were generaled wsing CellQuest Pro software.

2.4.2 Mode of Cell Death Assay

Cell mermbwane ghosphatidylserine (PS) weanslocation is o marker ol carly apoplosis and can
b yisuahsed throngh the use of the E‘.a?*—dupcndcnl phospolipid binding prolein Annexin 'V,
When Annesin V15 conjugated o Lhe Buorogenic substnte Muorosceim isothiocyanule

{FITC), early apoptosiy iy able w be detecied.

Propidium iodide (PT} is a vital dye that stains DNA and is excluded by viable or early
apoptotic cells with intact plasma membranes. Thus it is only able 1o penetrate dying or dead
cells where the membrane integrity has been compromised and is used as a marker for lake

apoptosisd necrosis.
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To analyse celt death, cells were seeded into 35 mmt” dishes and ariven o approximately
e confluence. Treatment was conducted according to the experimental setup. and cells
were allowed to recover for the stipulated time points (Chaprer 2, subscetion 2.2.23,
Following the recovery periods, suspended and adherent cells were pooled, washed once
with cold 1X PBS and vesuspended in 100 pl cold LX binding huiler. Cebls were incubated
with 3 pb Annexan ¥V oand [0 pl PLSO pe/ml) (Appendix A) [or |3 min al room lemperature
in the dark before a Torther 400 00 1X handing buller wis udded 1o the cells, The samples

were lranslerred 1o 5 ml FACS tubes and immediately underwent flow cytometric analysis.

Annexin ¥ was detected in FLI and plotted on the x-axis, white PI was detecied in FL3 and
plotted an the y-axis, The cells populatons were displayed in gquadrants, such that the lower
left (L) quadrant represented the viable population (CAnnexin ¥V ound Pl negative), Lhe lower
right (LI) represented early apoptotic cells (Amnexm ¥ positive), the upper right (UR)
represcnted Fale apopletc cells (Annexin ¥ and Pl positive) and the upper left (UL)
guadrant represcoted neerotic colls CAnnexin ¥V negative and Pl positive). The dara was
capressed as percentages of cells (per 10000 events read) present n each guadrane. An

exanmple ol the dot plols eeneraled by the CellQuest Pro soltware 15 shown in frgare 2.3
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Figure 2.3 Dot plot generated from FACS analysis of cells stained with Annexin 'V ound
propidiom iodide. Annexin ¥V owas deteeted ain FLT (330 nin) and propidium iodide i FL3

{673 nm). Plows were generated nsing CoellQuest Pro software.
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2.5 Lipid Peroxidation Analyses

2.5.1 Cell Preparation

Cells were seeded in 100 mm® dishes and grown to approximately 90% confluence.
Treatment was added according to the experimental setup (Chapter 2, subsection 2.2.2).
Cells were collected immediately following irradiation, by centrifuging any suspended cells
at 2500 rpm for 5 min at room temperature, and by directly scraping cells from the dishes
using a rubber policeman. Cells were then re-suspended in 1m] 1X PBS placed into a 50 ml
falcon tube on ice and sonicated (MSE Soniprep 150, Wolf Laboratories Limited,

Pocklington, York, UK) for two 15 sec pulses at 12 amplitude microns.

2.5.2 Folch Extraction

Lipids were extracted from sonicated cells according to the Folch extraction protocol 263,

Briefly, methanol (2500 ul) was added to 1 ml of sonicated cells (in 1X PBS) and vortexed
for 10 sec, followed by the addition of 1250 pl of chloroform. The mixture was vortexed for
10 sec and centrifuged at 3000 rpm for 15 min (Eppendorf Centrifuge 5810R, Hamburg,
Germany). The supernatant was transferred to a new borosilicate glass tube (Kimble/
Kontes, Vineland, NJ, USA), lipids were re-extracted from the remaining cell pellet and the
supernatants combined. A 1:1 ratio of 0.9% saline (Appendix A) was added to the
chloroform, mixed by inversion, and centrifuged at 3000 rpm for 15 min. The infranate was
transferred, using a drawn-out pipette, to a new borosilicate tube before being dried down by
nitrogen gassing (approximately 45 min). The borosilicate tube used in the final step was
weighed before and after the lipid had been added, in order to determine the percentage of

lipid peroxides relative to the total amount of lipid.

2.5.3 TBARS Assay

The TBARS assay was performed according to Asakawa and Matsushita (1980) **!. Briefly,
dried lipids were re-suspended in 25 ul of chloroform, while water and chloroform were
used as controls. To 25 pl of sample, 25 ul FeCl; (0.27%) (Appendix A), 25 ul of butylated
hydroxytoluene (BHT) (0.22% in ethanol) (Appendix A), 375 pl glycine buffer (0.2 M



glycine. HCI) (Appendix A) and 375 pl thiobarbituric acid (TBA) (Appendix A) was added,
vortexed vigorously and heated at 100°C for 20 min. After heating, 250 pl glacial acetic acid
was added, followed by 500 pl chloroform. Samples were vortexed vigorously and
centrifuged at 3000 rpm for 15 min. The supernatant (300 pl) was placed in duplicate in a

96-well plate and absorbance was measured at 532 nm.

The molar extinction co-efficient for 300 pl supernatant (1.40 X ]05M'].cm") was used to
calculate the amount of TBARS per total lipid (umol/mg) using the following formula

(where A is absorbance):

A532-blank + lipid (mg)

0.14 (umol)

2.5.4 Conjugated Diene Assay

Samples were prepared as above (sections 5.2.1 and 5.2.2). Dried lipids were re-suspended
in ! ml cyclohexane and vortexed for 1 min. Samples (300 pl) were placed in triplicate in a

96-well plate and absorbance was measured at 234 nm.

The molar extinction co-efficient for 1 ml of cyclohexane (2.95 X 104M’].cm'1) was used to
calculate the amount of conjugated dienes per total lipid (umol/mg) using the following

formula (where A is absorbance):

A234-blank =+ lipid (mg)

0.0295 (umol)
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2.6 Protein Expression

2.6.1 Cell Preparation

Cells were seeded in 100 mm® dishes and grown to approximately 90% confluence.
Treatment was added according to the experimental setup, and cells were allowed to recover

for the stipulated time points (Chapter 2, subsection 2.2.2).

2.6.2 Protein Extraction

At the specified times (Chapter 2, subsection 2.2.2) dishes were washed twice with cold
1X PBS and lysed in 150 pl cold complete RIPA extraction buffer (Appendix A). In all
cases cells that had lifted during treatment were collected (by centrifugation at 2500 rpm for
5 min at room temperature) and pooled with their respective dishes. Cell lysates were
collected and placed at -80°C for | h to decrease DNA contamination. Samples were
centrifuged at 12000 rpm for 20 min at 4°C. The supernatant was divided into two aliquots
(to minimise freeze/ thawing) and were stored at -80°C until use. For the duration of the

experiments samples were freeze/ thawed a maximum of three times each.

2.6.3 Protein Quantification

Total protein was quantified using the BCA Protein Assay kit (Thermo Scientific, Pierce,
Rockford, IL, USA). This kit is based on the purple-coloured, water-soluble reaction product
that is generated by the chelation of two bicinchonicic acid (BCA) with one cuprous ion.
The protein concentrations are determined by measuring absorbance at 562 nm and plotting

the unknown values against a standard curve generated by known concentrations.

Fresh protein standards were prepared for all protein quantifications. A bovine serum
albumin (BSA) working stock (2 mg/ml) was made up in 0.9% saline (Appendix A) and
placed in duplicate in a 96-well plate on ice, representing standards concentrations of 0-
2000 pg/ml. These readings would later be used to generate a standard curve from which the

unknown concentrations of protein could be determined.
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To quantity the extracted protein, 5 pl of sample was placed in duplicate in a 96-well plate
on ice. Samples were diluted 5X by adding 20 pl of incomplete RIPA reagent. Working
reagent was prepared (Appendix A) and 200 pl was added to each well, followed by 30 min
incubation at 37°C. Following incubation, absorbance was measured at 562 nm using a
multiwell-plate reader. The absorbance values were then read off the standard curve,
generated from the BSA standard readings, to obtain accurate protein concentrations

reported as pg/ml.

2.6.4 Western Blotting

For western blot analyses, quantified samples were prepared for sodium-dodecyl-sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). A 15% resolving layer was overlaid with
a 5% stacking layer (Appendix A), in an Enduro Vertical Electrophoresis System (Labnet,
Labnet International, Inc., Woodbridge, NJ, USA). Protein samples were diluted to a final
concentration of 40 pg using incomplete RIPA buffer. Loading dye (Appendix A) was added
(5 ub) and samples were denatured for 2 min at 100°C. Five micro litres of protein marker
(peqGOLD protein marker IV, PEQLAB Biotechnologie GmbH, Erlangen, Germany) was
loaded into the first well to serve as a molecular weight control and approximately 25 pl of
sample was loaded into individual wells before the apparatus was submerged in fresh tank

buffer (Appendix A). Proteins were electrophoresed at 80-100 V.

Following electrophoresis, proteins were transferred to a nitrocellulose membrane
(Amersham Hybond-ECL, GE Healthcare) at 100 V for 1 h in fresh, cold transfer buffer
(Appendix A). Membranes were then briefly washed in TBS-T (Appendix A), before being
blocked in 5% fat-free milk (Appendix A) for 1 h at room temperature. Membranes were
subsequently incubated with primary antibodies overnight at 4°C. Table 2.1 lists the

antibodies and their respective concentrations.
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Table 2.1 Concentrations of primary and secondary antibodies used in this study.

Primary antibody

Bcl-2 (Cat: Bel-2 (100):
sc-509 mouse
monoclonal, Santa Cruz

Biotechnology, Inc.,

Santa Cruz, CA, USA)

Concentration

1:200 in 5% fat-

free milk

Secondary antibody

Goat anti-mouse
(Horseradish peroxidase
conjugated Cat: 170-
6516, Bio-Rad,
Hercules, CA, USA)

Concentration

1:1500 in 5%

fat-free milk

Bax (Cat : Bax (B-9):
sc-7480 mouse
monoclonal, Santa Cruz

Biotechnology, Inc.,

Santa Cruz, CA, USA)

1:200 in 5% fat-

free milk

Goat anti-mouse
(Horseradish peroxidase
conjugated Cat: 170-
6516, Bio-Rad,
Hercules, CA, USA)

1:1500 in 5%

fat-free milk

p38 (Cat: p-38 MAP
Kinase: MOS0O0 rabbit
polyclonal, Sigma,

Schnelldorf, Germany )

1:5000 in TBS-T

Goat anti-rabbit
(Horseradish peroxidase
conjugated Cat: 170-
6515, Bio-Rad,
Hercules, CA, USA)

1:5000 in 5%

fat-free milk

Following overnight incubation, membranes were washed twice for 10 min in TBS-T,

before being incubated with their respective secondary antibody in 5% fat-free milk for 1 h

at room temperature. Membranes were rinsed twice for 10 min in TBS-T, prior to the

addition of the chemiluminescent substrate (SuperSignal® West Pico Chemiluminescent

Substrate, Thermo Scientific) for 1 min, and then exposed to medical x-ray film (CP-BU

new film, AGFA) for various exposure times. Films were developed (AGFA Developer)

(Appendix A) and fixed (Ilford Rapid Fixer) (Appendix A), for 2 min each, before being

rinsed in fresh water.
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2.6.5 Densitometry

To quantify protein expression, densitometric analysis (semi-quantitative) was performed by
scanning films into the computer (CanonScan 8000F), and utilising functions in the Image J
software program (version 1.42q). Values obtained for each lane were divided by the protein

loading control (p38) in order to standardise results.

2.7 Data Analysis

Data are shown as means £ SD. Differences between test and control conditions were
assessed by performing unpaired, two-tailed t-Tests (Microsoft Office Excel 2007) and

differences with value of p < 0.05 were considered as significant.
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Chapter 3: Results and Discussion

The results presented in this chapter are aligned with the aims stipulated in Chapter 1. The
first aim was to determine the optimal concentration of FA for keratinocytes and fibroblasts.
Once this was established, the effect of the FA vEC combination on UVA-induced ROS and
the resulting consequence on lipid peroxidation was investigated. The next aim examined
whether the FA vEC combination could protect UV A-exposed cells from cell death, and if
not determine the mode of cell death employed. Once the mode of cell death was specified,
the expression of related proteins was examined. The table below illustrates how the cell

types will be represented throughout Chapter 3 (table 3.1).

Table 3.1 Representation of cell types throughout this study.

Cell Type Name Seen in Text  Colour Representation
Human keratinocytes HaCaTs Blue
Primary human dermal fibroblasts HFbs Purple
Murine fibroblasts 3T3s
3.1 Aim1

3.1.1 Determining the Optimal Concentration of FA

The first aim was to identify the optimal concentration of FA for human keratinocytes
(HaCaT cells) and human/ mouse fibroblasts (primary human dermal fibroblasts and 3T3
cells). This was determined through the use of a cell viability assay (Chapter 2, subsection

2.3.2).

The addition of FA to HaCaTs resulted in a significant dose-dependent increase from 100%
viability (vehicle only) to 179.774£32.13% with the addition of 3 mM FA (p<0.05)
(figure 3.1). The doubling time of normal HaCaTs has been shown to be 42 h 265, and as the
XTT assay measures viability over a total of 24 h, this increase may be explained by either i)

the fact FA directly increased the proliferation rate, or ii) based on the XTT assay being a
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marker of mitochondrial activity, it could have increased the metabolic activity of the cells.

These findings were in contrast to previous studies that examined other plant polyphenols

20

such as (-)-cpigallocatechin-3-gallaie (FGCG) *, apigenin 7 and curcumin *™, which ul]
demanstrated an anti-proliterative effect in human keratinocytes = Despite 0.8 mM
diverming from the cenfral (05 mM FA: 30.3804.63% vs, Control: [0%) (ligure 3,11,
with the ultimate future aim of using TA in a [ult-thickness skin model, and additional
previous work porfermed i our labository an the protective effects of 0.8 mM FA vTiC

combinalien on mefunocyies, this concentralion was sclected for the HaCuaTs,

2500
o M A~ 7 :
2150 ¥
£ ——HFb
g Ly ——3T3
o —s—Hul"aT
I TS A B
il : .
& 02 (0.4 0.8 15 3
FA [mM]

Figure 3.1 Graphic representabon of the cell viabilty assay o determing the optimal
concentration of {ferulic acid in human keratinocytes (HaCaT cells), human fibroblasts
(HFbs} and murine fibroblasts (3T3 cells). Values are expressed as a percentage of the

controd and data are presented as mean £ 8D, n=3.

With regards to the Hbbs, the addition of FA displayed ne potential proliferative effect,

+ i ¥ - el
h ™ *! Funhermore. in contrast to the HalTaTs.

considering the doubling time 15 17 te 24
the additon of 3 mM FA & 1o oa shght reduction in cell viability {figure 3.1). Previous
studies have shown the addition of cemain antioxidants are able o exhibil o prohiferative

effect in HFbs, as was seen in work performad by Pinnell ¢f af. {19944 through the addition
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of 0.1 mM vitamin C *”*. The addition of 0.8 mM FA to both 3T3 and human fibroblasts
resulted in no significant decrease in cell viability, and thus, in keeping with the HaCaTs,

0.8 mM was selected as a standard concentration for all future experiments.

Whilst 0.8 mM FA proved the optimal concentration for this study (figure 3.1), FA
concentrations utilised in other studies range widely. Trombino et al. (2004) illustrated that
low concentrations of FA (0-50 uM) exhibited a wide range of antioxidant activities in 3T3
cells and microsomal membranes 197, whilst other studies have shown the concentrations of
FA required for 50% inhibition (ICsp) of the DPPH radical, superoxide and hydroxyl
radicals in solution are approximately 45.3 uM, 5312.3 uM and 502.1 uM respectively 20
For the purposes of this study, FA was to be used in combination with vitamins C and E,
although the mechanism of FA’s stabilizing effect on these vitamins remains unknown 209,
What is known, is that the redox potential of FA is considerably higher than vitamins C and
E (0.595 vs. 0.282 and 0.48 respectively) > and it is not believed to directly protect them,
but to preferentially interact with pro-oxidative intermediates or serve as a sacrificial

209

substrate . These studies lend further support to the use of 0.8 mM FA, the maximum

concentration with the minimum amount of damage.

3.1.2 Effect of Treatment on Cell Morphology

To determine if the various treatments were having an effect on cell morphology, both
HaCaTs and HFbs were studied 30 min post irradiation by phase contrast microscopy. In the
HaCaTs there was little notable difference between control, FA vEC treated and UV-only
cells (figure 3.2). The HaCaTs maintained their characteristic polyhedral shape M and did
not display any noticeable form of cell surface blebbing or shrinkage at low and higher

magnifications (figure 3.2).
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HaCaTs (Mmin posr-UVa)

Control (Lx; msern $ix) FAvEC UV {10; insert 46y U¥-only 104; imsert 4is)

HIEBs {30min posr-UYA)

Connirod {17x; inser] 4y FAvEC EI'V {1t insert 40 UN-nmly (L insert dibx)

Figure 3.2 Phase contrast images depiching the morphological changes induced by UV A
radiation. HaCaTs and HFbs 300 von post-UNVA feradiation (mam amage: 10x, scale bar

2000 g insert; 0, scale bars ST pm

In contrast, the UV-only HEbs displayed some cell shrinkage and rounding when compared
to the control ceils (figure 3.2, The UV-only cells appeared less elongated and differed
from the ordered, spindle-shaped fibroblasts seen in the control and FA vEC pre-treated
cells {arrow, figure 3.2% Pre-treatment with the FA vEC combunation appeared to maintain

cell morphodogy similar o control cells.

As guestivns have been raised aboul whether basal, endogenous cellular antoxidant levels
difter with age in fibroblasts, iU was pertinent Lo consider this point in this study, However, 4
reqent report unequivecally showed that the age ot the fibroblast donor does nor affect 1he

: . g . : . a9 "
hasal anboxidant activity or cell survival atter UVA-ipduced steess = thus makimg our
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source ol fibroblasts fvoung donors), a feasible model. Noleworthy however are the lindings
of Kim e al {2005) who showed the doubling time of lbroblasts (from a 10 yr old donor)
were drastically attected hy passage number, with fibroblasts at passage 8 have a doubling
time of <24 h and fibeoklasts at passage 28 have a doubling time of >33 b =", In light of

these Andings, onr prmacy caliures sere only ever srown (o passage 9

32 Amm 2

The second aim was 1o quantify the amount of intracellular ROS produced following UV A-
irradiation and subsequently determine the lipid pernxidation statns, in human keratinocytes

{HaCaT cells} and fibrobiasts {primary homan dermal fibroblasts).

3.2.1 Quantification of [ntracellular RO

The floorescent probe DHR 123 was psed to quantity UVA-mduced ROS production, and

results were detenmined by FACS analysis (figure 3.3).
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Mean MI— 3 EL Mean MI— 12,60 Bfean bil= 2506
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ey EEWOINER o S 2
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E n’..! = ] 3 1] "E 1 A
ES : |
T al =
e f 1 g = 1t - e - o’ i [ 1?
e ey FLY+
{unirul FavELC 1Y TW-nmly
Mean Wi= 3654 Tlean Wi= 44049 fotean Rl — 87001

Figure 3.3 Representation of histograms penerated Iram intraccllolar ROS analvsis, using
DHR 123, following UV A exposwre in HaCaTs and HEbs. The mean floorescence (M1 is
determined from 10000 cells in each treattment group. This figure represents HaCaTs and
HFBs 24 b post-imadiation, sample groups shown tnelude control, FA vEC treated and UV-

only cells,
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In this study, exposure of HaCaTs to 22.3 J/em® UVA led to a significant increase in the
amount of intracellular ROS compared to the control (UV-only: 19.01£7.79 vs. Control:
6.33+1.88, p<0.05) (figure 3.4). This result correlates to work performed by
Shorrocks et al. (2007), who demonstrated that high doses of UVA (1000 and 2000 J/em?)
was able to generate an increase in intracellular ROS in HaCaTs **. The apparent reduction
in ROS observed in HaCaTs pre-treated with the FA vEC combination appears to be solely
due to the antioxidant activities of the vitamins. This finding correlates with work done by
Pinnell ef al. (2003) who showed that while the individual vitamins were able to confer
photoprotection, the combination was far superior 3 They reported the combination of
vitamin C (15%) and vitamin E (1%) was able to decrease sunburn cell formation (apoptotic
keratinocytes), and provide a four-fold photoprotective effect, in porcine skin exposed to
solar-stimulated radiation *'°. However, Pinnell et al. (2004, 2005) showed the addition of

208, 209 L
08, O,Whlch 1S

0.5% FA to their vEC solution was able to double the photoprotective effect
not the effect observed in this in vitro study (figure 3.4). Although FA displays radical
scavenging effects in antioxidant assay systems, where it is able to efficiently scavenge
DPPH %% 2%0- 201 superoxide and hydroxyl radicals 02 it appeared to have no effect on
intracellular ROS levels in HaCaTs, compared to UV-only cells. This may be explained by

208. 209

FA reacting differently in HaCaT cells compared to in vivo or antioxidant assay

200, 202
systems .

In HFbs, 22.3 J/em” UVA appeared to lead to an increase in intracellular ROS in UV-only
cells compared to control cells (UV-only: 68.82+£59.89 vs. Control: 27.39+7.08) (figure 3.4).
This observation was in accordance with a previous study by Polte and Tyrrell (2004) that
showed the high UVA dose of 2500 J/cm® led to an increase in intracellular peroxides in
human dermal fibroblasts '"*. Whilst the dose used by Polte and Tyrrell (2004) was
exceptionally high, a lower dose of 10 J/em® UVA has also been shown to adversely affect
human dermal fibroblasts by increasing singlet oxygen *’°. Oplander et al. (2008) further
demonstrated that whilst exposure to 25 J/ecm® UVA was able to increase intracellular
superoxide in primary human dermal fibroblasts, the addition of 1 mM vitamin C was able
to completely abrogate this effect ”’. The present study examined the effect of 22.3 J/em?

UVA on primary human dermal fibroblasts, and although a lower concentration of vitamin
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C was wsed (50 pMy, the synergistic miteraction with vitamin B and FA “ lead 10 an
apparent decrease in mrracellular ROS compared to the UV-only cells (FA vEC: 21 Y9+15.4
v, LV-only: 63 8254989} ihigure 3.4}

140
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® HFhe
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Control - FAYED  FAUY  wECLY U"r-nnl}
oy

Mean Flugrescence (arhitrary units)

Fipure 34 Graphic representation of the mean fluorescence of UV A-induced ROS in

HaCuTs and HFbs, Thata are presented as mean + 81 n=4.

Polte and Tyrrell (2{K)4) examined the involvement of lipid peroxidation in UV A-induced
MMP-1 expression in human fibroblasts ', Their shamt irradiation control for UV A-
induced ROS was in accordance with the data in this study, in thal the sham irradiated
samples illustrated a slight increase In ]ROS (lgure 3,49 This may be a resolt of an mcrease
in temperatnee, or being incubated in 1X PBS fur approximately 2 h. The lengthy irmadiation
time is a considerably long perivd {or cells to be in such a stressful environment. Work
performed by Shorrocks er gl (2007) altered their UVA dose rute (between  1000-
KK Jferr™ ) to ensure their irradiation time did not exceed 3 h, as they were concerned over
a loss of vizhility due o prolonged perivds in PBS *° They also kept their irradiation
temperatures constant (either 4 or 37°C), Mubn ef af {2003) showed that 11 15 more suitable
w irradiate cells in [x PES than in medivm such as DMEM which contwins riboflavim and

trvplophand BEPES, as these components led 1o an increase in hydrogen peroxide upan
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exposure to UVA 78, They also showed that phenol red acts as an UV A absorber rather than
a photosensitizer, and this is also not optimal in irradiation experiments 28 In conclusion,
simple buffers such as PBS are ideal solutions for irradiation experiments, provided

irradiation time is kept to a minimum.

3.2.2 Effects on Lipid Peroxidation

83. 276. 277
d

The generation of UVA-induced ROS in skin cells is well documente . Reactive

oxygen species produced as a result of UVA exposure results in an increase in lipid

83. 111 65. 112

peroxidation in both human keratinocytes and fibroblasts . To study the effect of
the FA vEC antioxidant combination on lipid peroxidation in HaCaTs and HFbs, levels of
conjugated dienes and TBARS were assayed for, being indicators of mid and late stage

peroxidation respectively (Chapter 1, figure 1.4).

In this study we found a negligible change in the levels of diene conjugation in HaCaTs
exposed to 22.3 J/em? UVA (UV-only vs. control, figure 3.5). These findings were similar to
those established by Punnonen ez al. (1991), who showed that when human keratinocytes
were exposed to 2.5 and 15 J/cm® UVA there was little change in the amount of conjugated

. 11
dienes

. Interestingly, in our study the trend observed in conjugated diene levels
throughout all the treatment groups follows the trend established in the ROS assay
(figure 3.4). Furthermore it is evident that pre-treatment of HaCaTs with vEC leads to a
substantial decrease in the amount of conjugated dienes compared to UV-only cells (vEC:
1.09+0.03 pmol/mg lipid vs. UV-only: 1.77+0.66 pmol/mg lipid) (figure 3.5), which was in
agreement with the effect of VEC pre-treatment on UVA-induced ROS production
(figure 3.4). This illustrates that the vitamins may be protecting against increasing ROS
levels, and subsequent lipid peroxidation. However, their involvement in the lipid
peroxidation process still remains to be determined, as the TBARS assay showed the
vitamins had little effect on the on the level of TBARS (figure 3.5). This was in contrast to
the effect of FA on TBARS levels, which appeared to exacerbate the harmful effect of UVA
(FA: 2.39+£2.62 umol/mg lipid vs. UV-only: 0.84£0.34 umol/mg lipid). This detrimental

effect displayed by FA pre-treatment was correlative to the ROS data (figure 3.5). It is
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evident that the TA pre-treatment is having no photoprotective effect (when compared 1o Lhe
UVoonly cells), One possibility may be that the FA is iitially able 1o benefil the cells, vet
the ferulale radicals genergted through the antioxidant activity of FA may ultimately he
having a negalive effect, However this situation is unlikely as phenoxy radicals generated
are highly stable us (he unpaired clectron may be positioned on the oxygen, or delocalized
acriss Lhe enlire modecole '™, Previous work has shown TA 1o exhibit antioxidant effects at
concentrations of less than 30 pM, which is substantially lower than the 0.8 mM osed in this
study, This showld be considered as although 0.8 mM FA displaved no cvtotoxic effects in
the HaCaTs (Fgure 3.1 the concentration may be oo high in terms of antioxidant activities,
as 11 15 known Lhat when the concentration of certain phenolic compaunds is too high, a pro-

G s - 179
oxidalive effect 18 observed =7

lipid)

B Conjugated Dienes

®TBEARS

Perosidation Prodoct (ponsdlfmyg total

Control FA vEC FA LY vEC UV UVoanly
LIy

Figure 3.5 Quantihcation of the amount of conjugated dienes and TRARS m 1TuCaTs
expressed mopmol/myg hipsd, Lighe blue; conjugaied dienes. dark blug: TRARS. Values arg

relative o the control and data are presented as mean = 5P, n=2.

In addition 1o the FA pre-treated cells baving the highest amount of TBARS comprared 1o all
rronps, Lhe UW-only cells displaved the lowest amount (figore 3250 which was in direcl

contrast 10 the findings of Pummonen ef af, (199 1 who noted a sigoificant imcrease in their

[
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human keratinoeyte cell hine at UVA doses lower than that osed in this study (2.5 and
|5 Tlem™ ws. 223 Jem™y ' This may he explained by the fact that their study utilised 4
different keratinocyte cell line (NCTC 2544), which may be maore susceptible to UIVA-

induccd peraxidation than the HaCaT kertinocytes used in this study.

lipid}

B {Tonjugated hencs
BTHRARS

Peroxidation Froduct { pmoling total

Control FA vEC FALUY vEC UV UV-only
(ALY

Figure 3.6 Quantification of the amount of conjugated dienes and TBARS in Hbbs,
expressed in pmol/mg lipid. Light purple: conjugated diengs, dark purple: TBARS. Values

are redative to the control and data are presented as mean + 8D, n=2.

In HFbs, FA vEC pre-trcated cells displaved a tigher level of diene conjugation, whilst the
lowest levels were observed in the UY-only groop (figure 3.6), The addition of the FA vEC
combimation similarly led to the highest levels of TBARS comparced 1o all other groups
(figure 360 Thos allustrmes that the anuoxidant combination had oo effect, possibly i
detnmental one 1f any, on mid- and lae-stage lipid peroxidation i the HFbs. The fuct that
there wis no sigmafieant nerease in TBARS 0 the UV-only cells was in contrast 1o work
performed by Morlicre e af (1993), who demonstrted o dose-dependent inerease i
TBARS in human dermal fibroblasts cxposed to 0-1440 Tem” UVA ™, Whilst no difterence
in TBARS levels was observed between the control, UV-only and FA-treated aroups in this

study, there was a significant increase in the amount of TRARS in cells pre-treated wilh



VEC compared to control cells (vEC: 2.7+0.07 pmol/mg lipid vs. Control: 1 pmol/mg lipid,
p<0.05) (figure 3.6). This finding was in direct contrast to the effect of the vitamins in
HaCaTs (Figure 3.5), indicating that the effects of antioxidant pre-treatment is cell type
specific. Further lipid peroxidation analysis in both HaCaTs and HFbs is required to

determine definitive results.

In previous studies, FA has been shown to lower the amount of conjugated dienes and
reduce MDA formation induced by the pro-oxidants 2,2’-Azobis-(2-amidinopropane)
(AAPH) and tert-butyl hydroperoxide (tert-BOOH) in rat liver microsomal membranes 197,
Although the conjugated diene and TBARS assays have been successfully employed in
some studies looking at UV-induced lipid peroxidation in human keratinocytes and

fibroblasts & '+ 112

, these assays are more suitable for systems where large amounts of
lipids are being analysed. The amount of total lipid obtained from a near confluent 10 ¢m®
dish, which ranged between 0.2 and 2 mg (data not shown), was insufficient to provide a
feasible trend in this particular study. This was most likely due to lipid lost during the
extraction procedure. An alternate approach could be to detect lipid peroxidation end-
products such as MDA by a more sensitive detection method such as high-performance
liquid chromatography (HPLC) '”’. Shorrocks et al. (2007) made use of a colourimetric kit
that reacted directly with lipid peroxidation end products MDA and 4-HNE * while
Calabrese et al. (2008), who studied the effect of a naturally occurring ester of FA (ferulic
acid ethyl ester) on lipid peroxidation in human dermal fibroblasts, analysed levels of 4-
HNE by western blot analysis '°°. What these highlight is that there is no ‘gold standard’

method for measuring lipid peroxidation and for any study a combination of techniques

would be needed to yield conclusive results.

197. 198, 199. 280
d , the exact

Whilst ability of FA to inhibit lipid peroxidation is well documente
mechanism of action has yet to be elucidated. Castelluccio et al. (1996) examined whether
FA exhibited its antioxidant activity from the aqueous or lipophilic phase by studying the
preferential cellular localisation of a radiolabelled form of FA ***. The majority associated

with the albumin-rich fraction of plasma, whilst a portion also partitioned between the low-
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density lipoprotein (LDL) and the aqueous phase. The FA isolated from the LDL-particle
was shown not to associate with the lipid portion, indicating that FA exerts its antioxidant
activity from the aqueous phase 0 Trombino e al. (2004) demonstrated that whilst the
combination of FA and vitamin C interact synergistically, the combination of FA and a-
tocopherol appear to act antagonistically with regards to lipid peroxidation '*’. The
combination of FA with vitamin C strongly inhibited MDA formation in rat liver
microsomal membranes, as detected by HPLC. This combination was highly efficient and
displayed activity at low concentrations of 5 uM for both antioxidants. Moreover, it was
shown that while vitamin C protected FA from AAPH-induced depletion, vitamin E
enhanced it '’. Despite this discrepancy, the synergistic interaction between 15% vitamin C
and 1% vitamin E has been shown to have a photoprotective effect against solar-stimulated
radiation in porcine skin >, and was further shown to be enhanced through the addition of
0.5% FA % *%  This may be due to FA acting as a sacrificial substrate, or perhaps the
amount of vitamin C is sufficient to simultaneously reduce the rate of FA consumption and

"2 and this absorption is

recycle vitamin E. Although FA is able to absorb UV radiation
theoretically able to provide a sunscreen effect, work performed by Pinnell er al. (2005)
shows that increasing the volume of antioxidant solution during treatment demonstrated no
dose-response effect to support the sunscreen mechanism **. It is most likely having a

photoprotective effect through its antioxidant activity.

3.3 Aim 3

The third aim of this study was to firstly establish whether pre-treatment could protect
against cell death, and if not, determine the mode of death employed by human
keratinocytes (HaCaTs) and fibroblasts (primary human dermal fibroblasts). Proteins
specific to the mode of cell death in the HFbs would then be assessed by western blot

analysis.

3.3.1 Effect of Treatments on Cell Viability

Zhong et al. (2004) found that HaCaTs exposed to 2500 and 5000 J/em® UVA were

261

extremely resistant to both apoptosis and necrosis = . This dose was substantially higher
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than the 22.3 Mem® UVA wsed in this study and expectedly there was no signiticam
difference in cell viamhoy between UV-only and control cells (figure 3.7). Furthermare, pre-
trestment with FA or vEC. individually or in combination. did nor have any cffect on cell
vighality (figure 3,70 This vesubt once agmn Hustrated the refractory natare of the HaCaTs
to UV A exposure. In 3T3s there was o sigmlicant decrease mn viasbility m the UV-only cells
compared 10 the control (UV-only: S0002+1.78% vs, Control: 5, p<0.05} (Figure 3.7).
Fre-treatment of 3T3s with FA and vEC. individually or 1in combination, had no effect on

cell viability compared to UV-only cells (figore 3.7
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Figure 3.7 Ccll viability following wreatment in HaCaTs, 3T3s and {{Fbs. Values are

cxpressed 45 a percentage of the conteol and data are presenfad as mean = 50 n=3.

In contrast w0 the HaCaTs and 3735, the HFbs displayed a significant decrease in viability in
the UV-only cells compared to the control {UV-only: 4] 88+21.1% vs. Control: [{H¥E,
pedli5) (Figure 3.7y Huzane er af (2(HH) showed a decrease in human skin fibroblast
viability tollowing UVA exposure by meuns of the metated MUT cell viability assay *7,
Their study correlated directly to the results currently observed, and reporied a decreasce in
vinbility feom 5 Yem® UVA. with a viuble population of approximately S0% at 10 Jem™ and

209 at 20 Dem® ™. The addition of FA or viEC had no effect on viability compared to the




UV-only cells; however, although cells treated with the FA vEC combination did not have a
significantly larger viable population compared to UV-only, the combination pre-treatment
was able to maintain a viable population comparable to that of control cells (FA vEC:
77.4+40.87% vs. Control: 100%) (figure 3.7). This result was in agreement with the data
obtained in this study pertaining to UVA-induced ROS (figure 3.4), suggesting that in HFbs
the reduction of intracellular ROS may protect against cell death. This conservation of cell
viability was in line with previous studies performed on human fibroblasts transiently

transfected with inducible thioredoxin '

% These cells were subjected to the MTT cell
viability assay, and showed that thioredoxin was able to decrease intracellular ROS levels
(at 10 Jem® UVA) and fully protect the cells from a decrease in viability (12 J/cm®
UVA) ', These findings are encouraging, suggesting the possibility of supplementary

antioxidants as feasible adjuvant photoprotective agents.

Unlike the protective effect demonstrated in HFbs, pre-treatment with FA vEC did not
protect against cell death in the HaCaTs and 3T3s, illustrating that cellular response to
treatment and UV exposure is cell type/ species specific. Keratinocytes are the most
superficial cells of the human body, and are the first line of defence against environmental
stressors such as UVA (Chapter 1, subsection 1.1.1). Bernerd ef al. (1998) illustrated that
UVA effects are targeted to the dermis ***. They studied the effect of 25 and 30 J/em® UVA
on in vitro reconstructed skin. Regarding the induction of cell death, the keratinocytes were
not affected by UVA, while the superficial dermal fibroblasts (obtained from a 16 yr old
breast tissue donor) were drastically altered, suggesting a differential cell type sensitivity to
UVA radiation ***. Numerous studies concerned with the UVA-induced oxidative stress
response have determined that fibroblasts offered less resistance than keratinocytes 281, 282
In addition, keratinocytes express constitutively high levels of heme oxygenase-2 and

=81 283 "which play a vital part in the defence response to oxidative stress 132 and may

ferritin
confer additional resistance to keratinocytes exposed to UVA. Furthermore,
Zhong et al. (2004) demonstrated that the high levels of resistance against UVA-induced
damage in human keratinocytes, including HaCaTs, may be due to low basal and UVA-
inducible levels of labile iron *°'. They showed the free and UV A-induced labile iron pool in

human keratinocytes is lower than that of human fibroblasts, and suggested this may
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conttribule W the resistance amanst vell death observed 1o kerabimocyies, Intracetlular ATP-
depletion s considercd a hallnwark of peceotic celt death 2 and Zhomg ef gl (2004} Turther
showed that there was no significant UV A-mediated A'TP depletion in the keratinocyles, in

contrust to the tibroblasts, which is hypothesised to further protect them from cell death =

3.3.2 The Made of Cell Lyeath

The results obfaired  from the XTT cell viability assay (figure 373 prompted the
irrvestiganion ino the mode of cell death by which the human keratinocytes and fibeoblasts
wire dyving, This was o be derernined through Annextn VO propidiom edide staaming

(flrure 3.8),
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Figure 3.8 Representation ot dot-plots generated tromn FACS analysis. using Annexin V/
propidmm Jedide staining e determine the mode of cell death. This tigure represents
HaCaTs and HFhs 24 h post-irradiation, sample groups showor include control, FA vEC

treated and UV-anly cells.



Two hours post-irradiation, HaCaTs pre-treated with FA alone or in combination with vEC
had a significantly larger viable population than the control group (FA: 64.55+3.3% and
FA vEC: 61.34£3.75% vs. Control: 44.254£5.96%, p<0.05) (figure 3.9). There was no
difference between any of the early apoptotic populations between groups, however FA vEC
pre-treated and UV-only cells had significantly larger populations of cells undergoing late
apoptosis compared to control cells (FA vEC: 25.69+£3.98% and UV-only: 26.82+1.71% vs.
Control: 19.6£2.52%, p<0.05). The necrotic population of all UV-exposed cells was
significantly smaller, than that of the control cells (UV-only: 10.39+£3.99% vs. Control:
38.42+3.95%, p<0.05). The fact that the control HaCaTs, which are vehicle-only, sham
irradiated cells, have a larger necrotic population than all UV-exposed groups may be due to
the lengthy 2 h 12 min irradiation time. As indicated previously (Chapter 3,
subsection 3.2.1) this is a long time for cells to be incubated in PBS. Although not addressed
in this study, a suggestion to reduce irradiation time would relate to increasing the spectral
power output, which would require a more powerful UV-emitting device than the one

utilised in this study.

Despite all UV-exposed HaCaTs having a significantly smaller necrotic population than the
control cells 2 h post-irradiation, at 4 h there was no variation in the any of the populations
across all groups (figure 3.9). The protective effect of VEC in the HaCaTs that was
previously observed to lower UVA-induced ROS (figure 3.4) and the amount of diene
conjugation (figure 3.5) did not appear to have an effect on cell viability 4 h post-irradiation
(figure 3.9).This indicates that the vEC may confer protection early on following UVA
exposure, as ROS and conjugated diene are detected immediately post-irradiation. If the
cells are continuously subjected to oxidative stress the vitamins may be depleted and cells
may eventually die. The percentage of viable cells at the 4 h time point correlated to the

XTT cell viability results (figure 3.7).
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Figure 3.9 CGhruphic representation of the percentages of cells, sorted into the various modes
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of cell death. tor HaCaTs at 2 h and 4 h post-irradiation as detcrmined by Anncxin V/
propidinm iodide staining. Values are expressed as a percentage of the total cell population

and data are presented as mean £ 5D, n=3.

The same result determned at the 4 b lime poinl was observed in HaCaTs at 12 h post-
irradiation, m that there was no variation amongst populations in all groops (figuee 3.10), In
HaCuTs, 24 b post-irradiation, there was a significantly smaller viable population of L1V-
only cells than control cells (UV-only: 47987 34% vs. Control: 73 1120.71%, p<O.015)
(figure 310y, which was interesting considering Zhong ef wf (20047 demonstrated that
HaCaTs were oxtremely resistant to cell death ar high doses of UVA (2300 and
3000 Iiem®) ', Cells pre-treated with the FA vEC combination, as well as UV-only cells,
had sigonificantly lgher popuiations of cells undergoing Tale apoeptosis than the control cells
(FA vEC; 32.9648.08% and UV-only; 329324977 vs. Control: 14.95+£3.39%, p<.03).
There was 1o significant difference berween necrotic populations in the HaCaTs for all
aroups. Interestingly. control HaCaT cells significantly increased their viable population

trom 2 to 24 h (Contral 2 h: 44.2545.96% vs. Control 24 h: 73 112 1.71%. p<0.035), whilst
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the viable population of the UV-only cells remained at a constant approximate 50%. The
increase in the viable population of HaCaTs is interesting as their doubling time is

265

approximately 42 h =, yet the increase takes place within 24 h. One possibility that could
explain this phenomenon may be that exposure to UVA may drive some cells into cell cycle
arrest, as ROS are known to affect the cell cycle % Whilst high doses of UVA (1500 J/cmz)
have been shown to have little effect on cell cycle progression **, it can not be ruled out that
a lower UVA dose (i.e. 22.3 J/cmz) will have the same outcome. Treatment with FA or vEC,
alone or in combination, did not affect cell viability from 2- 24 h. These data show the
antioxidant treatments have no effect on cell viability, in accordance with the XTT cell
viability data (figure 3.7), and the mode of cell death across 2- 24 h post-irradiation in
human keratinocytes appears to be predominantly via apoptosis. Interestingly these results
are in contrast to previous studies that have demonstrated the FA vEC combination is able to
effectively reduce the number of sunburn cells (apoptotic keratinocytes) in porcine and

208. 209, 210, 225. 286

human skin , as well as protect against caspase-3 and -7 activation in

» . 208. 209
porcine skin **®

. This discrepancy in results may be resolved by taking into account that
our study was performed in vitro, whilst the experiments pertaining to porcine and human
skin were in vivo studies. The fact that an immortalised keratinocyte cell line is utilised in
this study must be considered, as cellular mechanisms may be slightly different to primary
cells. Furthermore, cells in vivo are in contact with systems such as the neuro-endocrine and

8

. 287 .. . .
immune system = and these extrinsic factors must also be considered when comparing data.
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Figure 3.1 CGraphic representation of the percentages of cells sorted into the various modes
of cell death for HaCuTs 12 h and 24 h post-imadiation as determined hy Annexin VY
propidivm wedide staiming. Values wre expressed as o percentage of the Lotal cell population

and data are presented as mean + 5T, n=3.

I the Hlhs, the 2 b time point showed no dilference belween vighle, carly apoptodic and
late apoptotic pepulations in any of the groups of HFbs was obscerved thgare 300100 It was
chserved that the LY -only necrotic populstion was sigmficantly Targer than the conteol cells
(UV-only: 23914 74% v Control; 5. 1402.22%, p=(0b05), The same result was witnessed
at 4 h posi-irradiation, vel there was no difference between the necrotic populations of the
control and UV-only cells dfigure 2.11% Work performed by Dadicr er wf. (200
investizated the ettect of UVA on normal human Ghroblasts thar were iransient]y transtecied
with an expression veotor encoding human thioredoxin e They found, through Annexin W/
propidium iodide staining., the thioredoxin was able o sigmificantly reduce the number of
Annexin ¥V positive cells Gapoptotic cells) 5 h post-irradiation with 5 and 10 Jem® UVA.

Furlhermore, thev noted thar the mode of cell death shifted w necrosis al higher VA
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doses '™ Zhony et af. (2004} demonstrated that necrosis was found (o be the predominant
made of death in hwman dermal fibroblasts 4 h post irradiation”" . However, the
exceptionally high dose of UVA (1000, 2300 and SO00 J/em™) used in (heir study muost be
considered “". Bernerd ef af. (19987 demonstrated the mode of cell death in human dermal
tihroblasts, in fn vitro recenstructed skin. that received 25 Jem™ UVA underwent apuplosis
{6 h post-irradiation) 2 n lime with Bernerd er af. {1998}, the dose of 22.3 Jicem™ UV A used
in this particular study clearly resulted in predominantly apoptotic cell death (higure 3,110,
The X 1T cell viability assay rosults (figure 3.7) were expected to correlate with the 4 h-post
irradiation results obtaingd in this cxperiment, however the FA vEC combination failed to
maintain the viable population at u level similar to that of the control (figure 3111 This

discrepancy emphasizes the impertance of utilising multiple technigues (o generate feasible

results,
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Figure 3.11 Graphic representation of the percentages of cells sorted imto the various mades
of cell death for HFbs at 2 h and 4 h postarradiaten as determined by Ammexin VY
propidivm odide slaining, Values are expressed as a percentage of the total cell population

andk data are presented as mean = 50 n=3.
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Avthe 12 B time pomnt no variaoon m populabions acress 21l groups was detected, apart from
the FA vEC, vEC and UV-omly cells hoyvinge siemilicantly smaller viable populations than the
control cells (FA vEC: 2681+ (3.46%, vC: 41,6842 899%: UV-only: 42 12+16.28% s,
Control: 84 0522 07%, p<005 ] (figure 3120 This illusinues that the FA vEC and vEC pre-

trestment is hayving no protectye clTeet on cell viabality at 12 h post-arradiaoon,
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Figure 3,12 Graphic representation of the percentages of cells sorted into the varions modes
of cell death for HFbs at 12 h and 24 h post-irradiation as detormined by Annexin VY
propudivm fodide stwming, Values are expressed as a percentage of the 1otal cell population

and data wre prosented as mean + 81, 03,

In the HFbs, all groups had significanfly smaller viable populations than the control cells
(UV-only: 23.37+£3.02% vs. Controb: 32144 56%, p<0.4}3) at the 24 h Lime point
(Ngure 3,123 Cells trested with FA, alone or i combination with vEC, as well as UV-only

cells, bad significant]y smaller viable populanons than cells pre-trested wath vEC (U -onfv:
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23.372£3.02% vs. vEC: 80.38%1.83%, p<0.05). All UV-exposed groups had significantly
larger populations of cells undergoing early apoptosis compared to control cells (UV-only:
42.244.5% vs. Control: 3.83+0.51%, p<0.05). Cells that received VEC pre-treatment had
significantly less cells undergoing early apoptosis than FA pre-treated and UV-only cells
(VEC: 9.07+1.47% vs. FA: 39.16+8.25% and UV-only: 42.2+4.5% p<0.05). The FA vEC
combination treatment group also had significantly less cells undergoing early apoptosis
than the UV-only cells (FA vEC: 28.59+£3.97% vs. UV-only: 42.2+4.5%, p<0.05). HFbs that
received FA pre-treatment, as well as the UV-only cells, had significantly higher
populations of cells undergoing late apoptosis than all other groups (FA: 28.38+2.7% and
UV-only: 30.73+6.25% vs. Control: 8.71+0.59%, p<0.05). All groups of HFbs had
significantly higher numbers of cells undergoing necrosis than the control and vEC-pre-
treated cells (UV-only: 3.7120.26% vs. Control: 0.884+0.14% and vEC: 1.16+0.36%,
p<0.05). Based on these results it appears that pre-treatment with vEC is able to afford some
protection to HFbs against cell death at 24 h post-irradiation. At 2 h post-irradiation the
mode of cell death in HFbs appears to be necrosis, however by 24 h post-irradiation the
necrotic populations are negligible. At 24 h post-irradiation the necrotic fibroblast
population observed at 2 h would no longer be detectable, and 24 h is sufficient to allow for

270, 271 - - - -
, which may explain the decrease in the necrotic

the viable population to double
population and increase in the viable population over 2-24 h. . It was determined that pre-
treatment with FA vEC was able to decrease intracetlular ROS (figure 3.4), which was
detected immediately post-irradiation. This decrease in ROS did not correlate to any of the
specified time points in the mode of death assay, showing that the FA vEC pre-treatment
may afford initial antioxidant protection to HFbs, yet under conditions of persistent
oxidative stress may not be sufficient to protect against UVA-induced cell death. However,
the fact that the protective effect of the vitamins was observed 24 h post-irradiation shows
that the beneficial effects of certain antioxidant pre-treatment may only be observed at later

time point, and future studies should include an additional 48 h point to elucidate the true

protective potential of the various treatments.
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333 Apoptosis-Associated Protein Expression in HFbs

As it was clear that the HEbs displayed the mest reactivity to UV A exposire and indoction
ol cell deuth puthways after 24 b a detailed analysis of the effecr of treatments on cell death
wius undertaken. Furthermore, a tme-dependent analysis (2-24 b of apoptosis induced by
UYA and subsequent peotection by the addition of FA, individually and in combination with
vEC. is lacking in Iteratnre. Two apoptosis-related proteins i HFbs were thus studied inoan
artemp 1o elocidate the cellular response 1o the vanous treatments in more detail. ‘The Bel-2
Farely of proteins, corposing both antl- and pro-apoptotic members, mediate the cellular
lifc-or-death” switch by regulating MOMP “ 2 he family members Rel-2 and Bas were
selected as representatives oF antl- and pro-agoptoue proleins respectively. 'The Bel-2: Bax
ratio is a well-known incheator of survival, with the value being inversely proportional to the

T, T

A S ' ' = o
level of apaptosis ™" CAmount of prolein expression was determined by densitometry,

and the ratio subsequently caleulated (Ggore 3,13}
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Figure 3.13 Panel of western blol analyses over 2-24 h of the apoptotic-associated proteins
Bel-2 und Bax. Bel-2: 29 kDa, Bax: 23 kDa, p3&: 38 kDa (n=2),
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Al the 2 hoeme poant, there was no difference in the Bel-2) Bax maoos inoany of the treatment
groups comparcd 1o the contral cells (figure 3,140 Pre-treatment with FA and vIC, alone or
in combination, appears (0 have no cfficel on the Bol-2: Bax ratio, which may be explained
by the Tact that all UV-cxpesed groups are predominantly undergoing necrosis (figure 3,110,

i which caxe the Bel-2: Buax ralio would be rendered irrelevant.
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Figure 3.14 Bel-2: Bax rata deterovined o HFbs 2 W post-irradiaton. Bel-2 and Bax are
anti- and pro-apoptatic proteins respectively. Ao ratio of =1 10 indicative of survival and <1
it is indicative of apoptasis. Valves are relative to the control and data are presented as

mean £ 51, n=2.

Following a 4 h recovery peniod Lhere was a trend towards o lowered survival ratio in V-
only cells w the controd (UY-onlv: 72001 vs. Control: 114 (figure 3140 This result
correlates 1o the Annexin V/PT duta that showed the UV -only cells had a smaller viable
populalien compared 1o the comre) (foure 211 as well as the XTT viability assuy
pertormed 4 hepost irrsdistion (figere 3.7, Inerestingly the vEC pre-treated group had the
lrghest Bol-20 Bax ratoo (VEC: 22120069 ), indicating the vilamins were working to prevent
cell death, Although this effect did nol correlate 10 the XTT assay (ligure 3,71 or the FACS

analysis of cell death (figure 3.11) at the 4 h time point . this effect was abserved with the
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FACS a1 24 h post-irradiation (figure 3.12). Although the Bel-2 was up-regulated sround 4 h

pust-irradhation, its protective effect may have omly been ubserved approximarely 20 h later,
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Figure 3.15 Bcl-2: Bax ratio determined in HEbs 4 h post-trradiation. Bel-2 and Bux are
anti- and pro-apoptotic proteins respectively, A ratio of >1 it is indicative of survival and <|
it is indicative of apoptosis. Valoes are telative (o the control and duts are presented us

mean £ 50, n=2.

A study pedformed by Poursand ef ol (1997) demonstrared that ar 4 h posi-UVA exposure
{2500 and 3000 Jfl.:1112]|, averespression of Bel-2 m R rat fibroblasts was able o inhibit
apoptosis L They further showed that Bel-2 overexpression led 1o 4 significant decrease in
HO-Y levals following 100} Iiem™ UV A exposure. They sugeest Uhat Bel-2 prevents LV A-
mediated apoprosis via suppression of the production or effects of ROS. They huve further
extrapolated thar as the localisation of Bel-2 i1 in the mitochondrial membrane. this may be
the site of UVA-generated ROS invelved in 10O-1 activation and apoptosis 1 These

findings may mdicate a doal purpose for the anti-apoptotic Bel-2.

Al the 12 hrime peint there was no significant difference in the Bel-2: Bax ratio between
any of the gronps (figire 3,160 There did appear to be an increase in the ratio in the LUY-

only eclls compared to all vther groups. which was unexpected as a high value indicates a

Hy
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migh level of protection from apoptosis. At 12 h post-irradiation 30% of HPFbs were
wndergomg  apoptosis (figore 3.12) and althoush the Bel-2: Bax ratio s indicating
protection, it cannot b agnored that apoptosis is 2 mulli-pathway process and an alternate

prathway may have heen initiated (Chapter 1, figere 1133
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Figure 3,16 Bcl-2) Bax rano determined in Hbbs 12 h post-irradiation. Bel-2 awd Bax are
anti- and pro-apopiobe proteins respectively. A ratio of =1 it iy indicative of servival and <i
it ndicative of apoprosis. Valees are relative to the control and data are presented as

mean + S, n=2,

Twenty-four hours post-irradiation resnbied in no variation between the ratios of any groups
(figure 3.17). The hgher ratio in the UV-only cells once again suggested that another
apoptosis pathway may be activated following UVA-exposure. These resulls were in
disdereement with the FACS data that showed pre-treatment with vEC way able o protect
against cell death (figure 3,123, The UV-only cells exhibit a high sarvival ratio. which is in
direct contrast 1o the large amownt of apoptosis observed by Annexin ¥/ Pl stwining
{figure 3.12), again indicating 1hat an allcmale pathway of apoptosis may have heen
imtated, Bel-2 and Bax are relevant 1o this stedy as UVA Is known o indivecdy damage
cells threugh ROS. which may target the mitochondrial membrane where Bel-2 and Bax

exert their effects, However, fulure protein expression studics shonld include an additional
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30 J/em®), as well as a reduction in caspase-3 expression and enzymatic activity (at
20 J/sz) “95 Whilst this study examined the antioxidant pre-treatment of skin cells, as

. 156, 209, 294
numerous other studies have done

, 1t must be considered that post-treatment is
potential option, or possible adjuvant therapy, to combating the harmful effects of UVA-

induced photodamage.

3.4 Conclusions and Future Directions

3.4.1 Conclusions

This study aimed to elucidate the protective effects of the antioxidant combination of FA,
vitamin C and vitamin E against UVA mediated photodamage in human epidermal
keratinocytes and dermal fibroblasts. The first aim was to determine the optimal
concentration of FA for human keratinocytes (HaCaTs) and fibroblasts (HFbs and 3T3s). An
interesting dose-dependent proliferative effect was observed in HaCaTs, yet further studies
are required to determine the mechanisms involved. The concentration of 0.8 mM FA was
selected for all cell types, as this proved to be the highest concentration with the least

amount of damage observed in all cell types.

The second aim studied the effects of the antioxidant combination on UVA-induced ROS
generation and lipid peroxidation in HaCaTs and HFbs. Whilst no statistically significant
effects were observed, it should be noted that pre-treatment of HFbs with FA vEC and
HaCaTs with vEC resulted in lower amounts of intracellular ROS than cells that received no
pre-treatment. Pre-treatment with the various treatments had little effect on the lipid
peroxidation status of both cell types, as determined by the conjugated dienes and TBARS
assay. Unexpectedly FA vEC pre-treatment of the HFbs appeared to have a detrimental
effect on lipid peroxidation, as it led to higher levels of diene conjugation and TBARS
compared to untreated cells. This result will need to be confirmed by additional
experimental repetitions prior to any conclusions being made. HaCaTs pre-treated with vEC
resulted in a reduced amount of conjugated dienes compared to cells that received no pre-
treatment, illustrating that the role of the vitamins in reducing ROS may be directly related

to their protective effect against mid-stage lipid peroxidation.
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The final aim was to examine the effects of the various treatments on cell viability, and
subsequently determine the mode of cell death elicited by UVA in HaCaTs and HFbs. The
various treatments proved to have no significant effect on HaCaTs, HFbs and 3T3s, however
the FA vEC combination did appear to be providing the HFbs some protection against cell
death. The treatments did not protect HaCaTs from dying, and the predominant mode of cell
death appeared to be apoptosis. The mode of cell death employed by the HFbs was
apoptosis, and in contrast to the cell viability assay, pre-treatment with vEC displayed a
significantly protective effect against UV A-induced apoptosis. This study was expanded to
examine the expression of two apoptosis-associated proteins in the HFbs. The ratio provided
by anti-apoptotic Bcl-2 and pro-apoptotic Bax served as an indicator of survival. The ratio
was examined over a time course of 2-24 h, and although vEC pre-treated HFbs showed a
high survival index, this series of experiments served as a reminder that apoptosis is a multi-

pathway process, and other key proteins may need to be assessed in the future.

Overall, this study highlights that while intensive future work is required, there is enormous
potential in the use of antioxidant combinations, like that of FA, vitamin C and vitamin E, as

possible adjuvant therapies against UVA-mediated photodamage.

3.4.2 Future Directions

As with any research project, retrospect is often 20-20 vision, and this section aims to
suggest improvements to benefit future studies. Firstly, there are many variations in current
irradiation studies performed on human skin cells. Numerous variables are associated with
irradiation conditions, including irradiation doses (5- 5000 J/em?), irradiation medium (PBS
or colourless medium), irradiation time (0-3 h), wavelengths emitted (320-400 nm for UVA)
and temperature at which the cells are maintained (4- 37°C). Primary cell cultures vary in
the age of the donor (neonatal- 88 yrs), site of origin (e.g. foreskin, breast tissue), culture
medium and passage number. All these factors need to be considered when comparing

studies.
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Whilst elucidating the optimal concentration of FA in HaCaTs, a dose-dependent
proliferative effect was observed, which could be further examined by assessing cell
numbers (manually counting cells using a Coulter counter), or by monitoring
bromodeoxyuridine (BrdU) incorporation into the DNA. FACS analysis could also be

performed to determine if FA lead to alterations in cell cycle arrest/ progression.

As previously mentioned the irradiation conditions in this study could be altered to ensure
that cells undergo irradiation in the minimum amount of time possible. An improved light
source with greater spectral power (to decrease the irradiation time), and a thermo-stabilizer

plate to maintain a suitable temperature, should be used in future irradiation studies.

The phase contrast microscopy examining cell morphology post-irradiation allowed for the
visual examination of the effects induced by UVA exposure. Cells could be further analysed
using a nuclear dye such as 4',6-diamidino-2-phenylindole (DAPI) or Hoechst which would
have enabled the visualisation of any UV A-induced DNA damage. In an attempt to correlate
UVA-induced ROS formation and DNA damage cells could be co-stained with DHR 123,

and visualised through fluorescent microscopy.

To determine whether the antioxidant treatments were able to attenuate UV A-induced lipid
peroxidation, the conjugated dienes and TBARS assays were performed. No significant
results were established, and this may be due to numerous reasons, one of the most likely
being the extremely low amount of lipid obtained from near-confluent 10 cm? dishes (0.2-
2 mg), some possibly lost through the extraction process. In addition, the number of
biological and technical repeats needs to be increased to establish feasible trends. Other
techniques may include detection of peroxidation products through HPLC or western blot
analysis. These methods of lipid peroxidation analysis they may be superior to the TBARS

and conjugated diene assays in cell culture systems.
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In order to strengthen the western blot results, additional end-stage apoptotic markers, such
as caspase-3, could have been included. Alternate options to determining cell death may also
include caspase activity assays or lactate dehydrogenase (LDH) release assays to study
apoptosis and necrosis respectively. What remains intriguing is that exposure to UVA
undoubtedly leads to cell death, however the mode of cell death maybe be intfluenced by

various antioxidant treatments.

Discrepancies between in vivo and in vitro studies point towards the need for a unified
model. Organotypic cultures and 3D in vitro reconstructed skin models are ideal for
studying the effects of antioxidant treatments. These systems allow neighbouring cells to
interact, yet at the same time be isolated and studied individually. The encouraging findings

208. 209. 210 (i1l needs to be

of topical FA vEC pre-treatment witnessed in in vivo studies
extrapolated to an in vitro environment in order to elucidate the cellular mechanisms at play
in response to antioxidants such as FA. The in vitro examination of the FA vEC solution
would be valuable in that the treatment appears to effect cells in a cell-type specific manner.
Future work involving the FA vEC solution would be to first establish a 3D co-culture
model before examining the effects on lipid, DNA and protein damage, as well as the effects

on cell death.
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Appendix A

A.1 Cell Culture Reagents

A.1.1 Dulbecco’s Modified Eagle’s Medium (DMEM)

DMEM- 2 I:

27.06 g DMEM powder medium (Highveld Biological Pty. Ltd., JHB, RSA)
7.4 g NaHCO;

AdjustpH to 7.4

Make up to 2 I with autoclaved ddH,O

Sterilise through a 0.2 um filter and store in 400 ml aliquots at 4°C

A.1.2 Fetal calf serum (FCS)

Heat the bottle of FCS (Highveld Biological Pty. Ltd., JHB, RSA) once at 56°C for 20 min

to inactivate complement factors.

Store in 50 ml aliquots at -20°C

A.1.3 Penicillin/ Streptomycin

Final concentration: Penicillin G sodium salt (Sigma-Aldrich, Schnelldorf, Germany)

100 U/ml; Streptomycin sulphate salt (Sigma-Aldrich, Schnelldorf, Germany) 100 pg/ml

100X penicillin/ streptomycin- 1 I:

Dissolve 6 g penicillin and 10 g streptomycin in 1 | autoclaved ddH,O

Sterilise through a 0.2 um filter and store in 50 ml aliquots at -20°C
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A.1.4 10X Phosphate buffered saline (PBS)

10X PBS- 1 [:

80 g NaCl (1.37 M)

2 g KC1(0.03 M)

12.6 g Na,HPO, anhydrous (0.09 M)

2 g KH,PO,(0.01 M)

Make up to 1 1 with ddH,O and store at room temperature

Dilute to 1 X with ddH»,O and autoclave before use

A.1.5 Trypsin/ ethylenediaminetetraacetic acid (EDTA)

0.05% Trypsin (Difco, Lawrence, USA)/ 0.02% EDTA (Sigma-Aldrich, Schnelldorf,

Germany)

0.05% Trypsin/ 0.02% EDTA- 100 ml:

0.05 g Trypsin
0.02 g EDTA anhydrous
Dissolve trypsin in 100 ml autoclaved 1X PBS, then dissolve EDTA

Sterilise through a 0.2 pm filter and store in 20 ml aliquots at -20°C

A.1.6 EDTA

0.05% EDTA- 100 ml:

0.05 g EDTA anhydrous
Dissolve in 80 ml autoclaved 1X PBS and adjust to pHS
Make up to 100 ml

Sterilise through a 0.2 pm filter and store in 20 ml aliquots at -20°C



A.1.7 Cell Fixative

Glacial acetic acid (Associated Chemical Enterprises Pty. Ltd., JHB, RSA) and methanol

(Saarchem (Merck), JHB, RSA) were prepared in a 1:3 ratio.

Fixative- 100 ml:

25 ml glacial acetic acid

75 ml methanol

A.1.8 Hoechst No. 33258

Hoechst No. 33258 trihydrochloride ((2’-{4-hydroxyphenyl]-5-[4-methyl-1-piperazinyl]-

2,5’-bi-1H-benzimidazole) (Sigma-Aldrich, Schnelldorf, Germany)

Stock solution- 100 ml:

5 mg Hoechst No. 33258 trihydrochloride
100 ml 1X PBS

Stored (wrapped in aluminium foil) at 4°C

Working solution (final concentration 0.5 pg/ml)- 100 ml:

1 ml Hoechst stock solution
99 ml 1X PBS

Stored (wrapped in aluminium foil) at 4°C

A.1.9 Citric acid- disodium phosphate buffer (mounting fluid)

Mounting fluid- 100 ml:

22.2 ml 0.1M Citric acid (1.92 g citric acid made up to 100 ml with ddH,0)

27.8 ml 0.2M Na,HPO,.2H,0 (3.56 g Na,HPO4.2H,0 made up to 100 ml with ddH,0)
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50 ml glycerol

Adjust to pH5.5 and store at 4°C

A.1.10 4% Paraformaldehyde (PFA)

4% PFA- 100 ml:

4 g PFA (Spi-Chem, Westchester, PA, USA)
Make up to 100 ml with 1X PBS and heat at 50°C to dissolve

Stored in 10 ml aliquots at -20°C

A.1.1.11 XTT Reagent

XTT Cell Proliferation Kit II (Roche, Germany)

Working Reagent- 5 ml:

4900 pl XTT labeling reagent

100 pl Electron coupling reagent

A.2 Antioxidants

A.2.1 Ferulic acid

Ferulic acid (Sigma-Aldrich, Schnelldorf, Germany) was made as a 10 mM stock solution.

Ferulic acid (10 mM) — 10 ml:

0.01942 g ferulic acid
400 pl absolute ethanol

9.6 ml sterile 1X PBS

Sterilise through a 0.2 um filter and store in 1 ml aliquots at -20°C
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A.2.2 Vitamin E

35 mM Vitamin E stock- 10 ml:

151,5 pl dl-a-Tocopheryl acetate (Vitamin E) (Roche- DSM Nutritional Products,

Switzerland)
10 ml Absolute ethanol

Stored in 500 pl aliquots (wrapped in aluminium foil) at -20°C

Cells were exposed to a final concentration of 35 uM Vitamin E

A2.3 Vitamin C

5 mM Vitamin C stock- 10 ml:

0.0099 g Sodium l-ascorbate (Vitamin C) (Allied Drug Company, Pty. Ltd., Durban, RSA)
10 ml 1X PBS

Sterilise through a 0.2 um filter and store in 1 ml aliquots (wrapped in aluminium foil) at -

20°C

Cells were exposed to a final concentration of 50 pM Vitamin C

A.3 Flow Cytometry Reagents

A.3.2 Dihydrorhodamine 123 (DHR 123)

10 mg/ml (28.8 mM) DHR 123 stock solution- 1 ml:

Reconstitute 10 mg DHR 123 (Molecular Probes®, Invitrogen, Eugene, OR, USA)
1 ml DMSO

Store in 1 ml aliquots (wrapped in foil) at -80°C
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1 mM DHR 123 working stock- 1 ml:

34.7 pl 10 mg/ml DHR 123
965.3 ul DMSO

Store in 1 ml aliquots (wrapped in foil) at -20°C

10 uM DHR 123 working solution -1 ml:

10 pul 10uM DHR 123
990 pl complete medium

To be made fresh before use

A.3.3 Annexin V

Fluorescein isothiocyanate conjugated Annexin V (Annexin V-FITC) requires a usage of

5 pl/ test (as per manufacturer’s instructions).

A.3.4 Propidium Iodide

1 mg/ml Stock solution- 25 ml:

Reconstitute 25 mg stock powder (Sigma) in 25 ml ddH-O

Store in 1 ml aliquots (wrapped in foil) at -20°C

50 pg/ml Working solution- 1 ml:

50 pl 1 mg PI stock solution
950 ul 1X PBS

Store (wrapped in foil) at -20°C
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A.3.5 Annexin V binding buffer

1X Annexin V binding buffer- 100 ml:

0.2383 g 10 mM Hepes (pH7.4)
0.812 g 140 mM NaCl
0.037 g 2.5 mM CaCl,

Make up to 100 ml with ddH,O and store at 4°C

A4 Lipid Peroxidation Reagents

A.4.1 Saline

0.9% Saline solution- 100 ml:

0.9 g NaCl

Make up to 100 ml with ddH,O

A.4.2 FeCl;

0.27% FeCls solution- 100 ml:

0.27 g FeCl;.6H,O

Make up to 100 ml with ddH,O

A.4.3 Butylated hydroxytoluene (BHT)

0.22% BHT solution- 100 ml:

0.22 g BHT

Make up to 100 ml with absolute ethanol; store (wrapped in aluminium foil) at 4°C



A.4.4 Glycine buffer

0.2 M Glycine.HCI buffer pH3.6- 1 I:

15 g Glycine
800 ml ddH,O

Adjust to pH3.6 (HCI), make up to 1 | with ddH,O and store at 4°C

A.4.5 Thiobarbituric acid (TBA)

0.5% TBA solution- 10 ml:

0.05 g TBA
0.03 g SDS
10 ml ddH,0

To be made fresh before use

A.5 Protein Expression Reagents

A.5.1 Radio-Immunoprecipitation Assay (RIPA) buffer

Incomplete RIPA buffer:

150 mM NaCl

1% Triton X-100
0.1% SDS

20 mM Tris (pH7.5)
1% Deoxycholate
H,0

Sterilise through a 0.45 pm filter and store in 5 ml aliquots at 4°C
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Incomplete RIPA buffer stock- 50 ml:

1.5 ml 5 M NaCl

500 upl 100% Triton X-100
500 ul 10% SDS

1 ml 1 M Tris (pH7.5)

0.5 g Deoxycholate

46.5 ml H.O

Sterilise through a 0.45 pm filter and store in 5 ml aliquots at 4°C

A.5.2 Complete RIPA extraction buffer

Complete RIPA reagent- 3 ml:

120 ul Complete proteinase inhibitor cocktail
3 ul Aprotinin

15 ul PMSF

3 ul Pepstatin A

2859 ul RIPA buffer

Make fresh before use

Use 150 pl per 100 mm dish

A.5.3 Bovine serum albumin (BSA)

Bovine serum albumin fraction V (Roche, Mannheim, Germany)

2 mg BSA solution- 10 ml:

2 mg BSA powder

10 ml 0.9% NacCl (0.9 g NaCl and 99.1 ml ddH,0); to be made fresh before use
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A.5.4 Bicinchoninic acid (BCA) working reagent

BCA™ Protein Assay Kit (Thermo Scientific, Pierce, Rockford, IL, USA)

BCA working reagent- 10 ml:

9.8 ml Reagent A (supplied)
0.2 ml Reagent B (supplied)

To be made fresh before use

A.5.5 Resolving gel buffer

1.5 M Tris.HCl pH8.9/ 0.4% SDS- 200 ml:

36.2 g Tris
0.8 g SDS

Adjust to pH 8.9, make up to 200 m] with ddH,O and store at 4°C

A.5.6 15% Resolving gel

1 x 1.5 mm 15% resolving gel:

3 ml Resolving buffer

4.5 ml Acrylamide/bis-acrylamide (30% solution) (Sigma-Aldrich, Schnelldorf, Germany)
1.5 ml ddH,O

180 pl Fresh 10% ammonium persulphate

18 pul N,N,N’ N’-Tetramethylrthylendiamin (TEMED)

Allow a minimum of 45 min for polymerisation before pouring the stacking gel
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A.5.7 Stacking gel buffer

0.5 M Tric.HCI pH6.8/0.4% SDS- 100 ml:

5.9 g Tris
0.4 ¢ SDS

Adjust to pH 6.8, make up to 100 ml with ddH,0O and store at 4°C

A.5.8 5% Stacking gel

1 x 1.5 mm 5% stacking gel:

1.5 ml Stacking buffer

1 ml Acrylamide/ bis-acrylamide (30% solution) (Sigma-Aldrich, Schnelldorf, Germany)
3.5 ml ddH,0O

60 pl fresh 10% Ammonium persulphate

6 ul N.N,N’,N’-Tetramethylrthylendiamin (TEMED)

Insert comb immediately after pouring the gel (there should be 1 cm of stacking gel between

the bottom of the comb and the resolving layer)

Allow a minimum of 1 hr for polymerisation before removing the comb

A.5.7 Loading dye

5X Stock loading dye- 50 ml:

1.75 g Tris

30 ml Glycerine

Make up to 40 ml with ddH,O and adjust to pH 6.8
5gSDS

Make up to a final volume of 50 ml with ddH,O



Fresh loading dye- 200 pl:

100 pl 5X Loading dye
50 pl B-Mercaptoethanol
50 ul 0.025% Bromophenol blue

Diluted to 1X accordingly for individual protein samples

A.5.8 Tank buffer

10X Tank buffer stock- 1 1:

30.2 g Tris
144 g Glycine
10 g SDS

Make up to 1 I with ddH,O and store at room temperature

1X Tank buffer working solution- 1 1

100 ml 10X Tank buffer stock

900 m!l ddH-,O

A.5.9 Transfer buffer

10X Transfer buffer stock- 1 1:

144 g Glycine
38 g Tris

Make up to 1 1 with ddH,O and store at 4°C
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1 X Transfer buffer working solution- 1 1:

100 ml 10X Transfer buffer
700 ml ddH>O

200 ml Methanol

To be made fresh before use

Cool to 4°C before use

A.5.10 Tris-buffered saline with tween (TBS-T)

10X TBS-T stock-11:

60.5 g Tris
87.6 g NaCl
Adjust to pH 7.4

Make up to 1 1 with ddH,O and store at room temperature

1X TBS-T working solution- 1 I:

100 m] 10X TBS-T stock
900 ml ddH,0O

1 ml Tween20

A.5.11 Fat-free milk

5% Fat-free milk solution- 10 ml:

0.5 g skim milk powder
Make up to 10 ml with TBS-T

To be made fresh before use
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A.5.12 Chemiluminescent substrate

SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific, Pierce, Rockford,

IL, USA)

Chemiluminescent working reagent- 2 ml:

1 ml Stable peroxide solution (supplied)
1 ml Luminol/ enhancer solution (supplied)

To be made fresh before use

A.5.13 Developer

Developer working solution- 500 ml:

100 ml Developer (AGFA Healthcare, Belgium)
400 ml H,O

Store in the dark at room temperature

A.5.14 Fixer

Fixer working solution- 500 ml:

100 ml Fixer (Illford Rapid Fixer, AGFA Healthcare, Belgium)

400 ml H;O

Store in the dark at room temperature



Appendix B

B. 1 Mycoplasma Testing

Mycoplasma, a genus of bacteria that lack cell walls, are mostly unaffected by antibiotics

»_ Every alternate passage, cells were set aside for mycoplasma testing.

such as penicillin :
Cells were grown on coverslips (22x22 mm, Marienfeld, Lauda-Konigshofen, Germany) in
35 mm® dishes for approximately 3 days. Medium was removed and cells were rinsed with
1X PBS before being placed in a fixative solution (Appendix A) for 5 min. Hoechst working
stock (Appendix A) was added to the fixed cells for 6 min in the dark at room temperature.
The coverslip was rinsed with 1X PBS and mounted onto a slide (Marienfeld, Lauda-
Konigshofen, Germany) using mounting fluid (Appendix A). Slides were viewed using the

DAPI filter (excitation: BP 365/12; emission: LP 397) on the fluorescent microscope (Zeiss
Axiovert 200M).

B.2 Cell Counting

Trypsinized cells were re-suspended in 4 ml of complete medium in a 15 ml tube. A
coverslip was placed onto the haemocytometer (Neubauer improved bright-line, Marienfeld,
Lauda-Konigshofen, Germany) and 8 pl of suspended cells was placed on both halves of the
haemocytometer. Cells in two quadrants on each half of the cytometer were counted and the

average number of cells/ pl was calculated.
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