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Abstract

Abstract for a PhD thesis submitted in September 2016 at the University of Manchester
by Nisamanee Charoenchon titled “Can green tea catechin supplement protect against
photoageing?”

Photoaged skin caused by chronic ultraviolet radiation (UVR) is characterised clinically by
hyperpigmentation, coarse skin texture and deep wrinkles; the worst outcome is skin cancer.
Histological investigation of the alteration within major extracellular matrices (ECM; elastic
fibres, fibrillar collagens) is an essential study to understand the cellular effect on skin structure
from UVR. This thesis used an acute dose of radiation to examine in humans in vivo the effect
of UVR on ECM components before assessing whether a dietary intervention could protect skin
from UVR damage. Green tea catechins (GTCs) have anti-oxidant properties and may be an
interesting option as a systemic photoprotection agent. Hence this thesis assesses: 1) the effect
of acute irradiation of skin on dermal ECM damage to see whether it mimics the changes
observed in photoageing and; 2) whether dietary supplementation with GTC will provide dermal
ECM protection.

UV-induced change in elastic fibre network. Initially, the effect of two different UV light sources
on elastic fibre protein (elastic fibres, fibrillin-rich microfibrils and fibulin-2 and -5 microfibrils)
remodelling was performed. The effect of UVB vs full-spectrum solar simulated radiation (SSR)
was investigated in a small sample of healthy Caucasian volunteers (n = 6 per group). At 24
hour after 3x MED irradiation, Weigert's resorcin—fuchsin (WRF) stained elastic fibres showed a
significant reduction regardless of irradiation protocol (UVB, P<0.01; SSR P<0.05). Specific
components were identified by immunohistochemistry; a significant reduction in fibrillin-rich
microfibrils (FRM) was observed in UVB irradiated skin (P<0.05), whilst fibulin-5-positive
microfibrils were only affected by SSR (P<0.05). The data revealed, therefore, differential
effects on UV wavelength on ECM remodelling. SSR, the more physiologically relevant light
source was used in subsequent studies.

Supplement effect in SSR-induced damage in elastic fibre. Fifty healthy volunteers were
recruited to this randomised control trial to investigate whether GTC can protect skin from
photodamage. Volunteers were randomized to GTC (1080 mg plus 100 mg vitamin C; n=25) or
placebo (maltodextrin; n = 25) daily for 12-weeks with compliance assessed biochemically in
urine samples. Of the n = 50 recruited, 44 volunteers completed the study. At baseline, UVR
challenge resulted in a significant remodelling of the cutaneous elastic fibre system (P<0.001),
particularly fibulin-2 and fibulin-5-positive microfibrils at 24-hr after 3x MED irradiation. After
supplementation, fibulin-5 positive microfibrils were protected from UVR remodeling (% staining,
mean = SE; no UV, 18.1+0.89; UVR, 17.1+0.61; P=0.30) whilst no protection was seen in the
placebo group (no UVR, 19.41+0.79; UVR, 17.69+0.61; P<0.05).

Supplement effect in SSR-induced damage in collagenous matrix. In the identical experiment,
collagenous matrices including synthesis of procollagen | (pCl) was also examined as fibrillar
collagens are the major ECM components providing strength within dermis. The fibrillar collagen
and newly synthesised pCl were stained by Picrosirius red (PSR) and immunohistochemistry
(IHC) respectively. At baseline, acute irradiation significantly reduced papillary dermal fibrillar
collagens (P<0.001) and induced deposition of newly synthesised pCl (P=0.02).
In post-supplementation, GTC enhanced the deposition of thin collagen fibres in the dermis.
Whilst placebo showed no effect on the altered organisation of fibrillar collagens or deposition of
pCl following the irradiation challenge, GTC protected the organisation of fibrillar collagens in
the papillary dermis (P=0.97).

This novel in vivo human study may be used to recapitulate elastic fibre and collagen changes
associated with photoageing and may be useful for dissecting out the mechanisms underlying
extracellular matrix damage in response to chronic sunlight exposure. Furthermore, in a
randomized control trial, dietary GTC protected fibulin-5 microfibrils and collagen fibres in the
papillary dermis from UV-mediated degradation. The mechanism by which this protection occurs
requires further study.
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Chapter 1 — Introduction

1.1 Function and structure of skin
1.1.1 Functions of skin

Skin has many functions. The first is thermoregulation; in response to changing environmental
temperatures, it is essential for humans to maintain thermal homeostasis [1]. The skin is an
excretory organ; small amount of water, salts and several organic compounds (component of
perspiration) are excreted by sweat glands [2]. Sweat glands in skin can help decrease
temperature by releasing sweat to the skin’s surface, allowing evaporation when the body
temperature becomes too high. In contrast, skin can preserve heat when body temperature falls
by reducing blood circulation from the skin and extremities [3]. Secondly, the skin provides a
physical, chemical and biological barrier. Skin physically separates the body from the
environment, secretes the acidic pH 4-6 anti-bacterial proteins, i.e., defensins and cathelicidins,
and provides a habitat for normal bacterial flora that prevent outgrowth of pathogenic bacteria
[4, 5]. The skin also contains abundant sensory nerve ending and sensory receptors that detect
stimuli related to temperature, touch, pressure and pain [6]. It monitors immunity, primarily via
the Langerhans’ cell of the epidermis, an important component of the immune system, which
identifies potential foreign antigens [7]. Finally, the skin synthesises vitamin D; the exposure of
skin to ultraviolet radiation (UVR) initiates synthesis of the active form of vitamin D, a substance
that aids in the absorption of calcium and phosphorus from the gastrointestinal tract into the

blood [8].
1.1.2 Structure of skin

Structurally, the skin comprise of 2 main compartments supported by the hypodermis or adipose
fat layer: the outer epidermis and inner dermis. The epidermis is composed of an epithelium and

is attached to the deeper, thicker, connective tissue dermis [9].
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1.1.2.1 Epidermis

The epidermis is a keratinized stratified squamous epithelium containing 4 types of cells
arranged in 4 or 5 layers [10], (figure 1.1). In most regions of the body the epidermis has four
layers and is called thin skin. Thick skin occurs where exposure to friction is greatest, such as
on the palms and the soles; five layers appear in thick skin. The five layers of strata from the
deepest to the most superficial are: stratum basale, stratum spinosum, stratum granulosum,
stratum lucidum and stratum corneum. The stratum basale is a single layer of cuboidal or
columnar keratinocyte: the cells undergo differentiation, during which cells formed in the basal
layer are pushed to the surface. As the cells move toward the surface they make keratin,

a protein that helps protect the skin and underlying tissues. These basal cells are capable of
continued cell division [10]. The epidermis also contains melanocytes, which have long slender
projections extending between the keratinocytes and transfer melanin granules to them.
Melanin is a brown-black pigment that contributes to skin colour and absorbs damaging
ultraviolet radiation (UVR) [11]. In addition, Langerhans’ cells and Merkel cells are located in
this layer. Langerhans’ cells arise from red bone marrow and migrate to the epidermis, where
they constitute a small proportion of epidermal cells. They participate in immune responses.
Merkel cells are the least numerous of all cell types in the epidermis, they are located in the
deepest layer of epidermis, where they contact the flattened process of a sensory neurone
(nerve cells) and function in sensation [6, 7]. The stratum spinosum consists of 8 to 10 layers of
many-sided keratinocytes with spine-like projections. Langerhans’ cells and projections of
melanocytes also appear in this layer. The stratum granulosum contains about 5 layers of
flattened keratinocytes with granules that release lipids that functions as a water-repelling
sealant [12]. The secretion retards both loss of body fluid from the epidermis and entry of
foreign materials into the epidermis [13]. The stratum lucidum consists of about five layers of
clear, flat, dead cells and is present in only the thick skin of the palms and soles. The final layer,

the stratum corneum (SC), consists of 30 layers of flat, dead keratinocytes [9].
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Figure 1.1: Five principle layers in epidermis of human integumentary system.

The stratum basale contains stem cells which divide by mitosis to produce daughter cells which transit to
superficial layers. Merkel cells disperse also in this layer. Next, the stratum spinosum is mostly occupied
by keratinocytes (KC) which produce keratin fibres. The Langerhans’ cells and melanocytes are inserted
among these KCs, though are much less frequent. Stratum granulosum, the third layer, is where
keratohyalin granules are synthesised and contained in envelope form. In thick skin, the stratum lucidum,
an additional layer comprised of many dead cells packed with keratohyalins, is found. At the superficial
surface, the dead keratinocytes of the stratum corneum are shed (from Tortora, 2001 [14]).

1.1.2.2 Dermis

The dermis is the second principle component of skin and composed of loose connective tissue
or extracellular matrix (ECM) containing collagens and elastic fibres. The combination of these
fibres gives the skin its strength, extensibility and elasticity. There are various cells types in the
dermis, the main cell being fibroblasts (FBs), but it also contains nerve cells and circulating cells
of the immune system (e.g. T-cells, dermal dendritic cells, macrophages and mast cells) (see
review at [15]). The dermis is sub-divided into 2 regions: the superficial papillary dermis and the
deeper reticular dermis. The papillary dermis is the dermal area around the dermal papillae;
these papillae help to maintain skin integrity by increasing surface area and cause ridges in the
epidermis which produce fingerprints on the fingers which help us to grip objects. Veins and
arteries are scattered throughout the tissue [16], as are blood capillaries (which are organised
into superficial and deep plexus), corpuscles of touch (Meissner‘'s corpuscles) and nerve

endings [9].
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The inner reticular dermis consists of dense irregular connective tissue, adipose tissue, hair
follicles, nerves, oil glands and sweat glands. It is attached to the underlying bone and muscle
by the subcutaneous layer [14], (figure 1.2). The arrangement of collagen in the dermal ECM

provides strength for the skin with elastic fibres giving the skin extensibility [14].

Macrophage \\ Eosinophil
Ground >
substance Fibroblast
Reticular Elastic
fibre
fibre
Adipocytes Plasma
Collagen cell
fibre
Neutrophil
Blood vessel Mast cell

Figure 1. 2: Diagrammatic representation of the dermal ECM.
The cartoon shows the various cells and fibres contained in connective tissue (from Tortora, 2001 [14]).

As well as collagen and elastin, the dermal ECM also contains glycosaminoglycans (GAGS),
proteoglycans and glycoproteins and functions to support the tissue. These molecules all play

important roles in the function of dermal tissue.

1.2 Sun reactive skin type by Fitzpatrick scale

Fitzpatrick skin type is the most widely used method to characterise skin responses to UVR. It is
based on three features: non-irradiated skin colour or pigmentary phenotype; skin response to
UVR (likelihood to burn) and history of tanning [17]. This provides a six-point scale by which a

dermatologist can categorise someone’s skin (table 1.1 and figure 1.3).

Table 1.1: Classification of skin tone based on Fitzpatrick scale.

Skin type | Skin tone Skin response to UV History of Tanning
I Pale white Always burn Never
Il White Always burns easily A little
11 Light brown Burns moderately Gradually
v Moderate brown Burns minimally Well
Vv Dark brown Rarely burns Profusely
Vi Deeply pigmented | Never burns N/A
dark brown to black

Table adapted from Gogia et al 2013 and Fasugba et al 2014 [18, 19].

15



() N

\
3 & &
\\"QQQ (,,\5‘02@,@ & QQ%(\
© S & Lo ° @ SRS
N £ W & & & &
éoé. RN Q,\)\Q 6\(\ %OQ \\é @\Q‘b ‘\\‘/ ‘b‘;\ 6} \(\0 5 @Q
& o O D R\ N
' o o W O Yo

| Il ] v \' Vi
Pigmentary
- phenotype

(b) B White
Mixed/ Multiple Ethnic Groups
Asian/ Asian British
B Black/ Africa/ Caribbean/ Black British
Other Ethnic Groups

Figure 1.3: The schematic of correlation between quantity of melanin in epidermis and skin
phenotypes and pie chart data.

(@) Schematic describes the increasing amounts of epidermal melanin in different ethnic skin types
(Fitzpatrick scale I-VI). (b) Pie chart of census data identifies the proportion of skin types of the resident
population in England and Wales. Image adapted from D’orazio et al 2013 [20] and White, 2011 [21]
respectively.
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1.3 Extracellular matrices

1.3.1 Collagenous matrices

Collagens are the major insoluble fibrous protein components in connective tissues throughout
the human body and are mainly synthesized by FBs [22, 23]. Collagens are categorized into 28
different types depending on their supramolecular structure, for example: fibril forming,
anchoring fibrils and network-forming [24]. Various collagens are found in diverse tissues and
organs, and the types of collagens expressed gives the tissues their various functions [25].
Fibril-forming collagens types I, Il, lll, V and XI are the most abundant fibrillar collagen
assemblies [26-30]. Collagen VI is a microfibril-forming collagen that is thought to maintain
muscle and skin integrity and functions as the intermediary for connection between cell-cell and
cell-matrix [31-33]. It is thought that type VI collagen is involved in the control of tissue growth
and remodelling [31]. Other forms of collagen are relatively minor components of tissues;
however every collagen type plays a specific role in the matrix. For example, collagen VIl is
found in anchoring fibrils, found specifically close to the basement membrane zone and
attaching epithelial tissue layers to their underlying stroma [34]. Specially collagen VII not only is
produced by epithelial cells but also by epidermoid carcinoma cell line, transformed amniotic
cell line and fibroblasts [35], (figure 1.4b). Collagen IX is a FACIT collagens (Fibril-Associated
Collagens with Interrupted Triple-helices); these are thought to act as molecular bridges and
help in the organization and stability of extracellular matrices [36]. This class is linked to
thrombospondin (another extracellular matrix protein; see review at [37]), to form networks

(figure 1.4a).
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Figure 1.4: The categories of collagen families classified by the their supramolecular structure.
(a) Distinct collagens form different type of assembly. (b) Systematic relationship among various forms
of collagen at DEJ. Image adapted from Ricard-Blum 2011 and Chung and Uitto 2010 [24, 38].

Collagen types which are thought to be specifically located and play vital roles in skin are

described in table 1.2.
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Table 1.2: Collagen assemblies with functions in dermal ECM.

Type i%lfr?t?fication Function Area specification References
I Fibrils (diameter Tensile Strength Dermis (main feature [26, 27]
~40-100 nm) in reticular dermis)
I Fibrils  (diameter Tensile Strength Boundary zones of [27]
~20-40 nm) the dermis that lack
thick fibre bundles,
such as around blood
vessel or area
adjacent to DEJ
\ Network forming A component of Lamina densa of BM [39]
basement membrane
(BM) and induce
cytoskeletal
rearrangements
\% Fibrils Determination of fibrii Basal and periderm [28, 30]
(inconsequential structure cells of the epidermis
component to and dermal cell
COL type | and Ill) surfaces
Vi Beading filament < Cell-cell and cell- Papillary dermis [33, 40, 41]
forming matrix communication immediately  below
* Regulates ECM DEJ
assembly and
fibroblast motility
VII Anchoring fibrils Attach cells to DEJ DEJ [42, 43]
XVII Transmembrane Formation of BM [44]
hemidesmosomes
XIX fibril-associated Formation of BM [45-47]

collagens with
interrupted  triple
helices

specialized BM
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Collagen synthesis and assembly

Collagen molecules are made up of three separate a amino acid chains to form a triple helical
collagen molecule. These a chains are encoded by more than 45 genes and the resultant

proteins are packed firstly into fibrils and then into thicker fibres [25, 29], (figure 1.5).

(@)

Collagen fibrils Collagen molecules

(triple helices)

a-chains

Collagen fibres

amino acids chains

(b) Gal

Collagen al{”
Type | a2«

Gal-Glu

Gal-Glu  Gal-Glu Gal Gal-Glu Gal-Glu
Collagen
Type ll 01{

Gal

Collagen {

Gal-Glu

Figure 1.5: Assembly of fibrillar collagens.

(a) The collagen fibres are formed from small subunits. Firstly the amino acids which are the smallest unit,
are composed into an a chain and introduced into a triple helix formation (composed of three a-chains per
helix). Then the collagen molecules/helices are be arranged into collagen fibrils. Lastly, these fibrils
aggregate into collagen fibres. Image adapted from Cradto 2016 [48]. (b) Three types of collagen are
compared to show the type of the a-chains in the triple helices and associated glycosylation patterns;
collagen type | is comprised of 2 a1(l) alpha chains and 1 a2(l) chain to form a heterotrimer whilst collagen
types Il and 11l are homotrimeric, that is all three chains are made up of the same molecule.
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Fibrillar collagens are dominant proteins in the bodies of vertebrates [49]. The primary amino
acid sequence conforms to a regular repeating pattern of ‘glycine—X-Y* to produce a right hand
helix; the glycine position (hydrophobic residue) is usually fixed whereas X and Y can be any
amino acids, though they are frequently proline and hydroxyproline [50]. The synthesis process
starts with the production and secretion of procollagen which is subsequently processed to the

mature collagen fibre [51], (figure 1.6).

Rough ER Golgi
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~ OH OH N C / \
Processing —> e = EJ Processing | — E
\ OH  Alignment Helix formation y \ _J
,,v"“““\l
= ~\
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3 Exocytosis \-‘ Nonpeptide
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Extracellular matrix —— L_J”"J-—\'“ _J,.,_
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Collagen fibre M.-L‘_ "'l,,l— \'__’_'/
e —— T

Figure 1.6: Collagen synthesis.

Procollagen is synthesized by fibroblasts in the endoplasmic reticulum. Triple chain of amino acids binds
together with disulphide bonds to form helical shape as amino propeptides. Then it would be delivered and
contained in the Golgi body and continuously released into ECMs as collagen fibre subunits, which
aggregate into completed collagen fibre in the ECM. Image adapted from Lodish et al 2000 [23].

Procollagen molecules have 2 termini: carboxyl terminal (C-terminal) and amino terminal
(N-terminal) propeptides. The C-terminal peptide has a non-collagenous (NC) domain whilst the
N-terminal peptide has both NC and a shortened collagenous (COL) domain. The number of
COL and NC domains are specific to each type of collagen [25]. C- and N- terminal domains
induce the process of collagen fibril clustering, resulting in the formation of tropocollagen.

Unique enzymes are needed for synthesis of each collagen fibre type [51], (figure 1.7).
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Figure 1.7: The processes of generating mature collagen.

Procollagen C- and N- termini were cleaved by procollagen peptidase.. These tropocollagens are cross-
linked to form into mature collagen fibres (aldo and aldo-histidine cross-links). Image adapted from
Bhattacharjee and Bansal 2005 [52].

Factors, particularly tissue biomechanics, can influence the structure of the molecule, for
example, the diameter of collagen fibre and the ground substance (glycosaminoglycans; GAGS)
in which it sits. The amount and variety of collagen within a tissue is not static and alters in
response to increasing age - soluble collagens have been shown to decline progressively whilst
insoluble collagen may increase [53]. Importantly collagen synthesis and deposition can alter in

response to internal or external (environmental) stimuli.
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1.3.2 Elastic fibres

The second important fibre present in the dermis is the elastic fibre. The basic molecules in
elastic fibres are elastin protein and the microfibrillar glycoprotein, fibrillin [54]. Fibrillin-rich
microfibrils (FRM) enclose elastin to stabilize the elastic fibre [55]. The special characteristic of
elastic fibre is, as its name suggests, elasticity or recoil, allowing this fibre type to flexibly stretch
and contract [56]. This property usefully helps various tissues to perform their function, e.g.

walls of blood vessels and lung that need to enlarge in size [14].

The characteristics of elastic fibre system's architecture was commonly observed in 3 types
which vary in different depths of dermis and proportion of two major proteins: FRM and elastin.
Candelabra-like structural fibres, oxytalan fibres represent more plentiful FRM than elastic in
papillary dermis area where is the closest area to DEJ. Elaunin fibres which contain
approximately half and half between two main proteins appear in standing upright and link the
oxytalan fibres to the elastic fibres with much higher elastic fibre contain than FRM in the

reticular dermis [57].

Elastin is highly hydrophobic; the precursor of elastin, tropoelastin, is a single polypeptide chain.
It has different isoforms dependant on alternative splicing allowing the protein to play specific
roles in in different tissues (tissue-specific functions; [58], (figure 1.8).

D Hydrophobic domains
I Crosslinking domains

24 6 8 1012 14 16 18 20 22 24 2628 3032

H,N COOH
A = — Alternative splicing

Figure 1.8: The organization of elastin.
The protein has both hydrophobic and crosslinking domains from Kielty et al 2002 [59].

Fibrillin-rich microfibrils are composed of the large multiple domain glycoprotein fibrillin
(350 KDa) [60]) Three isoforms of fibrillin have been identified: fibrillin-1, -2 [61] and -3 [62],
(figure 1.9). Fibrillin-1 is the most abundant isoform and is the main constituent in FRM, with a
proline-rich hinge region [63]. Fibrillin-2 is glycine-rich [61] has been found in initial stage of
development; fibrillin-3 is enriched in proline and glycine residues [64] as is found in brain
tissue. In cross section, the microfibril is thought to be made up of eight fibrillin-1 monomers [54,

65] in developed tissue.
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Figure 1.9: Fibrillins and fibulins are composed of repeating domains.
(a) The comparative chart of multiple protein domain organization within in fibrillin-1,-2 and -3. (b) Similarity
of protein alignment of fibrillin to fibulins (-2,-4 and -5). Image adapted from Robertson et al 2011 [66].

Proteins in the fibulin family have been found to share some similarity or overlapping domains

with both the fibrillins and tropoelastin (see review in [67]); fibrillin-1 has been shown to interact

with fibulins through an N-terminal binding site [68]. Five different fibulins have been discovered

to date (table 1.3). Fibulin-1 is thought to have multiple different isoforms [69], (figure 1.10).

Table 1.3: Proteins of the fibulin family

Isoform*

Fibulin-1A
Fibulin-1B
Fibulin-1C

Fibulin-1D

Fibulin-2

Fibulin-3
(S1-5, EFEMP1)
Fibulin-4

(EFEMP2, PH1, MBP1)
Fibulin-5

(DANCE, EVEC)

Species
Human
Human

Human
Mouse

Human
Mouse

Human

Mouse

Human
Mouse

Human
Mouse

Human
Mouse

No. of amino-acid residues*

537 (29)
572 (29)

(
(
656 |
(
(

367 (23)
367 (23)

Accession number’
NM_006487
NM_006485

NM_001996
X 70853

NM_006486
NM_010180

NM_001998
AHO11811
NM_007992

NM_0041056/ NM_018894
NM_146015

NM_016938
NM_021474

NM_006329
NM_011812

protein

1.,

*Alternative names are given in parentheses.*The number of amino acids in the predicted mature protein and in the
signal peptide (in parentheses) is shown. $The accession number refers to information in the GenBank database (see Online links).
DANCE, developmental arteries and neural crest epidermal growth factor (EGF)-like; EFEMP, EGF-containing fibulin-like
extracellular matrix protein; EVEC, embryonic vascular EGF-like repeat-containing protein; MBP1, mutant p53-binding

Each fibulin isoform has specific protein size that was discovered in mammalians such as human or mice.
The smallest isoform with only 327 amino acids is fibulin-5 while the largest one is fibulin-2 with 1,157 or
1,204 amino acids. From Timpl et al 2003 [67].
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Figure 1.10: The domain structure of the fibulin family of proteins.

Every fibulin is basically composes of 3 domains (I, Il and IIl). Long microfibril fibulins are type 1, 2 and 6
whereas the short microfibril fibulins are types 3, 4, 5 and 7. In fibulin-1, the various subgroups display 4
different COOH-terminal modules (FC module; isotypes A-D). Fibulin-2 has a characteristicN-terminal
domain: cysteine (Cys)-rich sector (Na) and a Cys-free sector (Nb). Fibulins-3, -4 and -5 share structural
similarities with modified calcium-binding (cb) epidermal growth factor (EGF)-like module at amino
terminus (domain I; as seen in fibrillin molecules). Domain Il or modified cbhEGF-like modules or a central
rod-like elements is inserted between C- and N- terminals. Fibulin-6 and fibulin-7 revealed distinct domain
I. Fibulin-6 has complex domain | with sequences, hence, it contained 5,635 amino acid residues [70]. The
novel fibulin-7 contained Il and Ill domains homologous to those in the fibulin family, however, it
additionally displays sushi domain at the N terminus. AT=anaphylatoxin-like. Image adapted from Timpl et
al 2003 [67].
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Fibulin-1 was identified histochemically in 1995 as an intercellular component of connective
tissue, abundantly found in tissues rich in elastic fibres, i.e., dermis, cervix and blood vessels.
This protein shared immunoreactive characteristics with elastin and fibrillins when stained by
either fibulin-1 antibodies or Verhoeff's elastin stain [71]. Fibulin-1 specifically locates to the
amorphous core of elastic fibres, however, it does not co-localise with FRM in mature elastic

fibres (which surround the elastic fibre) [71].

Fibulin-2 also shares homology in domain structure with fibulin-1, both binding calcium and
extracellular ligands [72]. This isoform is the largest of the family with a size of 195-kDa [73].
Fibulin-2 and -5 have been shown to interact with fibrillin-1 and tropoelastin based on the
evidence of formation process of ternary structural protein of recombinant fibrillin-1, fibulin and
tropoelastic molecules [68]. Fibulin-2 is expressed in various adult body sites, for example, the
heart, the neural system and skin [74-76]. Expression in the skin is high and can be seen in the
epidermis, at the basement membrane, and as discrete structures in the dermis and
subcutaneous layer [77]. In 2001, Hunzelmann and colleagues concluded that fibulin-2 and
elastin are closely related; additionally the team confirmed that this protein is influential to

elastic fibre and microfibril formation [73].

Fibulins-3, -4 and -5 share similarity of structure (central segment of 5 cbEGF-like modules) and
size [67, 78]. These fibulins were subsumed in the short protein fragment which related to
interaction between two proteins of the protein composition in basement membrane and ECMs
[79]. In 1999, Giltay and the team reported that fibulins-3 and -4 showed closely similarity with
fibulin-1 type C and have short amino acid residues 487 and 443 amino acids respectively in
human. Yet these two fibulins did not have cross-reactivity [78].The same study also revealed
the localization of fibulins-3 and -4 in adult mice as being in vessel walls, in basement
membrane zones and some other extracellular regions. Specifically fibulin-4 shows high
expression in heart valves (though less than fibulin-1), veins, arteries (even in small capillaries)

but fibulin-3 was only found exclusively in small capillaries.

Fibulin-3 could also be detected in close proximity to cardiomyocytes, where fibulin-1

expression is rare.
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Fibulin-5 is a small isoform at ~66KDa and is expressed with elastic fibres in elastogenic organs
(aorta, lung and skin) [80]. Fibulin-5 is connected to elastic fibre development (see review at
[79] but did not directly relate to elastic fibre recovery following wound healing [81]. However,
fibulin-5 was suggested to be a protein reporter for early UV-induced skin damage as well as
being associated with intrinsic skin ageing [82]. In 2009, the role of fibulin-5 were reported
based on a gene knockout (Fbin5-/-) study in mice. The results showed that fibulin-5 controlled
the aggregation and elongation of tropoelastin monomers and in microfibril bundle formation

when associated with elastic protein [83].

In a similar way like other proteins in the fibulin family, fibulin-6 (or hemicentin-1) functions to
link ECM to cellular components at basement membranes of epithelia and blood vessels [70].
Fibulin-6 was found in studies to impact on migration of cardiac fibroblast [84] and was

expressed in human salivary gland epithelial cells [85].

The most recently discovered family member is fibulin-7 or TM14; this localies to teeth,
cartilage, hair follicles and extraembryonic tissues of the placenta. This proteins impacts on
odontoblast differentiation including dentin development. Specifically fibulin-7 is thought to link

dental mesenchymal cells to odontoblasts as a dental ECM adhesion molecule [86].
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1.4 The clinical feature of ageing skin

Skin ageing can be separated into two clinical phenotypes depending on the underlying cause
of the ageing process. The first is intrinsic ageing, the changes that occur because of increasing
time. The other is extrinsic ageing; this is concerned with impact of various external

environmental factors which induce changes to human skin.

Intrinsic ageing causes a slow decline in structure and function of skin. The changes relate to all
aspects of skin (biological, chemical and physical). Two important extrinsic factors that can be
harmful to skin are UVR from any light sources and smoking; these factors are influential in skin
ageing, causing characteristic alterations which are different from those seen in intrinsically
aged skin. The clinical features of both intrinsic and extrinsic ageing are compared and shown
in table 1.4 [87].

Table 1.4: The comparison of aged patterns between intrinsic aged skin and extrinsic aged skin
(from Langton et al 2010 [87]).

Intrinsically aged skin Extrinsically aged skin

Fine wrinkling Coarse wrinkling
Smooth texture Roughened texture
Clear complexion Sallow complexion
Uniform pigmentation Mottled pigmentation

Gradual loss of elasticity Marked loss of elasticity

In intrinsically aged skin, the skin appears pale and has delicate wrinkles. Even though the
general skin texture is smooth and unblemished, the wrinkles are incidentally found with
magnified expression lines. Intrinsically aged skin is drier and has decreased elasticity than
young skin. In extrinsically aged skin, we observe deep and course wrinkles with changes in
pigmentation (hyper- and hypo-pigmentation). Extrinsically aged skin is less elastic and less
capable to reshape. The outcome of extrinsic skin ageing by UV exposure is termed

photoageing [88], (figure 1.11).
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Figure 1.11: Clinical features of aged and photoaged human skin.

Intrinsic aged skin reveals fine wrinkles on smooth texture skin surface without any pigment spots like the
skin area under the neck base line. On the contrary, the neck skin which had severe sunlight exposure
demonstrates the skin patterns of photoageing (a). The characters of extrinsic aged skin show coarse
wrinkles, toughened texture with many pigment spots (b) (from Watson and Griffiths, 2005 [88]).

1.5 The histological features of ageing skin

1.5.1 Intrinsically aged skin

Epidermal skin thickness declines gradually as it ages [89]. Moreover, the numbers of cells, e.g.
fibroblasts, are reduced [90]. The structure of the dermal-epidermal junction (DEJ) becomes

more flattened [91].

1.5.2 Extrinsically aged skin

Some skin sites are always exposed to environmental factors such as sunlight. The prolonged
UVR exposure results in photoageing. After acute sunlight exposure, skin can be burned
(inflammation or erythema) and acute UV exposure can suppress the immune system. Long
term (chronic) UVR exposure can damage dermal connective tissues and may result in skin

cancer [87, 88].

29



1.6 Optical cutaneous irradiation

1.6.1 Ultraviolet radiation properties and its impacts in human skin

Ultraviolet radiation (UVR) contains UVA, UVB and UVC light categorised by way of wavelength
(table 1.5). UVR travels from the Sun to the Earth’s surface and can affect all life; however, only
UVA and UVB penetrate to the Earth’s biosphere [92, 93] while UVC is filtered out by the ozone
layer [94, 95]. Hence the remaining electromagnetic radiation of UVA and UVB affects biological
structures [96] and impacts on skin function [94, 97]; detail of UVR are summarised in figure

1.12-1.13.

Table 1.5: Wavelength of three spectrum regions of different UV types based on timeline reports.
Image adapted from Diffey, 2002 [98].

First report in Copenhagen meeting Normal definition and use by
of the Second International Congress environmental and dermatological
on Light held during August 1932 photobiologists
UVA 400-315nm 400-320nm
UVvB 315-280nm 320-290nm
uvc 280-100nm 290-200nm
Radiation type X-rays Ultraviolet — Visible light Infared

Frequency
1018 102 Hz
Wavelength (A) 100 150 200 250 300 350 400 nm
Photon energy High Low
X-rays Ultraviolet radiation (UV) Visible
uvc [uve] uva light

Figure 1.12: The electromagnetic spectrum specific to UV length and nearby radiation type.

Three types of UV (UVA, UVB and UVC) are covered in wavelength 100-400 nm. However, only UVA and
UVB are present on the earth surface because UVC is filtered out by the ozone layer in the earth
atmosphere. Image adapted from Matsumura and Ananthaswamy 2005 [99].
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Figure 1.13: Differential terrestrial UVA and UVB in summer of UK on a clear sky day.

(a) and intensity of terrestrial UVR in clear sky at noon in summer season at latitude of 38°S compared to
those from solar simulator (b). The SSR source was from xeno arc filtered with a WG320 (2 mm thick)
and UG5 (1 mm thick) filter (from Diffey, 2002 [98]).

The efficacy of each UV wavelength to penetrate skin depends on it is wavelength and
energetic properties (table 1.6). The solar spectrum contains around 6% UVB (290-320nm),
a much smaller proportion than UVA (320-400nm; approximately 94%; [98]. Biologically UVB
has more diverse and potentially severe effects on both plants [100] and animals [101] than
UVA. The stratum corneum absorbs about 70% of all UVB that radiates to the skin’s surface
whilst approximately 30% penetrates to the deeper layers [102]. This is due to its photon energy
matching to biological chromophores, i.e., proteins, melanin and DNA [103, 104]. Even though
UVA has less energy, its higher amount in sunlight may influence different changes in skin after
UVB has been filtered out by the epidermis [92], such as by influencing the production of
reactive oxygen species (ROS;[105] which can affect biological molecules in an indirect

manner).
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Table 1.6: Relation of estimated depth in fair Caucasian skin and the wavelength of
solar ray penetration

Wavelength (nm) Depth (um)

250 2

280 15
300 6

350 60
400 90
450 150
500 230
600 550
700 750
800 1,200
1,000 1,600
1,200 2,200

Table from Anderson and Parrish, 1981 [94] .

1.6.2 Advantages of UVR in human skin as an influence on vitamin D synthesis

UVR, specifically UVB, plays a key role in the synthesis of cholecalciferol or vitamin Dsin human
skin. Vitamin Ds is involved directly with bone heath [106, 107] as cholesterols in skin are
converted to the hormone calcitriol which controls calcium, phosphorus and bone metabolism
[108], (figurel.14). The major factor in vitamin D3 deficiency is dependent on the lack of UVR in
daily life [109]. In 2016, Farrar et al reported insufficient vitamin D3 production in an adolescent
white Caucasian group (n=131; 12-15 years old) because of low sun exposure behaviour in the
UK even though testing was in the peak of summer and this negatively affected bone mineral
density (BMD) [110]. As well as reduced vitamin D3, reduced exposure to UVR has been linked
to other health problems, such as ovarian cancer [111, 112], autoimmune diseases (e.g.
rheumatoid arthritis [113], psoriasis [114] and Lupus Erythematosus or SLE [115], hypertension

and infectious diseases, all of which may affect quality of life [109].
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Figure 1.14: Vitamin D3 (D3) synthesis diagram.

Previtamin D3 is derived by the action of sunlight (UVR) on 7-dehydrocholesterol. Thr previtamin is
converted to the vitamin D3 in the skin, where it binds to its cognate binding protein, DPB, allowing
trafficking to the circulation. Image adapted from Holick et al. 1980 [116].

1.6.3 Vitamin D sufficiency

Appropriate doses of natural light provide benefit; essential levels of vitamin D to maintain
health is only 1 minimal erythemal dose (MED) of sunlight equivalent to 600-1000 IU of vitamin
D ingestion. Hence vitamin D synthesised from irradiated hands, arms, and face by natural
sunlight (~5 minutes for skin-type-2 adult in Boston at noon in July) in the spring, summer, and
autumn equals to 1/3 or 1/2 of a person’s MED, two to three exposure times per week are

thought to be suitable to make enough vitamin D [117].

Reichrath (2006) suggests exposing no more than 18 % of total body surface area for ~5
minutes (adult skin type IlI; Boston, MA, USA; at noon in July; [118]. However, excessive

exposure and chronic repetitive exposure both cause skin problems.
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1.6.4 Erythema (sun burn)

Skin damage from over dose of strong sunlight irradiated on skin brings about mild clinical signs
such as cutaneous redness (figure 1.15) that is sore, warm, tender and itchy. These basic
symptoms can last at least a week. However, in serious cases skin can be burnt with blistering
or swelling [119].

UV irradiated skin shows a biological response via dermal vasodilatation and immunological
mechanisms [120, 121] that can be observed as skin burn or erythema [122]. Erythema is
noticeable redness of UV-exposed skin and is observed at approximately 24 hour after UV
radiation [121, 123] and able to be measured level of skin sensibility to UV by MED that referred
blood content flowing in the superficial dermis and standard erythema dose (SED) which is

similar measurement but dose of UVR will be fixed at 100J/m? representing 1 SED [122].

Figure 1.15: Cutaneous erythema response of human skin to UV exposure.

(a) Burnt neck skin (upper neck) and cloth protected skin (lower neck) in the individual, image adapted
from National Health Service, 2015 [119]. (b) Forearm skin appears noticeably red after 24hr radiation
from 1x MED (left) and darker red in higher doses at 2x (middle) and 3x MED (right). Image adapted from
D'Mello et al (2016) [124].
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1.6.5 Natural cutaneous chromophores in human skin

UV is known to interact with a number of biological molecules in the skin including DNA,
urocanic acid (UCA), some amino acids, melanin and their building block and metabolites.
These chromophores have the capability to transfer photon energy within the molecule to
produce excited electrons (for review see [104, 125], (figure 1.16)). This phenomenon is
capable of causing damage to the molecules themselves and surrounding proteins, including

protein assemblies in the ECM.
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Figure 1.16 : Absorption of energy causes damage to biological tissues.
Photon from UV radiation impels the photon receptors of chromophore, such as melanin, DNA and singlet
oxygen species through energy transferation and brings about diverse mechanism. Image from [126].
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1.6.5.1 DNA

Although the significant mutagenic waveband is in UVC (range 200-290 nm), UVA and UVB still
clearly cause DNA damage [104]. UV induced-DNA base mutation produces pyrimidine-
pyrimidone (6-4) photoproducts (6—4PPs) [127] and cyclobutane pyrimidine dimer (CPDs)
formation [128]. If DNA photoproducts are not repaired, they can result in cell death [129],

mutation induction and onset of carcinogenic events [130].

1.6.5.2 Melanin

Melanin absorbs energy from UVR and so acts as a natural ‘sunscreen’, stopping at least some
of the UVR energy penetrating deeper into the skin [131, 132]. Melanin absorbs in the UVA and

UVB (280-400 nm). UV exposure also stimulates melanogenesis.

1.6.5.3 UCA

UCA is a key biological photoreceptor found in cutaneous epidermis. Trans-UCA is synthesized
from histidine by deamination and is capable of photoisomerization by UVR to cis-UCA (see
review at [133]). Cis-UCA is thought to be a mediator for immunosuppression as it binds to

serotonin [5-hydroxytryptamine (5-HT)] receptors [134].

1.6.5.4 Amino acids

There are twenty amino acids which are precursors for protein synthesis. However, only five of
them (tryptophan (Trp), tyrosine (Tyr), phenylalanine (Phe), histidine (His) and cysteine (Cys))
can absorb energy from UVR and so function as chromophores in ECMs [135]. Such UV
chromophores are major components of the proteins found in the elastic fibre system; the
primary amino acid sequence of fibrillin-1 contains about 20% UV chromophores and this is

thought to play a role in their early loss in photoageing (see review at [136, 137]).
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1.7 Alteration of collagen matrix and elastic fibre system in photo aged skin

Photoageing in skin is thought to occur from repeated doses of UVR over a long period of time

and affects both the epidermis and dermis.

1.7.1 Changes to the collagen matrix in photoageing

Chronic ultraviolet radiation has the capacity to induce molecular alteration in skin fibroblasts
which results in a deterioration of their function. In intrinsically aged skin, fibroblasts have less
ability to produce collagen fibres [138], resulting in short length collagen fragments [139].
In addition, the cell’s ability to bind collagen is reduced and the fibroblasts may become
detached from the fibre [140]. A number of biological processes occur when skin becomes
photo exposed, including augmentation of AP-1 and subsequent MMP expression, oxidization
of biomolecules and diminution of collagen synthesis [141]. The basic components supporting
cell structure in dermis is type | and type lll collagen [142]. However, in 2004, Quan and
colleagues [143] reported that UVR exposure is capable of initiating pCl production and also
induces prominent changes in collagens such as abnormal fibre organization, fibre bundle
separation and fragmentation. Therefore, UVR exposure has the ability to damages collagen in
two ways: repression of the procollagen producing pathway and collagen degeneration.
However, topical all-trans retinoic acid (tretinoin) treatment has been shown to partially restore
the collagenous matrix from UVR-induced damage by inhibiting matrix metalloproteinases [144,

145).

1.7.2 Elastic matrix

One of the distinguishing features in photoaged skin related to elastic tissue is the occurrence of
solar elastosis. Solar elastosis is a disordered assemblage of great amounts of elastic material
in the reticular dermis [146-148]. An early event in the photoageing process is loss of the
microfibrillar apparatus of elastic fibres at the DEJ [57, 149]. These microfibrils are made up
mainly by the glycoprotein fibrillin-1 but also contain other proteins, for example, fibulin-5 [82].
The two major repeating domains in fibrillin-1 are calcium-binding epidermal growth factor- like
(cbEGF) domains [65] and a single TGFB1-binding protein-like (TB) domain [150]. This structure

is maintained by Cys-Cys disulphide bonds which are instantly disintegrated by UVB radiation
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[54, 151]. Moreover at the boundary of the DEJ, oxytalan fibres (fibrillin-rich microfibrils) are
degraded early in the photoageing process. In spite of detectable fibrillin-1 fibres, by using
immunohistochemical method, the structure and quantity of this fibres have been altered that

microfibrils are less in number than in normal healthy UV-protected skin [87], (figure 1.17).

@) (b) (€)

Figure 1.17: The fibrillin microfibrillar network of healthy skin and in photoageing.

Unexposed skin area of buttock in young adult (a) shows an intricate system in bundles of fibrillin-1-
positive microfibrillar (arrow) that start from DEJ then coagulate to elastic fibres in reticular dermis. In
intrinsically aged photoprotected buttock skin (b) we see an identical organization to those skins in young
adult of bundles of fibrillin-1-positive microfibrils (arrow). In addition epidermis is thinner and has lost the
curves of papillae at the DEJ. (c) Photoaged skin old adult demonstrates thin epidermal layer similar to
intrinsically aged buttock skin and a marked loss of fibrillin-1-positive microfibril bundles (arrow head).
Measurement scale bar is 50 um (from Langton et al. 2010 [87]).

1.7.3 Potential mechanism

Studies have demonstrated wrinkle formation in hairless mice following regular UVB irradiation.
UVB is able to increase the expression of the enzyme ‘fibroblast elastase’ or membrane-bound

type metalloprotease [152] by inciting cytokine secretion in keratinocytes [153].

The ECM may be continually damaged owing to the UVR-induced secretion of enzymes from

neutrophils, for example MMPs-1, -8 (neutrophil collagenase), -9 and neutrophil elastase.

Hence the neutrophil is one of the most important cell types involved with photoageing process
[154]. Ultraviolet radiation appears to play a key role as the starter in cellular mechanism, via
the induction of MMPs. In 2010, Sherratt [135] and team suggested that at low dose (20-100
mJ/cm?) UVB is able to change molecular structures in isolated fribrillin-1 microfibrils in vitro but

not collagen type I. At this dose of UVB-irradiation impacts on both mature and maturing
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microfibrils. It is also possible that an acellular process is also initiated by UVR, so dividing ECM

degradation into indirect and direct mechanisms [155], (figure 1.18).
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Figure 1.18: Potential ways UVR can disrupt protein.

The effect from UVR exposure can induce ECM degradation in two possible ways: cellular and acellular
pathways. Firstly, UVR influences enzyme activation (especially MMPs) which are involved with
demolishing the ECM. Secondly, UVR interacts to create reactive oxygen species, then these molecules
can degrade ECM called ‘indirect’ way whist UVR exposes to skin and is adsorbed my amino acid in ECM
called ‘direct’. Image adapted from Thurstan et al. 2012 [136].

The mechanism of pCl suppression involves the ubiquitous multifunctional cytokine,
transforming growth factor-B (TGF- B) as pC production controller [156, 157]. The cellular
pathway operates by TGF-f binding to a complex of TGF-B receptors type | (TBRI) or type Il
(TBRII) on the cell membrane. Receptor/ligand binding activates serine/threonine kinase activity
which has the potential to phosphorylate Smad-2 and -3 and form a complex with Smad-4. The
phosphorylated Smad complex may then be transferred to nucleus to initiate specific gene
transcription. These genes, for example COL1A1, are regulated by TGF-B via their promoters
(figure 1.19). Hence TGF-B is a key molecule in the control of ECM synthesis. Experiments in

mice show that if TGF- 31 is over expressed, fibrosis results [143].
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Quan et al. (2004) reported that UVR has the potential to suppress the expression of pCl.
In addition, it decreases expression of TBRII significantly [143]. However, irradiation does not
affect the expression of mMRNA of TBRIl or protein levels. However, when experiments were

repeated in human skin in vivo, the results revealed that UVR reduces TRRII mRNA expression.
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Figure 1.19: The pathway of type | procollagen regulation at the cellular level involving
transforming growth factor-g (TGF- B).

Complex of TGF- B type | (TBRI) and TGF- B type Il (TBRII) on the cell membrane (a) is the receptors for
TGF- B. When TGF- B binds with TBRII, it causes enzyme “serine /threonine kinase” activity of TBRI to
activate (b). The function of activated enzyme is to phosphorylate Smad 2 and Smad 3 to combine with
Smad 4 (c). Then compound molecules have been moved to nucleus eventually (d) as regulator of type |
procollagen genes.

Skin may also be subject to direct UVR damage. The energy from UVR may induce chemical
alteration in chromophores or the energy may be passed from chromophores to other adjacent
molecules instead. It may also result in the production of reactive oxygen species (ROS) which
damage essential biological components in tissue such as proteins, lipids and DNA. The free
radical theory of ageing [158] suggests that ROS, by products from oxidative metabolism, in
cells has great efficiency to damage key biomolecules. The oxidized DNA contributes to
mutagenesis generation [159]. The oxidized proteins cause alterations in structure and function
[160]. The oxidized lipid which is a main component of cell membranes results in decreasing

chemical transportation and signal transduction.
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1.8 Photoprotection

The consequences from photoageing cause a range of skin symptoms from mild (signs of
premature aged skin) to severe (melanoma and non-melanoma skin cancers). Hence avoidance
and protection of skin from UV is the best way to reduce a person’s risk of skin problems
caused by UV. Though wearing appropriate clothes efficient photoprotection can be provided
[161], particularly in summer, and in areas near the equinoctial line. However, clothing is only
one way of protecting the skin; photoprotective agents and supplementation play a role in

preventing UVR effects in daily life.

1.8.1 Sunscreen

The topical application of sunscreen as a photoprotective agent is a well-known option to
improve and protect skin from UV. The chemical compounds popularly used in sunscreens are
divided based on their photoprotective mechanism into inorganic and organic sunscreens (see
review at [162]). Inorganic sunscreens are inert compounds, for example, zinc oxide and
titanium dioxide, used to reflect UV to reduce UV photons penetrating into skin [163]; organic
sunscreens are aromatic compounds bonded with carbonyl groups which will absorb photon

energy [164].

A study in a Japanese population showed that use of a chemical sunscreen with UVB sun
protection factor (SPF) of around 30.4 and a UVA protection factor of 8, comprised of six
chemical UV absorbers for 18 months, maintained skin health (number of spots and uniformity
of skin colour tone) compared to those who did not use sunscreen [165]. However, sunscreen
improvements in the cosmetic market by adding natural extracted ingredients, such as aloe
vera, evening primrose and green tea which have antioxidant property, may enhance sunscreen
capability (see review at [166, 167]) and may be further developed to replace chemical
sunscreen that might cause skin problems from long term use [168]. Nevertheless topical
sunscreens may be inappropriate in some skin conditions such as skin with an underlying
clinical complaint or sensitive or oily skin [169]. Topically applied sunscreens may also cause
contact dermatitis, phototoxic and delayed hypersensitivity reactions, cross-sensitivity reactions

including discoloration and staining of clothes (see review at [170]).
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1.8.2 Systemic photoprotection

The oral consumption of supplements for photoprotection have been studied and discovering in
both human and animal models to be an alternative choice to prevent photoageing [171-174].
Many studies have investigated natural or organic products, such as plant and herb extracts
[175], vitamins [176, 177] and food or drink [171] for convenient consumption, potentially

providing photoprotection with less toxicity.
1.8.2.1 Vitamin C

Vitamin C or ascorbic acid is a six-carbon compound which humans cannot synthesise because
of a lack of the key enzyme, L-gulonolactone oxidase. Deficiency of vitamin C results in ‘scurvy’
characterised by fatigue, bleeding gums, red-blue skin spots and poor wound healing responses
[178, 179]. The recommended dietary allowance (RDA) of vitamin C from any sources (food,
drink or supplement) thought to maintain normal health is 60 mg/day [180], whereas the
suggested optimal dose is around 200 mg/day [181]. Despites some researchers reporting that
vitamin C had antioxidant properties, some experiments also show that high dose vitamin C
(500-1000 mg/day for 1-2 months; combined with other vitamins A or E) did not exhibit a benefit
on oxidative marker suppression [182, 183]. Particularly consumption of only vitamin C at 500
mg/day for 8 weeks had no effect on the mild oxidative stress seen in human skin following

UVR exposure [184]. Vitamin C is also required for the synthesis of collagen [185].
1.8.2.2 Polyphenols

Polyphenols can be defined as ‘compounds containing more than one phenolic hydroxyl group’
(Oxford English Dictionary, online edition, accessed 15" September 2016), and are generally
found in plant food stuffs i.e. green beans, various legumes, apples, oranges, chocolate, red
wine, coffee and tea [186-188] which have antioxidant activity correlating with the amount of
phenolic compounds they contain [189-191], (figure 1.20). They are thought to be beneficial to
health, enhancing the body’'s antioxidant capacity and are often taken as a dietary supplement
[192-199]. More recently, they have been suggested to have anti-ageing effects (see review at
[200]), with potential, in a cosmetic application, to support skin maintenance and improvement

of appearance (see review at [201, 202]).
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The Polyphenolic family
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Figure 1.20: Classification flow chart of subdivided groups within polyphenolic family
from Petros, 2014 [203].
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1.9 Green tea catechins (GTC)

1.9.1 Green tea sources, chemical ingredient and processing

Tea (Camellia sinensis L.) has many varieties which are extensively grown in south-east Asia
and in India. It is a well-known beverage for more than 3,000 years in China. Wild type tea
possibly originated from southern part of China or Indonesia and Assum. In the 18th century,

teas began to be produced in a much larger large scale in India and subsequently have been

introduced into other geographical areas such as Africa [204], (figure 1.21).

Figure 1.21: lllustrations of tea (a-e).

Tea is a woody evergreen shrub categorised in the family Theacea. This plant can maximally grow to 15-
metre heights in wide type. Generally tea height in cultivation for traditional purposes is kept about 0.6-1
metre for convenient harvesting of the tea tip and young leaves [205]. (a) Completed mature branch of tea
read for pollination displayed in 17th century books; (b) Dry tea specimen collected in herbarium sheet
format from Stephen Welsh (Curator of Living Cultures at Manchester Museum); (c) tea tip with young
leaves; (d) tea flower and (e) short tea shrubs. (a) Painting adapted from Lettsom, 1799 [206] and (b-e)
images adapted from Jemma, 2015 [207].
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The parts of the tea plant used for beverage manufacturing are the leaf buds and young leaves
[208]. The popularity of tea has consecutively increased due to taste and aroma [205], so that

tea markets have been expanded (table 1.7).

Table 1.7: Tea consumption.
The expansion of tea consumption measured in million pound spreading in non-producing countries
around mid-19th century over a seven year period.

Countries 1995 1962
UK 464 510
Ireland 26 24
Netherlands 16 19
The Union of Soviet -- 27
Socialist Republics

Other Europe 31 59
Total 537 639

Image adapted from Eden, 1965 [209].

Although tea consumption has oscillated in the UK, tea demand is increasing about 10%
per year [209]. About 30 year later, the demand for tea beverage worldwide continually
increases and this results in multiplying tea production in many countries [210],

(figure 1.22).
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Figure 1.22: Tea production of various areas of cultivation in 1996 was roughly displayed as
2,610,569 metric tons. Image adapted from Balentine et al 1997 [210]).
Until 2009, more than 3 billion cups of tea were consumed around the world [211].

And since then tea industrial production has increased every year (figure 1.23).
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World Production of Tea, 2009-2013
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Figure 1.23: Tea production, 2009-2013.

Different processing (mainly fermentation) produces two kinds of tea: unfermented green tea and
fermented black tea [208]. Bar graph displays that demand for black tea and green tea is increased among
worldwide customers. Hence the sources of tea products can be conveniently purchased. Image adapted
from Chang, 2015 [212].

Tea is abundant in polyphenols, which are estimated to be approximately one-third of young
leaves’ dry weight [208]. Fermentation uses digestion of the tea with, among other enzymes,
pholyphenoloxidase, which digests catechins; hence, green tea is catechin-rich whilst black tea
is catechin-poor. Green tea is processed by passing through stream just for 15-20 seconds; the
temperature is then quickly reduced, hence the green appearance of young leaves is preserved

[204, 209].

Polyphenols are secondary metabolites found in diverse plants. Their function is thought to
protect the plant against UV and pathogens. There are four subgroups of polyphenol: phenolic

acids, flavonoids, stilbenes and lignans [213], (figure 1.24).
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These are divided in to 4 classes (left side) which are phenolic acids, flavonoids, stilbenes and lignans.
The dominant biochemical ingredient in green tea is flavonoids (right side) which has sub-group in
polyphenol ‘catechins’. Image adapted from Balentine et al 1997 [210] and Pandey and Rizvi 2009 [213].

Flavanols are extensive in green tea, the major sub-group being flavanoid. In fresh green tea

leaves these comprise four major catechins: (+)-Catechin, (-)-Epicatechin, (-)-Epicatechin

gallate, (+)-Gallocatechin, (-)-Epigallocatechin, and (-)-Epigallocatechin gallate [208, 210], (table

1.8 and figure 1.25). Many foods, especially fruits, are rich in molecules which are thought to

provide health benefits, such as various vitamins (A, E and C) which have the capacity to

protect skin from free radicals caused by UVR exposure [176, 177, 214].

Table 1.8: Chemical elements of fresh green tea leaves measured in % dry weight

(+)-Catechin 1-2
(-)-Epicatechin 1-3
(-)-Epicatechin gallate 3-6
Total16-30

Table adapted from Harler, 1964 [208]

(+)-Gallocatechin 1-3
(-)-Epigallocatechin 3-6
(-)-Epigallocatechin gallate 7-13
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Figure 1.25: The chemical structure of six components in catechin group.

o

(+)-Catechin and (-)-Epicatechin have the basic structures of the group. The molecular weight of
Epicatechin is higher than another because of the hydroxyl group which replaces the single hydrogen
molecule (arrow). (-)-Epicatechin gallate and (+)—Gallocatechin have an additional hydroxyl group in the B
ring. The —gallate group are appended by a gallic acid group in pyran ring by esterification from Graham,

1992 [215].
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1.9.2 Medical advantages of green tea relating to health

Green tea consumption may have abundant medical benefits. Firstly, it contains high
concentrations of flavonoids and catechins which act as antioxidants to prevent damages in
tissue [216] and cells [217]. Secondly, in vitro experiment of green tea catechins indicated that
catechins stimulate apotosis in cancer cells to prevent against their expansion, via the
suppression of nuclear factor-kappa-B (NF-kB) expression, a member of the family of
transcription factors involved mainly in stress responses, immunity and inflammatory [218].
Furthermore, these compounds oppose tumour development [219]. Some in vitro and in vivo
experiments have shown that green tea polyphenols have potential anti-cancer properties.
For example, the effect of GTC treatment have been shown to restrain the growth of lung
carcinoma cells in mice [220]. High rate of green tea consumption reduced risk breast cancer

and preventive effect in [221].

The main catechin, (-)-Epigallocatechin gallate (EGCG), reduces the ability of cancer cells to
attach to each other; EGCG can inhibit carcinoma cells sticking to endothelial basement

membrane which is composed of fibronectin and laminin [222-226].

GTCs also appear to suppress the growth of bacteria, and so impacts upon diseases such as
diarrhea and influenza [227] . Lastly, it diminishes cholesterol levels in blood. LDL cholesterol
oxidation are reduced in in vitro studies [228, 229]. The dominant pharmacological property of
catechins is the reduction of cholesterol which has been seen experimentally in both rats and

human [230-233].

1.9.3 Advantages of green tea specifically to skin health

Presently green tea is not only wide-spread in cuisine and beverage for its aroma and colour,
but it also is thought to provide benefits to skin (taken topically or orally). There have been many
such experiments reported to provide beneficial results in skin protection in both human and

animal models.
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In 2001, Kim and team studied a hairless mouse model to see whether EGCG affected collagen
and collagenase expression. They topically applied green tea in vivo after UVA radiation and
showed that EGCG could protect skin against collagen degradation following multiple dose of
UVA exposure 3 times/week in total period of 10 weeks. The mRNA encoding MMP-1 (human
collagenase) declined in expression with ECGC treatment; hence collagen in the dermis was
preserved. Fibroblasts in vitro showed the increasing of fibrillar collagen synthesis after UV
radiation; however, when EGCG solution was added in fibroblast culture, the synthesis was

reduced [234].

In 2004, Vayalil and colleagues studied the histopathology of SKH-1 hairless mouse skin
following chronic UVB exposure. Initially mice were dosed with GTC 10-20 mg per day via
drinking water before observation. Normally, mouse epidermis is very thin; following chronic
UVB exposure the epidermis becomes hyperplastic (two times as thick as normal skin).
Additionally, the size of sebaceous glands increase and the skin contained vacuoles. The skin
of mice irradiated but treated with GTC histologically appeared more like that of untreated mice.
Hence, GTC appeared to protect skin from chronic UVB exposure. Immunohistochemistry was
used to establish whether protein oxidation occurred in skin following UVB irradiation. The result
showed that GTC was capable of reducing protein oxidation in skin in those mice which had

been treated with GTC and irradiated chronically with UVB.

Oral GTC consumption also reduced the expression of MMPs-2, -3, -7 and -9 the main MMPs
which can remodel collagen | and Ill in the dermis and collagen IV in the basement membrane

of the DEJ [235, 236] .

In the same study, Vayalil and co-workers studied the effect of GTP in vitro on human skin
fibroblast HS68 cells. The cell line was irradiated with UVB at 30 mJ/cm”. The results showed
that GTP acts as an antioxidant to prevent UVB and H,O,-mediated damage to proteins. The
results showed that higher concentrations of green tea were the more protective than lower

doses.

The topical application of green tea (at a concentration of 2.5 mg/cm2 skin) was studied using

an acute irradiation system to assess its effect on oxidative DNA damage in man. Skin was
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pretreated topically with green tea 15 minutes before and immediately after UVR exposure
(SSR). The results showed that in green tea-treated skin, epidermal Langerhans’ cells were
preserved and there was reduced nuclear staining for 8-hydroxy-2' -deoxyguanosine (8-OHdG)
which is a biomarker of oxidative stress [237, 238]. This study also reported that this effect was

not via the green tea cream acting as a sunscreen (measured as sun protection factor 1 only).

In addition, human adult skin fibroblasts (84BR) incubated with green tea at concentration of
250 uM for 1 hr before UV irradiation could be protected from UV-induced DNA damage [175].
In the same study, 10 healthy participants were recruited to provide peripheral blood samples;
volunteers who were assigned to drink 3 cups of green tea (2.5 g of pure green tea)
continuously after irradiation demonstrated lower levels of DNA damage comparing to those

who drank green tea prior to irradiation.

In the same year, a double-blinded study used a combination of topical product (10% w/w) and
oral green tea (300 mg green tea supplement) in women (n=40) twice a day for 6 weeks.
This study showed a benefit in skin elastic fibre content and clinical signs of photoageing

[239]

1.9.4 Role of green tea extract in collagen and elastic fibre protection

In vitro it has been shown that an excess of GTCs (100 times) can protect the structure of
extracted collagen | when exposed to an external UVA light source (330 nm wavelength; [240])
compared to untreated collagen. However, collagen contains few UV chormophores [135] and
so very high doses of UVR must be given to produce any effect on the structure of this protein;
hence, the potential benefits of GTC on protecting collagen remains unclear. In the same year,
Madhan et al (2007) reported inhibitory ability of GTCs on the activity of Clostridium histolyticum
collagenase IA (ChC) by interfering with the enzymes secondary structure at high
concentrations. Hence, collagen showed less degradation in the presence of enzyme when
incubated with both catechins and EGCG [241]. A year later, the in vitro experiments by Bae
and colleagues studied the activity of human MMPs derived from human fibroblasts in culture
and concluded that GTC impacted on MMP activity by blocking ROS and the JNK, p38 and
ERK1/2 signalling cascades, all of which have been implicated in ECM turnover and

remodelling in photoageing [242], (figure 1.26).
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Figure 1.26: Potential model of GTC inhibition of direct and indirect photoageing mechanisms.
Diagram of photoprotective effect from EGCG on UVB-induced ECM damage in dermis. The cascades
leading to produce MMPs which have ability to breakdown ECMs are bog down from EGCGs as blocker in
between the reaction. ASK-1, apoptosis signal-regulating kinase-1; ERK1/2, extracellular signal-regulated
kinase 1/2; JNK, c-Jun N-terminal kinase; p38, p38 mitogen-activated protein kinase. Image adapted from
Bae et al 2008 [242].

Another mechanism by which GTCs may protect ECM from damage is the reduction of ROS via
electron transfer [243], (figure 1.27); hydroxyl groups on phenolic rings A and B can perform
electrochemical oxidisation. The study in 2002 by Cren-Olivé et al stated that —OH groups in

benzene ring B are better electron donors than those in ring A [244], so quenching ROS activity.

OH O-
H HO O
i <, H*
OH OH
(+)-catechin semiquinone
o]
o
o -, -H
OH

quinone

Figure 1.27: The oxidation of catechins.

Two site of pharmacophores: catechol group in benzene ring B and resorcinol group in benzene ring A
provide their —OH groups from each ring are independent and unconjugated. Additionally the other
hydroxyl group is in ring C specifically in position 3. Image adapted from Janeiro and Oliveira 2004 [243]
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1.9.5 Dose usage and toxicity of green tea

Taking large doses of green tea orally may be toxic [245]. Hence an appropriate dose for
consumption should be considered before starting any human intervention study. In 2005, Chow
et al. stated in their study that 800 mg EGCG oral consumption (comparable to 8-16 cups of
green tea) for 4 weeks in healthy volunteers was a safe, well-tolerated dose. The systemic
availability of free EGCG was found to be >60% at the end of 4™ week [239]. However, in the
same year, green tea extract mixed in vehicle cream applied topically on skin was reported to
induce some level of irritation [246], with some individuals reporting sun sensitivity relating to
green tea topical usage. Recently, Of the 25 participants in the GTC arm of the trial described
feelings of nausea when taking this high dose supplement; nausea was also reported in one

individual from the placebo arm [247].
1.10 Summary and hypotheses

In these studies we wished to assess whether consumption of green tea could provide some
systemic benefit to skin when challenged with a robust dose of UVR. Initial studies compared
the ability of solar simulated radiation with a UVB light source to produce changes to the elastic
fibre network, as seen in chronically photoaged skin (chapter 3). The findings of this study were
used to perform a gold-standard randomised control study to establish whether a dietary
intervention rich in green tea catechins could protect skin from damage caused by acute
irradiation; the elastic matrix (chapter 4) and collagen matrix (chapter 5) were considered.
Result chapters are presented as stand-alone scientific papers for publication. Hence the

hypotheses which directed this work were:
1.11 Hypotheses:

1) Acute irradiation of skin with UVR will damage the dermal ECM and mimic the changes
observed in photoageing (addressed in Chapter 3);
2) Dietary supplementation with GTC will provide protection against UVR-induced ECM

damage (addressed in Chapters 4 and 5).
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Chapter 2 - Materials and methods

2.1 Research ethics

All studies described in this thesis were conducted according to the principles of the Declaration
of Helsinki (as revised 2013) and were approved by NHS research ethics committees.

These were as follows:

(A) ‘ldentifying the network of lipid mediators responsible for maintenance and resolution of
ultraviolet radiation—induced skin inflammation‘, Greater Manchester North Research
Ethics Committee, ref: 11/NW/0567;

(B) 'The effect of dietary bioactive compound on skin health in vivo” North Manchester

Research Ethics Committee, ref: 08/H1006/79.

2.2 Ultraviolet radiation sources
2.2.1 Broadband UVB

Waldmann UV6 bulbs were used to irradiate with broadband UVB (emission 280-360nm,

figure 2.1a,b; Herbert Waldmann, GmbH & Co., Villingen-Schwenningen, Germany) in a partial
body UV therapy tool (Waldmann UV236B, Herbert Waldmann, GmbH & Co.). The output
(irradiance) of the lamp was measured continuously during irradiation procedures using

an integrated radiometer, and the lamp switched off when the required dose was reached.
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Figure 2.1: UVB irradiation equipment.
(@), (b) Waldmann UV6 bulbs were used as the UVB broadband source, installed under acrylic glass.
(c) A typical UVB (UV6) lamp emission spectrum. Image adapted from http://www.waldmann.com/.
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2.2.2 Solar-simulated radiation (SSR)

A solar simulator (figure 2.2a; Newport Spectra-Physics Ltd; Didcot, UK) was used to provoke
skin erythema using a UVR spectrum approximate to that of natural sunlight (3.35% UVB
combined with 96.68% UVA; wavelength range 290-400 nm). This machine was composed of
light shutter power supply, a light shutter, collimating optics, an arc lamp arouser and an arc
lamp (1kW xenon). A dichroic mirror eliminated unnecessary light signals (infrared and
the majority of visible; figure 2.2c). Prior to experimentation, the SSR output was measured
using a radiometer [247] (figure 2.2b; Waldmann UVR meter; Herbert Waldmann, GmbH & Co.).
The SS was switched on and allowed to acclimatise for 15 minutes. The output was measured
by radiometer at the middle of solar beam and approximately 9.5cm away from the light source;
the stabilised reading was then noted. This value of SSR irradiance was used to calculate

the exposure time needed to deliver the required dose.

2.3 Minimal erythema dose (MED) testing
2.3.1 Irradiation procedure

Lamp irradiance was measured in milliwWatts (mW) per unit area (sz)_ The exposure time
needed to deliver a defined dose (measured in mJ/cm? was calculated using the following

formula:

Exposure time (seconds) = UVR dose (mJ/cm?)

Irradiance (mW/cm?)
According to the equation, if irradiance was fixed at a stable point, the highest UVR dose

required the longest time for irradiation, whist the lowest MED needed less. Hence this rule was

applicable with the irradiation process to produce skin erythema.
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Figure 2.2: The solar simulator.

The Newport SS was used to imitate natural sunlight (a). The UVR output was measured using a
radiometer (b). The basic elements of solar simulator shown in (c). Image (c) taken from
http://iwww.newport.com/. (d) Sample SSR emission spectrum. The graph plotted from the actual
measured output of SS shows the total irradiance in blue and the erythemally-weighted irradiance in red,
which is the output just for those wavelengths that cause erythema.(provided by Dr Donald Allan, Medical
Physics Department, Salford Royal Hospital, Salford, UK).
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In these experiments, each volunteer received 3x their individual MED. Calibrated UVR sources
can cause skin inflammation within the calculated period. For SSR, an individual's MED was
determined by applying a geometric series of erythemally-weighted UVR doses specifically to

SSR as shown in the box below [247]:

7,9, 12, 16, 20, 28, 36, 48, 64, 80 mJ/cm”

A thin flat rubber material (Medical Physics department, Salford Royal NHS Foundation Trust,
Manchester, UK) which has 10x10mm diameter punctured holes was used as a template for the
dose series (figure 2.3a). This material would be set down on buttock skin and fixed with a
latex-free, microporous surgical tape (3M Micropore'"; Healthcare Ltd; Bracknell, UK). At the
beginning, all holes were opened for UV irradiation. When the smallest dose (7mJ/cm2) was
completed, that particular hole would be closed by small square piece of rubber fitted to cover
the hole (figure 2.3b). The next holes for higher doses would be closed until the last dose was

applied.

(a)

28 36 48 64 80
® 0000
® 0000
7 9 12 16 20

Figure 2.3: MED template of SSR and UVB.

(a-b) The rubber template was used to deliver the 10 doses of UVR to defined areas for MED testing.
(c) The hard black plastic phototesting template was applicable for UV6 bulbs that generate MED from
UVB. This tool presents the grids which delivers light intensity for 10 doses as labelled.
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To produce MED by broadband UVB, an MED template is used that has grids to allow delivery

of different doses. The series for this is replaced with data shown in this beneath box:

8, 10, 13, 17, 21, 32, 42, 51, 63, 80 mJ/cm?

In addition, these dose series have the identical sorting on rubber template as shown in

figure 2.3c.

2.3.2 MED assessment

UVR-induced skin erythema is caused by local vasodilatation and increased blood flow in the
skin, peaking at around 24 hr post-exposure [248]. The MED is defined as the UVR dose
(mJ/cmz) that produces just perceptible skin reddening [249], detected 24 hr after irradiation
[123]. Skin erythema can be measured visually [249, 250] or by using specific tools, such as a
laser Doppler flowmeter, a spectrophotometer, a two-channel erythema meter or a Minolta

chromameter [251].

In this study, MED evaluation task was completed by means of visual observation (subjective
measurement), which was the easiest method and can be done without specific or expensive
equipment, and by using an objective measure, the Dia-Stron erythema meter (Dia-Stron Ltd,

Andover, UK) which is permanent equipment in the laboratory as shown in figure 2.4.

Twenty-four hours after irradiation, all subjects would return to the clinic and their personal
MEDs determined. Dia-Stron erythema meter measurement was performed to read the degree
of erythema, reported as an erythema index (El). The mechanism of this meter uses the
reflectance principle [252]. Using a tungsten halogen lamp emitting through fibre optic bundle
both UVR irradiated and adjacent non-irradiated controlled skin was measured. By using narrow
pass interference filters, the meter measures green (wavelength, A 546nm) and red (A 632nm).
The red channel is set as a constant, whereas the green channel is flexible and alters

depending on the haemoglobin content of the skin.
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The EIl was calculated according to ratio of red and green light absorption as formula below:

reflected red light
reflected green light

Erythema Index (EI) = log;,(

All participants were asked to lie down for 15 minutes on the hospital bed to allow their body to
adjust to the room temperature (approximately 25°C). Then El was measured at each UVR
dose site along with two non-irradiated adjacent sides as controls. The El at irradiated skin and
control were read, recorded and repeated 3 times to find the average. After that the mean from
control area would be deducted from the mean from each exposure site to obtain the change in

erythema value (AE).

Figure 2.4: Measurement of erythema.

the Dia-stron erythema meter is based on the reflectance principle [252] and was used to objectively
estimate skin redness as an erythema index (El), 24 hr after UVR exposure. This meter measures
haemoglobin (Hb) which is one type of chromophores in dermal skin and their quantity can be altered due
to skin conditions, such as inflammation, oedema, and burn (from Dolotov et al. 2004 [253]).

2.4 Clinical studies

2.4.1 Effect of UVB and SSR on the dermal matrix

Samples of unexposed, UVB-exposed and SSR-exposed (both 3x MED) skin were obtained
from baseline biopsies taken as part of the studies described in Section 2.1. Study A was an
investigation into the role of bioactive lipids in UVR-induced skin inflammation. Volunteers were
healthy white Caucasian adults recruited by open advertisement. Exclusion criteria for this study
were the participants who were treated with phototherapy including using sunbed or sunbathing
for 3 months prior to the study start, had skin cancer in health history, were pregnant or were

taking medication that was photoactive or anti-inflammatory.
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Study B is described in section 2.4.2. Samples from 6 volunteers from each study (age, sex and
skin type matched) were selected. Dermal elastic fibres and three related proteins: fibrillin-1,
fibulins -2 and -5 in buttock skins would be histologically analysed in order to compare the

impact between 3x MED of UVB and SSR on those matrices.

2.4.2 Randomised controlled trial (RCT) of dietary GTC

We performed a randomised, controlled trial to assess the potential protective effects of GTC on
the dermal ECM and its remodelling in human skin, following an acute inflammatory dose of
SSR. Healthy white Caucasian volunteers (n=50; age range 18-65 years old) were recruited into
the study from public advertisement. All were Fitzpatrick sun-reactive skin types I-1l [17];
Exclusion criteria were: history of skin cancer, skin photosensitivity disorders; regular black or
green tea drinkers (more than 2 cups of tea/day); UVR exposure from either natural sunlight
(sunbathing) or artificial sunbeds in the previous 3 months; pregnant or breastfeeding women.
Subjects were randomised into active or control treatment groups (n=25 each) by block
randomization method (StatsDirect v2.7.8, StatsDirect Ltd.). In the active group, volunteers
were directed to consume a high dose of GTC (1080 mg per day; equal to 5 cups of green tea)
together with a low dose of ascorbic acid (vitamin C,100 mg per day; to help GTC stabilisation
in the intestine [254] but has been shown to have no effect on either skin erythemal responses
[184] or the level of oxidative damage [255]), whilst those in the control group consumed control
capsules contained maltodextrin powder. The chemical components in each capsule of green
tea extract provided to the active group are described in table 2.1. All subjects were advised to
take three capsules twice daily with morning and evening meals. Both active and placebo
treatments were supplied in identical capsules by Nestlé Limited (Vevey, Switzerland) and

manufactured in similar packages by Laboratoire LPH (figure 2.5).
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Table 2.1: List of biochemical compounds in green tea supplement provided to subjects
in active group

Green tea extract ingredients AR (7)1 A0 il SEESIE)
mean + SD
1 Gallic acid 0.4+0.0
2 Catechin 21+0.0
3 Epicatechin 12.5+0.2
4 Gallocatechin 12.4+0.6
5 Epigallocatechin 49.3 + 3.9
6 Catechin gallate 0.3+0.0
7 Epicatechin gallate 26.0+0.2
8 Gallocatechin gallate 45+ 0.4
9 Epigallocatechin gallate 72.6 +3.1
total 180.0 + 8.3

Table adapted from previous publications Rhodes et al 2013, Darby et al, 2014 and Farrar et al 2015
[247, 256, 257].

Figure 2.5: Dietary supplements.
Green tea extract (active compound), ascorbic acid (catechin stabilizer in gut lumen) and maltodextrin
powder (placebo) were enclosed in identical white capsules.

2.4.3 Timeline of study and study intervention

Volunteers took the dietary intervention for 12 weeks. Prior to beginning the supplementation,
a baseline urine sample was taken and the MED for each volunteer was established. Skin
biopsies (from unirradiated and irradiated skin sites) were taken at the beginning and the end of
the study period, whilst compliance was assessed by assay of green tea metabolites in urine at
the beginning, middle and end of the supplementation period. The study timeline is displayed in

figure 2.6.
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Figure 2.6: Experimental timeline and study intervention.

At 3 days prior to the supplementation period, the minimal erythemal dose (MED) of subjects were
individually determined by applying a geometric series of SSR doses to photoprotected buttock skin. After
24 hr, the MED was read, subsequently allowing each volunteer to be further irradiated with 3x MED SSR.
Twenty-four hr after this experimental irradiation, each volunteer provided 5mm diameter punch biopsies
from both non-SSR exposed and 3x MED exposed buttock skin. Irradiation and tissue sampling was
performed again at the end of supplementation period. To ensure compliance with the intervention, urinary
analysis for GTC and their metabolites were performed at baseline and 24 hr after commencement of the
intervention. This was repeated at 6 weeks and at the end of the study (12 weeks).

2.5 Skin biopsy and urinary sampling

2.5.1 Skin biopsy sampling

A day prior to supplementation started, skin biopsies were collected. Two sides of buttock were
zoned for tissue sampling into UV and non-UV sides (figure 2.7a). An acute dose of 3x
individual's MED of SSR was applied on an area of upper buttock skin, defined by a thin rubber
template (Figure 2.7b), to stimulate an erythemal response in all subjects for 24 hr prior to skin
sampling. On the following day, 5mm diameter punch biopsies were taken: firstly the biopsy
area was cleaned by wiping with a 70% ethanol wipe and allowed to air dry. Local anaesthetic
infiltration was carried out by subcutaneous injection of lignocaine, and when numb, a punch
biopsy cutter was used to sample through to the subcutaneous fat, (figure 2.7c) which was
removed (figure 2.7d).

Finally the tissue was embedded in optimal cutting temperature compound (OCT; Fisher
Chemicals; Loughborough, United Kingdom), snap-frozen in liquid nitrogen and transferred to -
80°C freezer prior to preparation of tissue sections [121]. This protocol was utilized in either pre-
supplement or post-supplement side of buttocks and would be repeated at a day before ending

of supplementation intake following the study timeline as shown in figure 2.6.
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Figure 2.7: Procedure of biopsy sampling.

Begining with allocating two sides of buttocks to be one side for UV protection and other side for irradiation
(a). Both sides were assigned to be collected 5 mm-diameter of circle biopsies with 5 mm-depth. The
rectangular rubber template was applied to limit the UVR exposure area (b). The sterile punch (c) and
sterile surgical scissors (d) were key equipment for skin penetration and biopsy trimming (Image ¢ — d
taken by Darby, 2014 [257]).

2.5.2 Urinary sampling

To ensure compliance with the intervention, urinary analysis for GTC and urinary analysis was
performed at baseline and 24 hr after commencement of the intervention. This was repeated at
6 weeks and at the end of the study (12 weeks). Totally all subjects were assigned to provide
urinary sample for 4 times within the experimental period. Each urinal container (Urisafe
Polypropylene 24 hr Urine Collection Containers size 3 litre; VWR International Ltd; Lutterworth,
UK) contained 3g acidified ascorbate (Sigma; Poole, Dorset, UK) to maintain the excreted GTC

metabolites and was processed by collaborators at the University of Leeds.

2.6 Slide preparation and staining

The tissues were cryosectioned at a nominal thickness of 7um (OTF cryostat;

Bright Instruments Ltd; Cambridge, UK) and arranged as 3 tissue sections per slide.
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2.6.1 Picrosirius Red staining (PSR) for fibrillar collagens

Sections were air-dried at room temperature 5 minutes prior to staining and fixed in 90%
industrial methylated spirit (IMS; 4x 2 minutes). To stain the collagen, slides were briefly
immersed in 0.1% (w/v) of Sirius red F3BA in saturated aqueous picric acid (Direct red 80)
dissolved in saturated aqueous picric acid (10 seconds). Excess staining solution was removed
off the slides before a brief rinse in 0.1% acetic acid (slides dipped in and out of solution twice).
The aqueous solution helped to remove excess stain from the tissue sections. Slides were then
dehydrated through serial alcohols (immersion in 70% (v/v) IMS, subsequently 90% (v/v) IMS,
100% (v/v) IMS) and cleared in xylene (5 minutes each step). Finally all slides were

permanently mounted using DePex (Fisher Chemicals) as mounting media.

2.6.2 Weigert’s Resorcin Fuchsin staining (WRF) for elastic fibres

Frozen tissue sections were air-dried at room temperature for 5 minutes, prior to fixation in

4% (w/v) paraformaldehyde (PFA)/phosphate-buffered saline (PBS) solution for 10 minutes.
Slides were then immersed for 5 minutes in Tris-buffered saline (TBS; 20mM Tris and 150mM
NaCl) to rehydrate tissue before placing into Weigert's haematoxylin working solution (Millipore;
Darmstadt, Germany) to stain nuclei. Following brief washes in IMS, slides are submerged in
Weigert's Resorcin Fuchsin solution (ClinTech Limited; Guildford, UK) for 90 minutes.
Slides were rinsed in IMS, then dH,O before counterstaining slide with Van Gieson’s solution
(Clin-Tech Limited). Following a brief rinse in dH,O, tissue sections were dehydrated and

mounted following 2.6.1.
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2.6.3 Immunohistochemistry (IHC)

Immunohistochemistry was used to identify specific components of the collagenous and elastic
ECMs. The specific details for each primary antibody used in these experiments are shown in
table 2.2. All of them were processed using the same basic protocol. In brief, frozen tissue
sections were air-dried at room temperature for 5-10 minutes. Sections were fixed by (please
refer to table 2.2 for specifics) for 10 minutes to retain cellular and subcellular structure [258]
before hydrating in TBS. Sections were then exposed for 10 minutes to 0.5%(v/v) Triton X-100,
a detergent which has capability to dissolve lipid in cell, nuclear and organellar membranes,
thus allowing antibodies to access antigens in the cytoplasm and nucleus. Following washing,
endogenous peroxidase activity was abolished by incubating sections with H,O, (in methanol).
A broad blocking solution was then applied to limit non-specific antibody binding (2%(v/v)
normal serum, 1%(w/v) bovine serum albumin (BSA; stabilizer), 0.1%(v/v) cold fish skin
gelatine (blocking), 0.1%(v/v) Triton X-100 (penetration enhancer), 0.05%(v/v) Tween 20
(detergent and surface tension reducer) and 0.05%(w/v) sodium azide ; Vector Labs;
Peterborough, UK) (table 2.2). Primary antibody diluted in blocking solution was applied
overnight at 4°C. Negative controls were run alongside every experiments, with primary
antibody replaced with blocking solution The next day, slides were washed in TBS (2x3
minutes) and appropriate secondary biotinylated antibody was applied (Vector Elite ABC; Vector
Labs) for 30 minutes at the room temperature. Following washing in TBS, sections were
incubated for 30 minutes with VECTASTAIN® Elite® ABC reagent (Vector Labs). Then
chromogen (peroxidase substrate solution; Vector SG®; Vector Labs) was applied to sections
for about 90 second or until staining appears explicitly. The chromogenic reaction was stopped
by immersing slides in TBS (2x 3 minutes). Slides were counterstained with nuclear fast red
(Vector Labs) for 5 minutes and washed in dH,O until clear. Finally, slides were dehydrated and

permanently mounted in DePeX (Fisher Chemicals) as described in 2.6.1.
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Table 2.2: Antibody details.

Summary detail of specific primary antibodies to ECM proteins, fixative methods, chemical concentration, epitope specification, clonality, suitable dilution and providers in the study

Immunogen Clone Fixative Peroxidase (v/v) Epitope Dil" Source
amino pro- »
] cold acetone ) Millipore
Rat monoclonal anti-human procollagen | MAB 1912 0.6% peptide 1: 200
(-20°C) ) Darmstadt, Germany
a-1(1) chain
Mouse monoclonal anti-human NeoMarkers
o _ o 11C1.3 4% PFA 0.6% aa 451 - 909 1:1000
fibrillin-rich microfibril CA, USA
) _ o Sigma Prestige
Rabbit polyclonal anti-human fibulin-2 HPA001934 4% PFA 3% aa 739 - 861 1:1000
MO, USA
) _ o Sigma Prestige
Rabbit polyclonal anti-human fibulin-5 HPA000848 4% PFA 3% aa 268 - 414 1:180

MO, USA




2.7 Image capture

2.7.1 Photomicrograph recording procedure for PSR

The positively stained fibrillar collagen in tissue sections from all experimental treatments
(baseline and following irradiation, both pre- and post- supplementation) were observed and
photographed using bright field and polarised field microscopy. This allows the quantification of

collagen fibres by image analysis [259, 260], (figure 2.8).

Polarised field

Figure 2.8: Image capture of PSR-stained skin sections.

Three non-overlapping fields of view were captured using both polarised and bright field microscopy at a
magnification of x20. Resultant micrographs were subsequently subjected to image analysis using ImageJ
(NIH, Bethesda, MA, USA) and the data used to calculate the fibrillary collagen percentage area per
treatments.

2.7.2 Image analysis - PSR

Image analysis was used to quantify the percentage of fibrillar collagen (analysed from the
polarised field image) in the stained tissue sections (analysed from bright field image; ImageJ;
National Institutes of Health, MA, USA). Three independent areas were measured per slide, so

allowing the calculation of the average amount of fibrillar collagen in each treatment.
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Primarily the target area in bright field microphotographs was scoped by creating the boundary
of upper papillary dermis with 100um depth along DEJ margin. Next, non-assessment area
outside the border was eliminated and replaced with a white background (figure 2.9, a-b).
Similarly, polarised field micrographs which were taken from the same tissue section position as
the bright field image were processed in the same manner (black used to screen out areas not

for quantification; figure 2.9, c-d).

Polarised field images allow identification of collagenous structures, providing images of red,
orange, yellow and green. Red represents mature or thick collagenous fibrils [259, 260],
whereas thin collagen fibres and fibrin (a non-collagenous protein; [261] may also be seen as
green under polarised light. To reduce noise, the images were separated into 3 separate colour
channels (red, green and blue); the red channel was chosen to analyse data, the program
automatically subtracting green and blue signals. In a similar way, the bright field image was
also separated into 3 channels but for this imaging, the blue channel was chosen as it
represents the area that fibrillar collagens were located in. Images were thresholded to
maximise accuracy with the program evaluating both the area covered by fibrillar collagen as a

function of the pixel areas. These two values would be calculated in following formula:

fibrillar collagen area in pixel

ibrill 11 %) = 1
fibrillar collagen percentage area (%) collagen habitat area in pixel x100

The depth to which the images could be analysed may also be varied using this method

(i.e. 100 pm versus 50 pum).
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Figure 2.9: Image analysis of PSR-stained tissue sections.

The original bright field micrograph with drawing line (yellow line) along the DEJ (a). The lower dark red
zone represents the collagenous area whereas the upper pale red presents non-collagenous or non-
dermal area that must be excluded before threshold adjustment. Ultimately the target area in papillary
dermis covering 100um depth from DEJ was prepared for analysis (b). The polarised field micrograph
were scoped the area with the same boundary as in bright field (c) and then the non-related area was
deleted (d).

2.7.3 Photomicrograph recording procedure for WRF and IHC stains

The positively stained elastic fibres and specific proteins, namely, fibrillin rich microfibril, fibulin-2
and -5 in tissue sections from all experimental treatments (baseline and following irradiation,
both pre- and post-supplementation) were observed and photographed using only bright field
(figure 2.10). This allows the quantification of these components by image analysis following the

identical procedures in 2.6.4 .
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Figure 2.10: Image capture of WG (a) and IHC (b)-stained skin sections.

Three non-overlapping fields of view were captured using bright field microscopy at a magnification of x20
with scale bar 50um. Resultant micrographs were subsequently subjected to image analysis using ImageJ
(NIH) and the data used to calculate the fibrillar in each protein percentage area per treatments.

2.7.4 Image analysis — WRF and immunohistology

Image analysis was also used to quantify the occurrence of microfibrillar elements in the
papillary dermis (ImageJ, National Institutes of Health). Fibres were quantified in pixels and
calculated as a percentage of the papillary dermal area of each figure, in the region directly
below the DEJ boundary with the epidermis (as show in the figure 2.11). The original bright field
image (a) was separated into 3 colour channels (red, green and blue) which were subsequently
displayed in black and white. The red and green channels were chosen to analyse data as the
positively-stained fibre area and all dermal area respectively. In the lower zone of DEJ
represents the elastic fibre area whereas the upper one presents non-elastic fibre or non-tissue

area that must be excluded before threshold adjustment.

Finally, the ratio between elastic fibre area (c) and total area (b) was expressed as a percentage
of tissue cover. All tissue sections were photographed 3 times (non-overlapping fields of view)
to produce a mean. All analytical procedures were also applicable for the assessment of
immunohistochemical staining of fibrillin-rich microfibril (figure 2.11, d-f) and fibulins-2 and -5 as

above was used to quantify staining in the first 50 um of the papillary dermis.
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Figure 2.11: Elastic fibre staining in human skin.

Weigert’s resorcin fuchsin (WRF) stained buttock tissues; (a) Bright field image; (b) Image split and
masked for region of interest, and; (c) Image split and masked for fibre area. NB: at 100 um depth. The
ratio between elastic fibre area (c) and total area (b) was expressed as a percentage of tissue cover.
These identical methods were applied for all IHC staining, i.e., fibrillin-rich microfibril; (d) Bright field; (e)
Image of region of interest and (f) Image shown fibre area.

2.7.5 Quantification of procollagen | (pCl) IHC staining using a semi-quantitative analysis

method

The semi-quantitative scale was set to 5 points (from 0 to 4) as previously described [262]
based upon the abundance of staining as shown in the representative photomicrographs in
figure 2.12. This measurement scale was applied to all pCl-stained immunohistochemistry
slides. Three non-overlapping areas for each section (3 sections per treatment total) were

evaluated to determine a mean staining.
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Figure 2.12: Evaluation of pCl staining using a semi-quantitative scale.

pCl was identified by immunohistochemistry procedures before evaluation with a semi-quantitative
method. The scale was: 0 = no stain (a); 1 = diffuse with light grey stain at dermal-epidermal junction (DEJ)
(b); 2 = dark grey at DEJ (c); 3 = very dark grey at DEJ (d) and; 4 = maximal staining with very dark grey
and black appearance at DEJ (e). Original magnification x20 and scale bar equals to 50 pm.

2.8 Statistical analysis

2.8.1 Effect of UVB and SSR on the dermal matrix

In UVB vs SSR effect on ECMs study, Student’s t-test was applied to compare between no UVR

and UVR-exposed skin in each group independently.

2.8.2 Randomised controlled trial of dietary green tea catechins

The sample size for this study was calculated based on the primary outcome measure of UVR-
induced erythema and indicated n=22 volunteers were required per group. A total of n=50 were
recruited to allow for drop-out [247]. Paired Student’s t-tests were used to compare no UVR and
UVR-exposed skin for all subjects pre-supplementation, and by group post-supplementation.
Differences in UVR-induced effects between placebo control and active group post-
supplementation were analysed by analysis of covariance (ANCOVA) with baseline data as the
covariate. Statistical tests were performed using the statistical software program, SPSS

(v 22; IBM Corp.; Armonk, NY, USA).
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Abstract

Long-term exposure of ultraviolet radiation (UVR) on human skin impacts its appearance
and function. Prolonged solar irradiation results in skin which is characteristically leathery
and rough in appearance, with deep wrinkles. These clinical features of photodamage are
thought to result from a drastic remodelling of the dermal extracellular matrix, particularly the
elastic fibre system. Different wavelengths of solar UVR have specific effects on biological
molecules; UVB is absorbed by DNA, melanin and some amino acids whilst UVA, being less
energetic rarely interacts with chromophores in the epidermis and so may penetrate to
deeper skin depths. In this study, we aimed to monitor the differential effect of UVB and full-
spectrum solar simulated radiation (SSR) on components of the dermal elastic fibre system
(elastic fibres, fibrillin-rich microfibrils and fibulin-2 and -5 microfibrils) following a robust
challenge with either UVB or SSR. Healthy Caucasian volunteers (n = 6 per group; skin type
II-111) were recruited and were assigned to receive either 3x MED of UVB or SSR on
photoprotected buttock skin; biopsies were procured prior to and 24-hr after irradiation.
Histological assessment of elastic fibres revealed a significant reduction in prevalence
following both UVB and SSR irradiations (P<0.01 and P<0.05 respectively). However,
a significant reduction in fibrillin-rich microfibrils was only observed in UVB irradiated skin
(P<0.05), whilst fibulin-5-positive microfibrils were only affected by SSR (P<0.05). Hence,
choice of irradiation system should be considered when designing and implanting studies on

the pathomechanisms of UVR-induced skin damage.
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Introduction

The skin is the outermost organ and, as well as providing a number of essential physiological
roles such as thermoregulation and vitamin D synthesis, separates the body from its external
environment. The structure of human skin is complex, consisting of a superficial, continuously
regenerating cell-rich epidermis and a deeper, relatively cell-poor dermis rich in extracellular
matrix [1]. The predominant cell type in the epidermis is the keratinocyte; as cells divide and
differentiate they form the outermost stratum corneum (SC), a lipid-rich barrier to infection by
microbes and chemicals that would pass through to the deeper down layer if it were not there
[2]. The SC also preserves water balance and prevents excessive water loss [3]. Melanocytes
scattered amongst the epidermal keratinocytes produce melanin, a natural ‘sunscreen’, which is
gifted to the surrounding keratinocytes packaged in melanosomes and provides some

protection to nuclear DNA from solar irradiation [4, 5].

Solar UVR is categorised based on its wavelength and is a combination of UVA (315-400 nm),
UVB (280-315 nm) and UVC (200-280 nm). UVA and UVB are only two types that can pass
through the Earth’s atmosphere and penetrate to the Earth’s surface (UVC is depleted by the
ozone layer [6]). UVB has more diverse and potentially more severe effects on plants [7] and
animal [5] than UVA, possibly due to it having higher photon energy at wavelengths that can be
absorbed by biological materials such as DNA and protein. Even though UVA has less energy,
the proportion of UVA in the full solar spectrum (~95%) is greater than UVB (only ~5%) and this
may influence the potential for longer term effects when UVB is filtered out by, for example,

interacting with DNA and proteins in the superficial epidermis [6, 8].

Long term exposure of skin to UVR causes photodamage and premature skin ageing [9, 10].
Clinically, this presents as skin with a leathery and rough appearance, with deep wrinkles and
areas of hypo- and hyperpigmentation [10]. These changes to the appearance of
photodamaged skin are thought to be driven by the effect of chronic UVR on the dermal
extracellular matrix (ECM); the majority of ECM is produced by fibroblasts within the dermal
compartment of skin and includes collagens, which provide strength, and elastic fibres which

provide flexibility and recoil (see review [11]). Components of the elastic fibre system,
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particularly fibrillin-rich microfibrils, are especially susceptible to photodamage. Work by Watson
et al (1999) showed that these structures were lost from the papillary dermis of skin with only
minimal clinical signs of photodamage. More recently, Sherratt and colleagues [12, 13] have
shown that fibrillin-rich microfibrils are enriched in amino acids which can directly absorb energy
from UVR, termed UV-chromophores; fibrillin-rich microfibrils (FRM), a major component in
elastic fibre system, have one of the highest reported chromophore content up to 21.1% of their
primary amino acid sequence and so this may account for their specific and early loss from
photodamaged skin. Fibrillin-1 is the major family member of a group of modular proteins which
also contains fibulins-2 and -5; these too localise to the dermal elastic fibre (see review [14])

and have been shown to be affected by photodamage [15].

There have been numerous studies which have sought to understand the mechanisms by which
UVR affects skin structure [15, 16] and function [17, 18]. Such in vivo human studies commonly
use artificial UVB to elicit a response, but one can argue that SSR is physiologically more
relevant as it has an analogous spectrum and intensity to solar UVR, combining visible, infrared
and both UVA and UVB wavelengths [19]. Choice of irradiation light source has been shown to
elicit differential skin responses; for example, SSR has been shown to produce significant
pigmentation when compared to UVB alone [20, 21], which induces much more skin reddening
or erythema [22]. Therefore in this study we aimed to assess whether SSR or UVB could
produce equivalent levels of ECM remodelling — specifically remodelling of components of the

elastic fibre system - in response to a single robust UVR challenge.
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Methods

Study design

Caucasian healthy volunteers (n=12; Fitzpatrick skin type II-1ll, 21-53 years old) were recruited
to the study, ensuring that none had any previous skin or photoreactive condition and were not
pregnant or breast feeding. A single irradiation of 3x individual’s minimal erythemal dose (MED)
was used to elicit a skin response; either UVB (n=6; ethics reference 11/NW/0567) or SSR
(n=6; ethics reference 08/H1006/79). Studies were conducted according to the Declaration of

Helsinki 2009, with participants providing written informed consent.

MED assessment and skin sampling

At study initiation, the MED of all participants was assessed using an ascending geometric dose
of UVR (7-80 mJ/cm?, SSR; 8-80 mJ/cm? UVB) to photoprotected buttock skin. The SSR was
generated using a solar simulator with output spectra 290-400 nm (3.32% UVB, 96.68% UVA;
Newport Spectra-Physics Ltd: Didcot, UK); UVB was generated using Waldmann UV6 bulbs
with output spectra 280-360 nm (Herbert Waldmann GmbH, Villingen-Schwenningen,
Germany). Twenty-four hours after irradiation, participants returned to clinic and their MED were
assessed visually prior to irradiation of a further photoprotected buttock site with 3x their
individual MED. Samples of unirradiated (UVR-naive) and irradiated skin were sampled 24 hr
after irradiation under local anaesthesia. Punch biopsies (5 mm diameter) were embedded in
OCT compound (Tissue-Tek® OCT; Sakura Finetek USA INC., Torrance, CA, USA), snap

frozen in liquid nitrogen and stored at -80°C prior to histological investigation.

Histological staining

Frozen tissue were sectioned at 7um (OTF cryostat; Bright Instrument Ltd, Cambridge, UK) to
identify the entirety of the elastic fibre system (Weigert's resorcin fuchsin stain [23, 24]) or
specific protein components of this system (FRM, fibulins-2 and -5) by immunohistochemistry.
All staining was performed in triplicate. In brief, to perform Weigert's resorcin fuchsin staining,
tissue sections were fixed in 4% (w/v) paraformaldehyde, nuclei were stained with Weigert's
haematoxylin (Millipore; Damstatdt, Germany) with excess removed by industrial methylated

spirits (IMS) prior to immersion in Weigert’s resorcin fuchsin for 90 minutes (Clin-Tech Limited;
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Guilford, UK). Stained slides were again washed briefly in 70% IMS prior to dehydration through
serial alcohols, cleared in xylene and permanently mounted (DePex; Fisher Chemicals;

Loughborough, UK).

For immunohistochemistry, sections were in 4% (w/v) paraformaldehyde and solubilised with
0.5% Triton X-100 (Fisher Chemicals). Endogenous peroxidase activity was abolished by
incubation with 0.6% hydrogen peroxide in methanol, with non-specific binding blocked by
incubation with 3% bovine serum albumin/1% normal sera at room temperature for 1 hr.
Sections were incubated overnight in primary antibody. These were: fibrillin-rich microfibrils
(clone 11C1.3, dilution 1:1000; NeoMarkers; Fremont, CA USA); fibulin-2, (clone HPA001934,
dilution 1:1000; Atlas Antibodies AB; Stockholm, Sweden) and; fibulin-5 (clone HPA000848,
dilution 1:180; Atlas Antibodies AB; Stockholm, Sweden). Sections were stringently washed and
visualised using a commercially available kit utilising a secondary biotinylated antibody (Vector
Elite ABC; Vector Labs., Burlingame, CA, USA). Vector SG® was used as chromogen with
nuclear fast red used as contrast (Vector Labs). Finally, sections were serially dehydrated,

cleared and permanently mounted as previously described.

Photomicrography, image analysis and statistics

All sections were randomised and blinded prior to image capture (Biozero-800 All-in-One
microscope; Keyence; Osaka, Japan); three section per slide, three slides per treatment.
Positive staining was quantified using program ImageJ (National Institutes of Health, Maryland,
USA) [25] and expressed as a percentage of the imaged section, with paired Student’s t-test
used to assess differences in staining between irradiated and unirradiated sites (SPSS v22, IBM

Corp., New York, NY, USA).
Results

Elastic fibres in skin have a characteristic architecture depending on their location; close to the
dermal-epidermal junction (DEJ), candelabras of oxytalan fibres can be seen. These are fibrillin-
rich microfibrils, largely devoid of elastin and they converge with perpendicular elaunin fibres in
the papillary dermis. Elaunin fibres are a composite of fibrillin-rich microfibrils plus elastin and

they coalesce with elastic fibres proper in the reticular and deeper dermis [26]; here elastin is
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the major component of the fibre, with microfibrils found on the periphery of the structure (see
review at [27]). Weigert's resorcin fuchsin staining revealed this ordered pattern in unirradiated
skin (Fig. 1a). Irradiation significantly impacted on the pattern of elastic fibres in papillary
dermis; image analysis of the papillary dermis from the dermal-epidermal junction to a depth of
100 ym was performed to enumerate the percentage of dermis occupied by positive stain. In
participants irradiated with 3x MED UVB, the amount of staining was significantly reduced
(mean = SE; unirradiated, 13.64% = 0.74; UVB, 8.57% * 1.39; P=0.004; Fig. 1b); this reduction
was less marked in those who received 3x MED of full spectrum SSR (unirradiated, 15.23% =+

0.74; SSR, 12.34 £+ 1.05 P=0.043; Fig. 1c); data is presented graphically in Fig. 1d.

To establish which microfibrillar protein components of the elastic fibre network were affected by
acute irradiation immunohistochemistry was performed to identify fibrillin-rich and fibulin-positive
microfibrils. The differential effects of UVB and SSR in the organisation and abundance of
fibrillin-rich microfibrils is shown in Fig. 2 (a-d). Prior to irradiation, this population of microfibrils
(oxytalan fibres) are easily identified in the superficial papillary dermis, occupying the area
immediately below the DEJ (Fig. 2a). On irradiation with UVB, there is significant rearrangement
and loss of these elastic fibre elements (unirradiated, 25.21 + 1.38; UVB, 18.96 + 1.45;
P=0.023, Fig. 2b). Surprisingly, little alteration in the distribution of fibrillin-rich microfibrils was
seen in SSR irradiated skin (unirradiated, 25.13 + 1.58; SSR, 21.85 + 1.38; P>0.05, Fig. 2c).
Data is displayed graphically in Fig. 2d. Fibulin-2-positive microfibrils also appeared to emanate
from the DEJ, but were generally of shorter length than fibrillin-rich microfibrils and so occupied
less area of the papillary dermis. When quantified, neither UVB nor SSR elicited a significant
remodelling (Fig. 2e-h). Fibulin-5 microfibrils had a similar distribution to fibrillin-rich microfibrils
with longer fibres coalescing with elaunin fibres in the papillary dermis (Fig. 2i-k). However,
when quantified, these microfibrillar elements responded specifically to SSR irradiation
(unirradiated, 19.40 * 1.94; SSR, 15.92 * 1.44; P=0.04, Fig. 2k), as opposed to UVB
(unirradiated, 13.54 + 1.19; UVB, 10.90 + 0.61; P>0.05, Fig. 2j). Data is displayed graphically in

Fig 2l.
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Discussion

Sunlight (solar UVR) is required for life on Earth [28, 29]; UVC is filtered out by the ozone layer,
meaning that only UVA and UVB can influence biological activity of plants and animals on the
planet’s surface [28]. In man, exposure of skin to UVR benefits the individual by stimulating
vitamin D synthesis [30], but the skin further protects the body from deleterious effects of UVR.
One consequence of this long term exposure to UVR is photoageing [31]. To understand the
mechanisms by which UVR alters skin and skin cells’ behaviour, previous mechanistic studies
have used UVB to elicit biological responses, mainly because of its higher energy than UVA,
meaning irradiation times have been shorted and generally more acceptable to volunteers, in

addition to its capability to interact with biological molecules, producing reproducible effects [32].

In 2002, Walker et al. used a UVB light source to assess the effect of irradiation on the
occurrence of FRM in non-radiated and 3x MED UVB exposed skin and discovered that these
structures significantly declined 24-hours after irradiation [16]. Similarly in 2005, Kadoya et al.
found that fibulin-2 and -5-containing microfibrils, in addition to fine elastin fibres (as identified
histologically using Weigert’s resorcin fuchsin stain) were also reduced 24-hr after a single dose
of 2x MED UVB compared to UV-protected skin [15]. However, UVB only makes up
approximately 6% of the solar spectrum reaching Earth [33]; SSR therefore is more
physiologically relevant and can be argued to be a more suitable system to replicate ‘real life’
sun exposure. Chronic photodamage is the product of years of sunlight exposure, which
incrementally alters in the elastic fibre system of the skin (elastosis, loss of FRM, altered fibulin
expression) [34-36]. Exposure is not necessarily constant; independent variables such as
longitude, season and outdoor activity all play a role in accelerating UVR-induced skin damage.
Hence to truly recapitulate photodamage in a laboratory setting, it may be necessary to subject
individuals to multiple sub-erythemal doses of SSR. This will provide a better understanding of
the pathways which underpin the pathology and may provide a model system for examining

interventions.
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In our study, we directly compared the effect of UVB and SSR irradiation in healthy volunteers
(n=6 per group). We confirmed the results first reported by Kadoya et al. (2005) that, within the
first 50 um of the papillary dermis, elastic fibores and microfibrils positive for fibulins-2 and -5
were significantly remodelled following such an acute dose of UVB (P=0.005, P=0.028 and
P=0.048 respectively) [15]. However, at deeper depths (up to 100 um into the papillary dermis),
this remodelling was no longer observed for both fibulin-2 (P=0.10) and fibulin-5 (P=0.11);
hence significant remodelling of these microfibrillar elements by UVB appears to happen close
to the DEJ. Examination of the FRM network, in agreement with previous work [16], identified

loss of microfibrils deeper in the papillary dermis (to 100 um; P=0.02).

Whilst irradiation with SSR induced remodelling of the elastic fibre network, we identified
differences in the components affected and the degree of the induced damage; elastic fibres
were significantly reduced, but the observed remodelling was less than when skin was
irradiated with UVB. Likewise, irradiation with SSR had a smaller effect on the organisation and
amount of FRMs in the papillary dermis. Fibulin-5 appeared particularly sensitive to SSR
irradiation (P=0.04) whereas remodelling to fibulin-2-positive microfibrils, whilst occurring, did
not reach significance (P=0.06). Hence, we show here that UVB and SSR irradiation protocols
produce distinct patterns of damage with the dermal elastic fibre network.

It is likely that this is due to the differences in wavelength components between the two spectra.

The mechanisms by which remodelling occurs requires further investigation; two possible
mechanisms of protein damage have been discussed in the literature. The first is a direct
mechanism by which the primary amino acid sequence of the protein plays a large role in its
susceptibility to damage by energy transfer from UV photons (UVR chromophore content; Cys,
His, Phe, Trp and Tyr) [11]. This theory suggests that even low doses of UVB (up to 50 mJ/cm?
[13]) are capable of interacting with molecules with high chromophore content (e.g. FRM, up to
~21%; fibrillar collagens, only ~2%); experimentally, molecules with higher chromophore
content showed more damage from the same UVR dose challenge. The second possible
mechanism suggests cell- or reactive oxygen species (ROS)-mediated damage. It is known that

ROS can cause damage to biological molecules, such as DNA [37], lipids [38] and proteins [39];

as UVR generates ROS it is possible that these are the mediators of damage to the elastic
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fibres within skin. Irradiation also elicits a cellular response where enzymes, such as matrix
metalloproteinases (MMPs) are released or activated [40]; irradiation also induces the
accumulation of immune cells into the skin which are capable of expressing other classes of
enzymes e.g. neutrophils and neutrophil elastase which can impact on the resident elastic
fibres. It is possible that both mechanisms play a role in UVR-induced ECM remodelling.
Regardless of mechanism, this data shows that it is important to consider the means of
irradiation, as different light sources can produce differential remodelling effects in vivo. It is
therefore important that a researcher consider how they produce skin damage and whether the

challenge is appropriate to the research question under study.
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Figl. The distribution of papillary dermal elastic fibres is affected by both SSR and UVB irradiation. The distribution of elastic fibres was identified histologically using Weigert’s
resorcin fuchsin; (a) unirradiated photoprotected skin shows the classic arrangement of cutaneous elastic fibres. (b) Irradiation with 3x MED of UVB results in significant breakdown
and/or reorganisation of elastic fibres 24 hr after the irradiation event whilst (c) 3x MED irradiation with full-spectrum SSR appeared to have less of an impact. Scale bar, 50 um.

(d) Bar graphs representing the area of the papillary dermis occupied by elastic fibres in percentages, *** P < 0.001, ** P <0.010, *P < 0.050.
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Abstract

Background

The cutaneous elastic fiber system undergoes extensive remodeling in chronically
photodamaged skin due to long-term exposure to solar ultraviolet radiation (UVR). Camellia
sinensis contains high concentrations of green tea catechins (GTC) which have been reported
to provide skin photoprotection in vitro and in vivo. In this study, we performed a double-blind
randomized controlled trial to evaluate whether oral GTC supplementation protected cutaneous
elastic fibers from UVR challenge.

Methods

Healthy volunteers (N=50) were randomized to either active (1080mg GTC plus 100mg
vitaminC) or placebo (maltodextrin) groups for 12-weeks (n=25 per group); compliance was
assessed by urinary analysis. At pre- and post-supplementation time points, participants
provided biopsies of unirradiated skin and skin challenged 24-hours previously with 3x MED of
solar simulated UVR which was subsequently analyzed for elastic fiber components.

Results

Of the recruited participants, 44 completed the supplementation protocol and provided all
biopsies. Pre-supplementation, UVR challenge resulted in a significant remodeling of the
cutaneous elastic fiber system (P<0.001), particularly fibulin-2- and fibulin-5-positive microfibrils.
Post-supplementation with GTC, fibulin-5 positive microfibrils were protected from UVR
remodeling (% staining, mean + SE; no UV, 18.1+0.89; UVR, 17.1+0.61; P=0.30) whilst no
protection was seen in the placebo group (no UVR, 19.41+0.79; UVR, 17.69+0.61; P<0.05).
Conclusions

Dietary supplementation with oral GTC preserved components of the elastic fiber system known
to be remodeled by UVR. This effect was differential, with GTC protecting fibulin-5-positive
microfibrillar bundles against UVR damage. Hence, dietary supplementation with GTC may be a
useful adjunct to conventional skin protection regimens, protecting the skin from features of

ageing.
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Introduction

Skin is a dynamic organ which provides the body with many essential functions including
synthesis of vitamins [1] and hormones [2] plus protection from infection and the external
environment [3]. Whilst the epidermis is a continuously renewing cell layer, the underlying
dermis, composed of a cell-sparse but complex extracellular matrix (ECM) is comparatively
static; the components of this dermal ECM, e.g. elastic fiber proteins, fibrillar collagens and

glycosamino- and proteoglycans, are long-lived and so may accrue damage over the life course

[4].

Skin is continually exposed to solar ultraviolet radiation (UVR) with some body sites such as the
face and hands becoming chronically photoexposed over time (termed photodamage). One of
the first pathological changes observed in photodamaged skin is loss of oxytalan fibers in the
papillary dermis (comprised of fibulin-positive and fibrillin-rich microfibrils; [5, 6]); with continued
UVR exposure, dystrophic elastic fibers are deposited within the reticular dermis [7] which
contributes to the sallow complexion often observed in individuals with chronic photodamage [8,
9]. Ultraviolet radiation can also induce acute responses in skin such as sunburn (inflammation),
producing DNA damage and initiating photocarcinogenesis. Hence, appropriate sun protection
behaviour such as the use of topical sunscreens, which can absorb and scatter UVR
wavelengths, should protect skin from both photodamage and skin cancer [10]. However, such
topical photoprotective agents are rarely used as directed [11], making methods of systemically

protecting the skin an interesting potential therapy.

The leaves of Camellia sinensis (tea bush) are rich in flavan-3-ol polyphenols (green tea
catechins; GTCs). These polyphenolic compounds have been shown in both in vitro and in vivo
studies to impact on cancer incidence [12], cardiovascular inflammation [13] and metabolism
[14]. Chui et al (2005) performed a short-term intervention of topical GTC in combination with
oral GTC supplementation to assess whether treatment slowed the clinical progression of
photodamage; it did not. However, some benefit was observed in the organization of the already
dystrophic cutaneous elastic fiber network [15]. In a longer term study, oral supplementation
with GTC improved the clinical appearance of photodamaged skin [16]. Finally, Heinrich et al
(2011) reported that oral GTC, taken for 12-weeks, improve skin elasticity and improved barrier

function and increased the dose of UVR required to elicit erythema [17].
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Our own studies have suggested that, when given orally, GTCs can protect against cutaneous
inflammation at high UVR doses [18]. Hence, we have performed a double-blind randomized
controlled trial (RCT) of adequate power to examine the potential of oral GTC against

remodeling of the elastic fiber system in response to UVR.

Methods

Study design and implementation

Fifty healthy white Caucasians (18-65 years old; male and female) with Fitzpatrick sun-reactive
skin types I-Il were recruited to the study by open advert. Potential participants were screened
to ensure no history of: skin cancer or any photosensitivity disorder; photoactive medications or
dietary supplements; sunbed use in the 3 months prior to commencement of the study; or
currently pregnant or breastfeeding. In addition, a food history for the 3 months prior to
enrolment was explored to ensure consumption of tea <2 cups per day. The study was
approved by NHS Research Ethics Committee (reference 08/H1006/79) and was performed
according to the principles of the Declaration of Helsinki, with participants providing written
informed consent. The study was performed between November 2010 and August 2011 at the
Photobiology Unit, The Dermatology Centre, Salford Royal Hospital, Manchester UK.
Participants were assigned randomly to receive either active GTC plus vitamin C supplement or
placebo maltodextrin (1:1; block randomization with random block sizes of 4-8; StatsDirect
v2.7.8, StatsDirect Ltd). Supplements were identically packaged in gelatin capsules and
sequentially numbered, with both participants and investigators blinded to their contents
(supplements provided by Nestec Ltd. and packaged by Laboratoire LPH). Coding was only

broken following completion of the study.

Supplements were given with breakfast and evening meal; the active green tea group taking 3
capsules (450 mg green tea extract containing 180 mg GTC/capsule) and 2 capsules of
vitaminC (25 mg/capsule) twice daily, providing a total daily dose of 1080 mg GTC (equivalent
to ~ 5 cups of green tea) and 100 mg vitamin C (the vitamin C stabilizing the GTC in the gut, so
supporting absorption)[50]. The placebo group took supplements containing maltodextrin alone.

The intervention lasted 12 weeks with compliance assessed by examining any remaining
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capsules when participants returned the dispensing containers plus measurement of urinary
epigallocatechin glucuronide (a breakdown product of GTC; at the beginning, middle and end of
the study. The outcome measure was change in percentage coverage of elastic fibres in the

papillary dermis following UVR challenge at 12 weeks [19].)

UVR challenge

UVR challenge was performed using a solar simulator with an emission spectrum that mimicked
sunlight (290-400 nm; 95% UVA, 5% UVB,; Newport Spectra-Physics Ltd.). Lamp output was
measured by radiometer at a distance of 10 cm from the source prior to each irradiation (IL
730A; International Light). The minimal erythemal dose (MED; sunburn threshold) for each
individual participant was assessed at study initiation; this was performed following irradiation
with an ascending geometric dose series of solar simulated UVR (erythemally weighted, 7-80
mJ/cmz) to photoprotected buttock skin. Irradiation sites were observed 24-hours following

irradiation and the MED defined as the lowest dose producing just discernable erythema.

At study initiation and following supplementation, a UVR dose 3 times that of the participants’
MED was given to photoprotected buttock to initiate elastic fiber remodeling. Skin punch
biopsies (5 mm diameter) were taken under 1% lidocaine anesthesia from irradiated and
contralateral unirradiated buttock sites 24-hours following challenge; hence, each participant
provided 4 biopsy samples. Samples were embedded in Tissue-Tek® OCT (Sakura Finetek
USA INC., Torrance, CA, USA), snap frozen in liquid nitrogen and stored at -80°C prior to

histological evaluation.

Identification of cutaneous elastic fibers

Frozen 7 ym sections were produced (OTF cryostat; Bright Instruments Ltd, Cambridge, UK) for
histological investigation of the cutaneous elastic fiber system, particularly oxytalan fibers.
Weigert’s resorcin fuchsin stain was used to identify the network in its entirety [20, 21]. In brief,
sections were fixed in 4% (w/v) paraformaldehyde (in phosphate-buffed saline; PFA/PBS) prior
to immersion in Weigert's hematoxylin working solution (Millipore; Darmstadt, Germany).
Sections were washed with industrial methylated spirits (IMS), rinsed in distilled water and

stained with Weigert's resorcin fuchsin solution (Clin-Tech Ltd.; Guilford, UK). Following
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staining, tissue sections were dehydrated through serial alcohols, cleared in xylene and

permanently mounted using DePex (Fisher Chemicals; Loughborough, UK).

Immunohistochemistry was performed to identify specific components of oxytalan fibers (fibrillin-
rich microfibrils, fibulin-2 and fibulin-5 [5, 6, 22]). Sections were fixed in 4% PFA/PBS prior to
solubilization of lipid membranes with 0.5% Triton-X-100. Sections were blocked to reduce non-
specific binding of antibodies (normal sera plus bovine serum albumin) prior to overnight
incubation with primary antibody (fibrillin-rich microfibrils, clone 11C1.3 dilution 1:1000
[NeoMarkers; Fremont, CA USA]; fibulin-2, clone HPA001934 dilution 1:1000 [Atlas Antibodies
AB; Stockholm, Sweden], and; fibulin-5, clone HPA000848 dilution1:180 [Atlas Antibodies AB;
Stockholm, Sweden]. Binding was identified via a secondary biotinylated antibody using a
commercially available kit (Vector Elite ABC; Vector Labs., Burlingame, CA USA), using Vector
SG® as chromogen (Vector Labs.). Nuclei were counterstained with Nuclear Fast Red (Vector

Labs.), serially dehydrated, cleared and permanently mounted.

Image capture and analysis

Stained slides (3 sections per participant per biopsy) were captured on a Biozero-800 all-in-one
microscope (Keyence; Osaka, Japan). To assess whether there was any difference in the
distribution of elastic fibers following UVR irradiation prior to and after dietary supplementation,
images were subjected to image analysis (ImageJ; NIH, MA USA) [23]. The microfibrillar
elements from the dermal-epidermal junction (DEJ) to 100 um into the papillary dermis were

quantified as percentage coverage.

Statistical analysis

To analyze the effect of supplementation on collagen deposition in UVR-exposed skin, analysis
of covariance (ANCOVA) was used with baseline data as the covariate. Prior to
supplementation, the effect of UVR challenge was assessed using paired Student’s t-test
across all participants. Post-supplementation, paired Student’s t-test were used for intragroup
comparisons of irradiated and unirradiated skin. Significance was taken at the 95% confidence

level and employed SPSS (v22; IBM Corp., Armonk, NY USA).
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Results

Subjects and compliance

Fifty healthy participants were recruited to the RCT, with random allocation to each of the
treatment groups (active, n = 25; placebo, n = 25). Of the 25 individuals in the active group, 4
were non-compliant as identified by urinary analysis and a further participant withdrew from the
study for unrelated reasons. One participant in the placebo group had high EGCG in the urine at

study initiation and was therefore excluded from analysis [24], (figure 1).

Solar simulated UVR causes the remodeling of fibulin-positive microfibrils but not
fibrillin-rich microfibrils in the papillary dermis

Weigert's resorcin fuchsin was used to identify the entirety of the cutaneous elastic fiber
network. Prior to supplementation, UVR challenge with 3xMED of solar simulated UVR resulted
in a significant decrease in the amount of histologically identifiable elastic fibers in the papillary
dermis quantified as percentage coverage (mean + SE of 15.24 + 0.58 % in unirradiated skin
and 12.43 £ 0.65 % in UVR-exposed skin, P < 0.001; figure 2a, b). When we examined specific
components of oxytalan fibers resident in the papillary dermis, we observed markedly different
patterns of staining following UVR challenge. As oxytalan fibers are multi-component ECM
assemblies, we investigated each of their major components in turn: fibrillin-rich microfibrils as
well as fibulin-2- and fibulin-5-positive microfibrils [25, 26]. When fibulin-2 and fibulin-5 were
examined, we observed significant loss of fibres following UVR challenge for each fiber
component, comparable to that observed with Weigert’s resorcin fuchsin (fibulin-2: 22.31 + 0.68
% coverage in unirradiated skin and 19.25 + 0.63 % in UVR-exposed skin, P < 0.001; fibulin-5
19.87 £ 0.69 % in unirradiated skin and 16.59 + 0.51 % in UVR-exposed skin, P < 0.001; figure
2c-f). UVR challenge with solar simulated UVR also impacted on the organization or deposition
of fibrillin-rich microfibrils, elastic fiber elements known to be lost early in the pathological
progression of photodamage with, 26.82 + 0.56 % coverage in unirradiated skin and 25.11 +

0.62 % in UVR-exposed skin, P = 0.02; figure 2g, h).
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Green tea catechin supplementation specifically protects fibulin-5 microfibrils from UVR-
induced remodeling

Compared with placebo, supplementation with GTC had no effect on percentage coverage of
papillary dermal elastic fibers following UVR challenge, as identified by Weigert's resorcin
fuchsin stain (placebo 12.48 + 0.61 %; active 11.15 = 0.78 %; ANCOVA P =0.56; figure 1a-d) or
on fibrillin—rich microfibrils following UVR challenge (placebo 26.37 + 0.87 %; active, 25.48 +
1.09 %; ANCOVA P = 0.28; figure 3e-h). Examination of fibulin-2-positive fibers following the
intervention showed no significant difference between groups in percent coverage following
UVR challenge with 20.62 + 0.84 % in the placebo and 20.37 + 0.84 % in the active (ANCOVA
P = 0.82; figure 3i-l). Similarly, there was no significant difference between groups post-
supplementation in percentage coverage of fibulin-5 following UVR challenge (placebo 17.69 +
0.82 %; active 17.07 + 0.61 %; ANCOVA P = 0.65; figure 3m-p). Notably, the significant UVR-
induced reduction in fibulin-5 observed at baseline was preserved post-supplementation in the
placebo group (P = 0.012) but not in the active group (P = 0.30). A similar trend was seen for
fibulin-2 post-supplementation with UVR-induced loss approaching significance in the placebo

group (P = 0.06) but not in the active group (P = 0.90).
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Discussion

Skin is a physical and biological barrier which protects the body from external environmental
stressors and insults, enabling the maintenance of organismal homeostasis [27]. Sited at the
interface with the environment, skin is in direct and often continuous contact with UVR from
sunlight [28]; prolonged UVR exposure disrupts tissue architecture, remodeling components of
the dermal ECM (photodamage) [29, 30] and in some cases, eliciting photocarcinogenesis [31,
32]. Hence robust methods of photoprotection are necessary to maintain long term skin health.
Such photoprotection can be provided by topical sunscreens [33]; however, these are rarely
used by the general public as advised by either manufacturers or health care providers [10].
Hence, systemic methods by which the harmful effects of solar UVR can be mitigated are

attractive.

Dietary intervention to boost skin defense is an interesting concept. Evidence from numerous
research studies has suggested that foods rich in, for example, omega-3 polyunsaturated fatty
acids or polyphenols, may have a number of health benefits, including benefits to skin [18, 34,
35]. Camellia sinensis (tea bush) is especially rich in polyphenolic catechins (for a review, see
[36]). However, processing of leaves reduces catechin content and so focus has fallen onto the
least processed form of tea, green tea, which contains the highest concentration of potential
actives [37, 38]. There is significant evidence from animal models and more recently in human
intervention studies that GTCs can provide health benefits (for a recent review, see [39]).
Specifically in skin, studies have shown that GTC, given orally or topically, increases erythema
threshold [40, 41] and systemic antioxidant capacity [42]; the increase in erythema threshold

has been further observed in man [16, 24, 43].

Elastic fibers are key elements of tissues which require the ability to deform and recoil to
function [44]. In skin, they have a hierarchical but continuous distribution: mature elastic fibers,
a composite of elastin encased and reinforced by microfibrils, reside in the deep dermis. These
give way to finer elaunin fibers in the reticular dermis (containing less elastin) which finally

arborize with oxytalan fibers (fibrillin-rich and fibulin-rich microfibrils) that terminate at the DEJ.
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It is these oxytalan fibers which are destroyed in the early stages of photodamage [5].
The mechanism by which these elastic fiber elements are degraded is controversial; certainly
they are amenable to remodeling by matrix metalloproteinases (MMPs; [45] but the broad
specificity of MMPs make it difficult to reconcile why oxytalan fibers are specifically lost as an
early event in the pathogenesis of photodamage, whilst other ECM components such as the
fibrillar collagens only reduce at much later stages of the pathology [46, 47]. We have
postulated that one factor which may account for the specific loss of oxytalan fibers is that their
component proteins are enriched in amino acids which are able to directly absorb UVR (Trp,
Met, Cys, His, Tyr) [4, 48, 49]. These amino acids are also oxidation sensitive and so reactive
oxygen species, released indirectly from the tissue during irradiation, may further cause addition

damage to these specific structures.

To assess whether GTCs could protect these especially vulnerable oxytalan fibers in skin from
UVR damage we performed a gold standard, randomized controlled dietary intervention study.
Our robust UVR challenge system had a significant effect on the organization of cutaneous
elastic fibers as identified by the histological stain, Weigert's resorcin fuchsin (P<0.001).
Microfibrils containing fibulins-2 and -5 were also significantly remodeled following irradiation
(P<0.001; both molecules). Surprisingly, only a small reduction in the abundance of fibrillin-rich
microfibrils was observed after UVR challenge. Previous work examining the remodeling of
fibrillin-rich microfibrils by UVR used extracted microfibrils from in vitro and tissue samples (to
mitigate the effect of MMPs), irradiated with a broadband UVB light source [48]; it is possible
that UVB, with its higher energetic potential, causes more damage to these structures than that
which would naturally occur in sunlight. The solar simulated UVR used in the current study

reflects that of sunlight (95% UVA, 5% UVB) and so is more likely to reflect the in vivo situation.

The intervention described herein used a high dose of GTC plus low dose vitamin C to stabilize
the supplement in the gut and aid absorption [50, 51]. Low dose vitamin C has been shown not
to effect levels of systemic oxidation in vivo [52, 53], nor to be an effective treatment for
photodamaged skin [54]. Our previous work shows that dietary GTCs are bioavailable in the
skin and so have potential for delivering benefit [19]. Overall, GTC did not protect the entire

oxytalan fiber network in skin, as identified by histological staining. However, using the more
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sensitive approach of immunohistochemistry allowed us to dissect the effect of supplementation
on specific protein components of this network. As our UVR challenge did not impact the
abundance of fibrillin-rich microfibrils, the intervention could provide little or no benefit. However,
immunohistochemistry identified a specific protection of fibulin-5 microfibrils following irradiation
in those supplemented with GTC as opposed to placebo (GTC, no UVR versus UVR, P = 0.297;
placebo, no UVR versus UVR, P = 0.012). Examination of fibulin-2-positive microfibrils identified
that GTC provided protection from UVR challenge, but so did the placebo treatment (GTC, no

UVR versus UVR, P = 0.904; placebo, no UVR versus UVR, P = 0.061).

Hence we have shown in a double-blind randomized controlled trial with biochemical
confirmation of participant compliance, that daily consumption of 1080 mg GTC (equivalent to 5
cups of green tea; stabilized with 100 mg of vitamin C) protects fibulin-5 microfibrils of the
cutaneous elastic fiber network from UVR-induced degradation. The exact mechanism of this
protective effect requires further study, but it is plausible that GTCs may act as antioxidants in
the skin, buffering the direct and indirect effects of reactive oxygen species elicited when skin is

irradiated.
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Figure 1: Consort diagram of the randomized placebo-controlled trial to assess the potential of
GTC to protect cutaneous elastic fibers from UVR-induced damage. Some subjects were excluded
from the study due to either not following the study process or missing the criteria as green tea catechin
chemical traces in urine were quantifiable (under the assay's limit of detection). In total, 5 individuals from
the active group were excluded. In control group, only 1 was selected out as found the high level of green
tea substance in urine sampling from day 1. For all detail of urinary analysis results were previously
informed [18, 24]. Time frame of research was covered from November 2010 to May 2011.
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Fibulin-2
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Figure 2: UVR challenge induced remodeling of the elastic fiber network, specifically fibulin-
positive microfibrils, in skin. Histological staining (WRF) reveals elastic fibers in cutaneous tissue (a)
unirradiated and (b) 24-hours following UVR challenge with 3x MED of solar simulated radiation. Fine
oxytalan fibers can be seen in the papillary dermis perpendicular to DEJ and forming a candelabra-like
architecture in unirradiated skin but are lost following UVR. Immunohistochemistry was used to identify
specific components of these oxytalan fibers: (c, d) fibulin-2; (e, f) fibulin-5, and; (g, h) fibrillin-rich
microfibrils (FRMs). Following irradiation, fibulin-positive microfibrils exhibit remodeling, whilst the quantity
of FRMs are unaffected. Scale bar, 50 um.
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Figure 3: Dietary GTC specifically protects fibulin-5 microfibrils from UVR-induced damage.
The effect of GTC on elastic fibers components following UVR challenge: (a-d) Weigert’s resorcin fuchsin
(WRF); (e-h) fibrillin-rich microfibrils; (i-I) fibulin-2-positive microfibrils, and (m-p) fibulin-5-positive
microfibrils. Post-supplementation placebo and GTC failed to protect oxytalan fibers identified by WRF (b,
d) or FRM immunohistochemistry (f, h). Both placebo and GTC supplementation had a mitigating effect on
loss of fibulin-2 microfibrils following UVR challenge (j, I). However, there was evidence of specific
protection with GTC supplementation on the fibulin-5-positive microfibrils (n, p).
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What is already known about this topic?
e Fibrillar collagens and procollagens type | (pCl) and Il (pClll) are decreased in
chronically photoaged skin compared to photoprotected skin.
e Long-term of green tea catechin (GTC) supplementation significantly enhanced overall
of clinical signs of chronic photodamaging in facial skin in human in vivo.
What does this study add?
e Acute dose of solor simulated radiation (SSR) significantly reduced mature collagens
whist the same dose influence newly synthesized of pClI.
e High doses of GTC supplementation efficiently supported mature collagens from acute

photodamage in human in vivo.

Abbreviations:
GTC, green tea catechins; IHC, immunohistochemistry; IMS, industrial methylated spirit; MMP,
matrix metalloproteinase; pCl, procollagen I; PSR, picrosirius red; SSR, solar simulated

radiation; TBS, Tris—buffered saline
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Summary

Background: Dermal fibrillar collagens provide tissue strength and resilience; with long-term
photoexposure, this collagen matrix is remodelled with dermal fibroblasts exhibiting reduced
capacity to synthesise new collagen. Green tea catechins (GTC) are dietary polyphenols
thought to act as antioxidants with the ability to reduce and/or prevent oxidative tissue damage.
Hence, GTC consumption may provide protection to dermal collagens following photoexposure.
Objectives: To assess whether GTC protect the dermal collagen network following an acute
challenge of solar simulated radiation (SSR).

Methods: Fifty healthy volunteers were recruited and randomized to GTC (1080 mg plus 100 mg
vitamin C; n=25) or placebo (maltodextrin; n=25) daily for 12-weeks with compliance assessed
biochemically in urine samples. Prior to and following the intervention, skin biopsies were
obtained from unirradiated skin and 24-hrs following irradiation challenge (3x minimal erythemal
dose). Biopsies were processed to identify the organisation of fibrillar collagens (collagens | and
11l by picrosirius red staining) and deposition of newly synthesised procollagen (pCl).

Results: Of the n=50 recruited, 44 volunteers completed the study. Prior to supplementation,
acute irradiation significantly reduced papillary dermal fibrillar collagens (P<0.001) and induced
deposition of newly synthesised pCl (P=0.02). Following supplementation, GTC enhanced the
deposition of thin collagen fibres in the dermis. Whilst placebo supplementation had no
additional effect on the altered the organisation of fibrillar collagens or deposition of pCl
following the irradiation challenge, GTC protected the organisation of fibrillar collagens in the
papillary dermis (P=0.97).

Conclusions: Dietary GTC protects the arrangement of fibrillar collagens in the papillary dermis,

but does not appear to impact collagen synthesis.
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Introduction

Solar ultraviolet radiation (UVR) has significant biological effects, causing an acceleration of the
ageing process and initiating cutaneous skin cancer. Whilst UVC (wavelengths 100-280 nm) is
filtered via the ozone layer before reaching the Earth’s surface [1, 2], UVA (320-400 nm) and
UVB (280-320 nm) penetrates to the surface and has the ability to induce changes to skin
structure [3] and function [4]. These wavelengths of UVR are thought to be a significant factor in
accelerated skin ageing, termed photoageing [for a review, see [5]]

The clinical appearance of photoaged skin is distinct from that seen in natural skin ageing, with
the appearance of profound wrinkles, skin laxity, a sallow complexion and the occurrence of
hyper- and hypopigmented lesions [6]. These changes to the appearance of skin are thought to
be underpinned by specific pathologies including the remodelling of extracellular matrix (ECM)
components, particularly loss of collagens [7] and deposition of amorphous and non-functioning
elastin (known as solar elastosis; [8] in the severe chronic photoageing case, rhomboidal
architecture would be replaced the smooth skin [9]. Fibrillar collagens, the major isoforms being
collagens type | and Ill provide skin with firmness and strength [10]; with photoageing, these
components are lost [11]. Mechanistically, it is unlikely that fibrillar collagens can directly absorb
energy from UVR, having only a very small number of UVR-absorbing amino acids [12, 13].
More likely is that UVR initiates the production and activation of matrix metalloproteinases
(MMPs) via induction of the AP-1 pathway in both keratinocytes and fibroblasts [14, 15].

The action of MMPs on fibrillar collagen results in the production of gelatin and small peptide
fragments [16]; such matrikines may further initiate MMP activation, so making a vicious cycle
which results in further ECM degradation [for a review, see [17]].

Procollagens, soluble precursor of insoluble fibrillar collagen produced and secreted from
dermal fibroblasts, have been shown to significantly reduce their synthesis of collagen mRNA
species by up to 50% following UVR exposure in vitro [7]. Such a response has also been
observed in vivo, where an acute dose of 1x MED UVR was shown to reduce both procollagen |

(pCl) and procollagen Il (pClil) within the dermal ECM [18].

109



Plant extracts are purported to contain molecules beneficial to human health, such as
antioxidant vitamins (A, C and E) and polyphenols. In skin, numerous groups have suggested
that such compounds, either applied topically or taken orally have the ability to protect skin from
UVR-induced damage [19-22]. Catechins are a class of polyphenols which have been shown in
vitro and in animal models to partially protect skin from the unwanted adverse effects of UVR
(e.g. inflammation, immunosuppression and DNA damage) [23, 24]. Green tea is particularly
enriched in these catechins and is drunk in large quantities globally [25]. Hence, green tea
catechins (GTC) may make a potentially interesting dietary supplement which may have the
ability to systemically enhance skin photo-protection.

To clarify whether dietary supplementation with GTC can protect skin from UV-induced damage
to the collagen matrix, we have performed a gold standard randomised placebo controlled trial.
A robust UVR challenge was performed prior to, and following, dietary intervention, with
subsequent quantification of collagen (deposition of both mature fibrillar collagen and the amino

pro-peptide of pCl).
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Materials and methods

Randomized control trial

The study was conducted according to the principles of the Declaration of Helsinki and was
reviewed and approved by North Manchester Research Ethics Committee (study ref:
08/H1006/79). The trial was registered at clinicaltrials.gov (identifier: NCT01032031). Healthy
Caucasian volunteers (n=50; male and female, 18-65 years) with Fitzpatrick skin type I-II
enrolled in the study in response to a public advert. Pre-screening ensured that potential
volunteers did not have existing skin problems (previous skin cancer, dermatologist-verified skin
disease or condition), were not regular sunbed users or consumed >2 cups of tea daily in the 3
month period immediately prior to study initiation. Currently pregnant or breastfeed women were

also excluded from the study.

Volunteers were allocated to either active or placebo control groups in a ratio of 1:1 by block
randomization method (Statsdirect v2.7.8, StatsDirect Ltd.). All supplements were produced by
Nestec Ltd. (Vevey, Switzerland) and packed by Laboratoire LPH in identically appearing
gelatin capsules. Active group volunteers were given 1080 mg GTC supplement (1.8 mg gallic
acid; 12.6 mg catechins; 75.0 mg epicatechin; 74.4 mg gallocatechin;295.8 mg epigallocatechin;
1.8 mg catechin gallate; 156.0 mg epicatechin gallate; 28 mg gallocatechin gallate; 435.6 mg
epigallocatechin gallate) and 100 mg vitamin C which acted to stabilise the GTC in the gut
lumen to so increase GTC absorption [26]; those in placebo control group took maltodextrin in
identical gelatin capsules. The dietary intervention was taken daily for 12-weeks. Compliance
was performed by analysis of urinary epigallocatechin glucouronide in all subjects at study

initiation, at study mid-point (6-weeks) and at study completion (12-weeks) [27].
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Irradiation protocol and tissue sampling

Sunlight is composed of UVA and UVB wavelengths (95% UVA, 5% UVB; 290-400 nm); hence
we chose a solar simulator to provide a robust UVR challenge (SSR; Newport Spectra-Physics
Ltd.; Didcot, UK). Prior to irradiation, the output of the lamp was measures to ensure
consistency between volunteers (IL 730A radiometer; International Light Technologies;
Peabody, MA, USA). The minimal erythemal dose (MED) for each volunteer was assessed prior
to and following intervention; each person providing an unirradiated sample and a sample 24-
hrs after a 3x MED SSR challenge at each time point. Skin punch biopsies (5 mm diameter)
were obtained following 1% lidocaine anaesthesia. All biopsies were embedded in Tissue-Tek®
OCT (Sakura Finetek USA INC., Torrance, CA, USA) and snap frozen in liquid nitrogen. Frozen

tissue blocks were stored at -80°C prior to histological processing.

Picrosirius red histology

Frozen sections (7 um thickness; OTF cryostat; Bright Instruments Ltd, Cambridge, UK) were
prepared and stained with picrosirius red (PSR) to identify the mature fibrillar collagen network
of the skin [28]. Sections were fixed in 90% industrial methylated spirits (IMS) before brief
emersion into 0.1% (w/v) of sirius red F3BA in saturated aqueous picric acid. Excessive staining
was removed by rinsing in 0.1% acetic acid and deionised water. Finally, sections were
dehydrated through serial alcohols (70%-100% IMS), cleared in xylene and permanently

mounted using DePex (Fisher Scientific; Loughborough, UK).

Immunohistochemistry

Immunohistochemistry (IHC) was used to identify new synthesised pCl [29]. Sections were fixed
in 4% (v/w) paraformaldehyde in phosphate-buffered saline, with 0.5% Triton-X-100 used to
solubilise lipids. Endogenous peroxidase activity was abolished by incubating tissue with
hydrogen peroxide in methanol. Following blocking with normal rabbit serum plus bovine serum
albumin, sections were probed with a rat anti-human antibody directed to the amino pro-peptide
of collagen | (pCl; MAB1912, dilution 1:200 [Millipore, Darmstadt, Germany]). Following
incubation, binding was visualised using a commercially-available horseradish peroxidase-

based kit (Vector Elite ABC; Vector Labs.; Burlingame, CA USA) and Vector SG® chromogen
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solution (Vector Labs.). Sections were counterstained with Nuclear Fast Red (Vector Labs.),

serially dehydrated, cleared and permanently mounted as above.

Image analysis and quantification

Sections subjected to PSR staining were captured under both polarised and bright field
microscopy (Leitz DMRB; Leica Microsystems Inc.; Buffalo Grove, IL, USA) [30, 31]. Three
photomicrographs were analysed per volunteer per treatment using ImageJ (NIH; Bethesda,

MA, USA; [32]); these identified the percentage coverage of fibrillar collagens in each section.

Tissue positively stained to identify pCl were captured using bright field microscopy (Biozero-
800 ‘all-in-one’ microscope; Keyence; Osaka, Japan) and were analysed using a 5-point semi-
quantitative method as previously described [33] where 0 = absence of stain to 4 = maximal

staining in the papillary dermis proximal to the dermal epidermal junction (DEJ).

For both methods of analysis, a numerical mean was calculated for each treatment (with and
without irradiation) for pre- and post-intervention biopsies. This data was subsequently used for

statistical analysis.

Statistical analysis

Differences in SSR-induced alterations in collagen coverage between active GTC
supplementation and placebo control groups following 12-weeks of intervention were analysed
by ANCOVA, with baseline data taken as the covariate. Paired Student’s t-tests were applied to
compare irradiated and unirradiated skin both prior to and following the intervention.

The statistical package SPSS was used for all analyses (v22; IBM Corp.; Armonk, NY, USA).
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Results

Volunteer demographics and compliance

Fifty healthy volunteers were recruited to this study (13M, 37F) and randomly allocated to active
GTC supplementation or placebo (n = 25 per group); of the fifty recruited, 44 completed the
study according to the protocol (4 failed compliance tests and 2 withdrew consent to biopsy)
(figure 1). Hence, the analyses included n = 20 volunteers in the active GTC group and n = 24

volunteers in the placebo group.

Acute SSR challenge induces a significant reduction in fibrillar collagen, as identified by
PSR staining

At baseline, we found a significant reduction in the mean + SE percentage area coverage by
collagen fibres, as determined by PSR staining, following irradiation with 3x MED of SSR
(unirradiated, 51.8 £+ 1.2 %; SSR, 46.3 + 1.4 %, P = 0.001; n = 44, figure 2). Post-
supplementation, ANCOVA analysis revealed no significant difference in percentage coverage
of collagen in SSR-exposed skin between the active and placebo groups (P = 0.12; figure 2).

In contrast to baseline findings, intragroup analyses showed no significant change in fibrillar
collagen coverage following SSR challenge in the active group (52.0 £ 1.6 % and 52.1 £ 2.0 %
in unirradiated and SSR-exposed skin respectively; P = 0.97) or the placebo group (51.8 + 1.8

% and 48.4 + 1.8 % respectively; P = 0.15; figure 2).

Acute SSR challenge induces the deposition of procollagen |

At baseline, irradiation with SSR induced a significant accumulation of pCl in the papillary
dermis (mean + SE staining score in unirradiated skin 2.7 + 0.1; SSR, 2.9 £0.10; n = 44;

P = 0.02; figure 3). Post-supplementation, ANCOVA analysis of newly synthesised pCl
deposition in SSR-exposed skin revealed no significant difference in the staining score between
active and placebo groups (P = 0.81). In line with baseline findings, intragroup analyses showed
a significant increase in pCl following SSR challenge in both the active group (unirradiated
2.8+0.1, SSR 3.1 + 0.1; P = 0.005) and placebo group (unirradiated, 2.6 + 0.2, SSR, 2.9 £ 0.2;

P < 0.001).
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Discussion

Fibrillar collagens (type | and type lllI) are the most abundant collagens in skin, with collagen |
comprising approximately 85-90 % of the total [34]. Anatomically, some areas of human skin,
such as the face and hands, are subject to long-term, chronic irradiation from sunlight; in these
regions, skin becomes clinically photodamaged, exhibiting fine and coarse wrinkles and altered
pigmentation. One of the major pathological features associated with photodamage is the
significant loss of dermal fibrillar collagens [7]. In human skin, it has long been recognised that
long-term chronic photoexposure results in a loss of mature papillary dermal fibrillar collagen
[35] and altered deposition of newly synthesised material [36, 37];, estimated as a reduction in
chronically photodamaged skin by scoring for the intensity of collagen immunostaining >20% for

pCl and >30% for pCIII.

Here we show, using a placebo controlled, randomised trial design that oral supplementation of
GTC protects mature collagen fibres within the dermal ECM from UVR-induced damage
(placebo P=0.17; active P=0.79) but has no effect on pCl synthesis (placebo P<0.001; active

P=0.005).

Experimentally, repeated irradiation with UVR impacts on the expression and deposition of
collagens, mediated potentially by UV-induced oxidative damage and matrix metalloproteinase
expression and activity. Multiple doses of SSR (16 weeks; 3x per week) have been shown in
Skh:HR1 mice to induce the deposition of abnormal collagen deposits in the papillary dermis [3].
Repetitive acute UVR irradiations (for a period of 10 days) has further been shown to up-
regulate protein oxidation in human skin in vivo [38]. However, the effect of acute SSR
irradiation on the organisation of the mature collagenous matrix in situ has not been studied in
depth. In this novel in vivo human study, we show that a single robust dose of SSR (3x MED)
caused a significant reduction in the amount of mature collagen fibres within the superficial
papillary dermis (P<0.001) 24 h after UVR challenge. To assess whether this observation was
simply a reorganisation of the existing fibres or reflects breakdown of collagen matrix warrants
further investigation; acute UVR irradiation is also known to induce the expression of a number

of matrix metalloproteinases with the ability to turnover ECM components [14]. Irradiation
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induces the expression and enhanced activity of MMPs-1, -2, -3, -7, -8, -9, -10 and -12; with
MMPs-1, -3 and -9 known to have particular efficacy in causing damage to collagens [39-41].
Irradiation may also impact the collagenous matrix by influencing the synthesis of fibrillar
collagens by fibroblasts resident in the dermis. Collagen is synthesised as a soluble pro-peptide
or pC which is composed a triple helix of molecule-specific a-chains; the amino and carboxy
termini of immature collagen is cleaved to allow processing to mature collagen [42]. Hence, one
method of assessing collagen synthesis is to examine the deposition of, for example, the amino-
pro-peptide. This method has been used extensively to assess the efficacy of topical treatments
for photodamaged skin [29]. Here we show that deposition of newly synthesised pCl is
significantly increased 24 h after irradiation (P=0.015); this is in agreement with a report by
Chung et al. (2001) which found a significant increase in gene expression of COL1(a1) mRNA
in fibroblasts by in situ hybridization was significantly higher in photodamaged as compared to
photoprotected skin [43]. It is possible that this increase in COL1(a1) expression is an attempt
by the fibroblast to counteract ECM degradation caused by UVR. Matrikines — short
degradation products of proteolytic ECM cleavage - can further influence suppression or
activation of ECM synthesis. Collagen degradation could be indirectly promoted from
collagenous fragments that arise from oxidative stress in human fibroblasts [44]. However,
some small peptide fragments, e.g. KTTKS pentapeptide (Lys-Thr-Thr-Lys-Ser) has been used
topically in over-the-counter anti-ageing formulations to induce collagen | expression [45].

An upregulation of collagen gene expression has also been observed after acute infrared
irradiation (IR; emission spectra 600-1,120 nm; [46]. Experiments in human volunteers showed
that acute IR induced pCl gene expression examined through IHC staining, semi-quantitative
RT-PCR and Western blot analysis. Hence, some of the actions seen here in our in vivo SSR

study might be due to the production of heat stress within the tissue.

Supplementation of cell culture media with GTC has identified a stimulation of collagen
synthesis [47]. Using a murine model of photodamage, Vayalil et al (2004) discovered that GTC
inhibited protein oxidation and the induction of MMP expression following UVB irradiation [48].
Subsequently, GTC supplementation with additional GTC-containing topical therapy has been
studied in humans [49]; this relatively short intervention study (8 weeks) found no benefit to the

active treatment when histological features such as epidermal thickness, melanin content,
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dermis including dermal collagen were assessed. A later study of long term oral
supplementation with 250 mg GTPs twice daily (24 months) confirmed that GTPs did not
elevate dermal collagen compared to placebo [50]. Although these studies have assessed some
aspects of change to the collagen matrix in vivo, the studies did not challenge the skin at all.

In our study, we delivered a controlled dose of solar simulated radiation; hence, it is possible
that the beneficial effects of GTC are only observed when the skin is subjected to stress. To
note is that our dietary intervention further contained low dose vitamin C in the active group;
vitamin C is known to stabilise GTC in the gut lumen, allowing increased absorption [26, 51].
Vitamin C is an essential vitamin for the synthesis of collagens [52]; it is possible that taken in
combination, these dietary supplements influence collagen production. However, there is
evidence that oral supplementation with vitamin C alone has little or no effect on the deposition

of collagen in the skin [53].

Major constituents of green tea polyphenol [(+)-gallocatechin; EGC, (-)-epigallocatechin; C,

(+)-catechin; EC, (-)-epicatechin; EGCg, (-)-epigallocatechin gallate; GCg, (+)-gallocatechin
gallate; ECg, (-)-epicatechin gallate] potentially have antioxidant activity, particularly EGCG
[54]. Phenolic groups in GTCs are easily oxidized and turned to be quinone (see review [55]).
GTCs directly affect free radicals via hydrogen atom transfer (HAT) or single electron transfer
reactions (SET) that have relativity with hydroxyl groups on B- (in EC and EGC) and both B- and

D- rings (in ECG and EGCG) of GTC structure [56].

Hence, it appears from these studies that GTC supplementation has a positive effect on the
remodelling of the collagenous matrix caused by acute UVR irradiation. The exact mechanisms
behind this benefit requires further study but is likely to include an increase in the antioxidant
capacity of the tissue, making it better equipped to withstand exogenous stressors, such as UV

irradiation.
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Figure 1. Diagram describes the recruitment, randomisation and sampling within this study.
Healthy participants were recruited (n = 50) and randomized to placebo maltodextrin or GTC supplement
respectively.
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Figure 2: Picrosirius red histology reveals the organisation of the fibrillar collagenous matrix in
human skin. All samples were stained with PSR to identify areas of collagenous ECM, prior to and
following a robust UVR challenge with 3x MED of SSR. Biopsy samples were taken prior to, and following
12-weeks intervention with either a placebo (maltodextrin) or active (GTC plus vitamin C) supplementation.
In bright field view, staining indicated the area of ECM. Under polarised light, discrete collagen fibres can
be observed: red fibres, thick or mature collagen and; green fibres, thin or immature collagen (final
magnification, x200). Polarised field view is performed for the percentage occupied by fibrillar collagens

calculation. Quantification of collagen percentage occupancy is displayed in the bottom panel. Black bar,
SSR; white bar, no UV.
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Figure 3. Acute SSR induces the deposition of procollagen | in the papillary dermis of skin. In
positive staining, dermis would be developed to be grey representing pCl component whereas pale pink
represents the counter staining nucleus in epidermal cells. Scale bar =50 pm. pCl was increased in both
active and control group at 24 hour after UV-protected buttock skin irradiated with 3x MED of SSR.

* P< 0.05, ** P< 0.01 and *** P< 0.001, compared to irradiated skin (Student T-test).; pCl, procollagen I;
UVR, ultraviolet radiation; MED, minimal erythema dose; post-supp, after supplementation. Black bar,
SSR; white bar, no UV.
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Chapter 6 - Discussion

Sunlight is essential for life on Earth and is required for photosynthesis in plants [263], vitamin D
synthesis in mammals [264] and maintaining biological clocks in living organisms [265].
However, in man, there are some negative effects of long term exposure to solar UVR including
melanoma and non-melanoma skin cancers, photosensitivity disorders and photoageing. These
problems occur in skin as the skin is the major organ which interacts with the environment [263]
and such problems can be affected by a person’s choices about activities related to regular

natural sunlight or mimicked by UVR from manmade source (e.g. sun-beds [266]).

In these studies we have focussed on damage which happens following long-term exposure to
UVR termed photodamage or photoageing; clinical characteristics are coarse wrinkles, altered
pigmentation (loss and gain of pigment in focussed areas) and uneven, rough skin texture [88].
Photoageing is seen particularly in Caucasian populations who appear to be more sensitive to
UVR-induced damage (Fitzpatrick skin types I-lll; [267]). Experimentally, UVB has been shown
to be the key modulator of biomolecular damage to the skin, its short wavelength (high photon
energy) being easily absorbable by biomolecules [268]. Hence this wavelength of light is often
used in photobiological studies in skin. For example the effect of UVB has been used to
investigate the effect of irradiation on elastic fibres and related proteins(Walker et al 2002 [269];
Kadoya et al 2005 [82]); the results from these two projects pointed out that UVB affected the
abundance and organisation of FRM, and fibulin-2 and -5-containing microfibrils. In addition,
Kadoya et al showed a UVB-induced reduction in elastic fibres 24 hr after irradiation using the

histological stain, Weigert’s resorcin fuchsin.

However, it can be argued that using only UVB to study skin-sunlight interactions is flawed; the
amount of UVB in natural sunlight is much lower than UVA (UVB~6%: UVA~94%). This ratio of
UVA:UVB can be produced artificially in the laboratory by using solar simulated radiation (SSR),
so producing data which may be more similar to natural sunlight spectrum [98]. Previously many
sources had reported negative photoageing effects in skin (elastosis, loss of FRM, altered
fibulin expression) owing to regular continuous UV irradiation in long range or UV chronic

exposure [57, 270, 271]. One evident benefit of using SSR experimentally as opposed to natural
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UVR is that there is no need to take into account other variable environment factors, i.e.

longitude and season (that can vary the intensity and consistency of UVR; [98]).

Under the controlled environment in the lab, we can control the wavelength of UVR and its
dose, enabling the researcher to compare the effects of irradiation on skin. By using SSR, in
contrast to UVA alone or UVB alone, we can model as closely as possible the effect of UVR

(a better estimation of the real atmosphere).

In the studies described in this thesis, the potential differential effect of UVB versus SSR
irradiation was assessed in healthy Caucasian (Fitzpatrick skin type I-lll) volunteers. These
results were in agreement with that reported by Kadoya et al. (2005); following UVB irradiation,
elastic fibres and microfibrils positive for fibulins-2 and -5 were significantly remodelled within
the first 50 um of the papillary dermis (P=0.005, P=0.028 and P=0.048 respectively). At deeper
depths (100 um) of papillary dermis, this total amount of both fibulin-2 (P=0.10) and fibulin-5
(P=0.11) were not significantly reduced. Hence, UVB-mediated remodelling occurs superficially
in human skin and may be because some of the UVB can penetrate to this level, and can be
absorbed by proteins enriched in the UVR chromophores, such as microfibrils of the fibulin
microfibrils [135]. Additionally, it was possible to observe a significant decline in the FRM
network following UVB irradiation (to 100 um; P=0.02); this data is in agreement with previous

work [269] examining the network in the papillary dermis.

The first results from this thesis was the comparison between different wavelengths of UV on
the distribution of elastic fibres. This was studied in a small sample of volunteers with Fitzpatrick
skin type I-lll (n = 6 per irradiation protocol); this studywas essential to establish the protocol
before extension of sample size to the larger cohort (n = 50). These findings indicated that both
UVB and SSR had serious harmful effects on skin health involving the significant decreassome

of elastic fibre components in the papillary dermis.
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However, SSR (imitated UVR specturm representing natural sunlight) was used for the
subsequent randomised controlled trial because it better represents everyday life exposure.

Thus the latter results of this thesis focus on acute SSR-induced elastic fibre damage.

From previous papers on the pathology of photodamaged skin, it is established that protein

components of the elastic fibre system (elastic fibres, FRM, fibulin-2 and -5) are affected.

The possible mechanisms which may help us to understand the SSR effects on these
biologically photosensitive-rich components as direct mechanism [135, 136] along with indirect

mechanism through ROS accelerating [272], are shown in (figure 6.1).
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Figure 6.1: Indirect mechanism of UV-induced skin damage via over production of cellular oxygen
species (ROS).

The trigger of ECMs breakdown is UV radiation that causes excessive ROS emerging in cells to influence
signal transduction cascade of AP-1, NF-kB up-regulation and transforming growth factor (TGF)-8 down-
regulation. These higher AP-1, NF-kB and lower TGF-B synthesis lead MMP expression that have ability to
suppress in collageneous and elastic fibore matrices accordingly abnormal elastotic material can be
possibly appeared. Image adapted from Chen et al 2012 [272].

126



So to avoid the consequences of harmful UVR exposure on skin, routine application of
photoprotective agents is important, as is wearing proper clothes [273] to maintain and protect
skin from the negative effects of UVR. Although sunscreen is widely used presently, this product
has been spread and contacted directly on skin and may affect other skin problems (blemish,
oily skin even irritating) [169]. Clothes have high UV protection [161] but may not suitable or
convenient for every place or season. Hence oral photoprotective supplementation, for example
vitamin C plus Zinc and marine complex [274], vitamin C and E [176] and polyphenols [194] is
an interesting options to prevent skin from UV damage [275] without the need of re-applying

product to increase protective efficacy like sunscreen.

Even though vitamin C or vitamin E are options as antioxidants, these provide little or no benefit
if were separately consumed [176]. Furthermore the antioxidant activity (mM) by Trolox
equivalent antioxidant activity (TEAC) at the same concentration when compared to other

antioxidant types like catechin in polyphenol group are much lower [276], table 6.1.

Table 6.1: Antioxidant activities of flavonoids and vitamin C and E in vitro

Antioxidant Antioxidant activity (mM)
(-)-Epicatechin 2.4 +£0.02
(-)-Epigallocatechin 3.8+£0.06
(-)-Epicatechin gallate 49 +0.02
(-)-Epigallocatechin gallate 4.8 + 0.06
Theaflavin 2.9+0.08
Theaflavin digallate 6.2+0.43
Green tea (1000 ppm) 3.8+0.03<—
Black tea (1000 ppm) 3.5+0.03
Vitamin E 1.0+ 0.03<—
Vitamin C 1.0+ 0.02<—

Table adapted from Higdon and Frei 2003 [276].

Polyphenols are commonly found in vegetables and fruits. This secondary dietary metabolite
may have various manifest advantages in skin; people are accustomed to popular polyphenol
related-products, i.e. red wine, green beans and green tea [187]. Particularly, green tea is a
well-known brew with high annual consumption [212] with a safe, well-tolerated dose [239].
Green tea contains catechins which play an important role as an antioxidant [276, 277], giving
advantages to many systems throughout the body, such as helping decrease cholesterol [278],

decreasing risk of cancers [279, 280] and being used as supplement for cosmetic supplement to

127



anti-ageing [281-283]. Particularly this tea type is passed the process that preserved catechins

than black tea; it therefore is contains high catechins content [204, 209], figure 6.2.
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Figure 6.2: Bar graph displayed the percentage of different sub-unit of polyphenol components or
flavonoids in green tea and black tea.

Catechin compounds in green tea is evidently higher than those in black tea, in the contrast Thearubigins
which are polymeric polyphenols formed during the enzymatic oxidation is much higher than those in
green tea owing to passing the fermented process. Image from Higdon and Frei 2003 [276].

Hence, in a clinical research study we tested the photoprotective efficacy of green tea
supplement on skin following an acute dose of SSR damage. Supplements were consumed
daily for 12 weeks as part of a randomised controlled trial (RCT; gold standard for knowing
whether a tratement, in this case consumption of dietary green tea, will work). The RCT is a
well-known and robust experimental design for clinical studies. This method is suggested to
apply in 1-2 interventions in the test including some essential criteria: 1) the previous founding

facts support the hypothesis in this study; 2) some established evidences were clearly
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presented the systemic mechanism; 3) the result are conveniently estimated or measured and,;
4) outcome from the trial may yield a huge impact [284]. The double blind style was set to

reduce bias of volunteers and analysis in the lab.

In this novel in vivo human study, the testing impact of SSR on an enlarged sample size (n= 50)
confirmed that an acute dose of SSR irradiation affected proteins of the elastic fibre network
(P<0.001), particularly the significant reduction of fibulin family proteins (fibulin-2 and -5;
P<0.001 both molecules). Whereas decreasing of fibulin-2 did not reach significant level in
smaller group (n=6). However, small reduction of FRM is present in this study butwas different
from Sherratt et al 2010 [135] report that FRM was declined significantly after one strong dose
of UVB radiation; however, this paper looked at microfibrils extracted from human skin and then
irradiated. It may be concluded that UVB with high intensity from a laboratory UVB source
influences the structure of extracted FRM but UVB within the SSR spectrum, in a much lower

ratio (95% UVA, 5% UVB) did not damage elastic fibre significantly.

Overall, GTC supplement did not protect the entire oxytalan fibre network of elastic fibre matrix
within the papillary dermis, as identified by histological staining. However it prevented specific
protein remodeling (fibulin-5 microfibrils) from UV damage (GTC, no UVR versus UVR, P =
0.297; placebo, no UVR versus UVR, P = 0.012). While the other protein in the same family,
fibulin-2 was positively protected, this did not reach statistical significance (GTC and placebo;

GTC, no UVR versus UVR, P = 0.904; placebo, no UVR versus UVR, P = 0.061).

The last part of this study involved the same experiment model but examined the fibrillar
collageneous matrix, also known to be damaged by UVR, including the deposition of newly
synthesized pCl (schemetic in figure 6.1). If green tea intervention for 12 weeks protected the
reduction of fibulin-5 from SSR damage, by mechanisms currently undetermined but which
might indirectly involve ECMs proteinase, such as collagenase, this supplement may also

protects against other ECM damage in the same situation.

The data indicated that amount of mature collagen fibres was lower within the superficial
papillary dermis within 100 um depth (P<0.001) 24 h after radiated with SSR. The newly
synthesised pCl revealed the an increase in newly synthesised collagen entering the papillary

dermal ECM (P=0.015); this data is in agreement with work published by Chung and team
129



(2001) [38]. In the collagenous study area, the oral supplementation of GTC protected mature
collagen fibres within the papillary dermis (placebo P=0.17; active P=0.79) whist has no impact
on pCl synthesis following UV (placebo P<0.001; active P=0.005). Further investigation in this

area is essential to establish the mechanisms by which these alterations take place.

Further work

The data presented in this thesis only relates to protein changes observed histologically in vivo
as a basis of the structure of dermal tissue. However, it would be important to assess
mechanistically how these changes occur. Gene expression levels for the proteins shown to be
affected by UVR should also be examined. This could be done by qPCR, or via transcriptomic

methods.

In addition to induction of gene expression, it would be also important to assess levels of
breakdown. This can be done by looking at the effect of GTC on the expression and activity of
remodelling enzymes, such as the MMPs. The expression of these enzymes are controlled by
the activity of the AP-1 transcription factor. Hence it would interesting to assess the expression
of c-fos and c-jun in systemically treated tissue. According to direct mechanism of photoageing,
ECM components could be broken down from catalytic enzymes, triggered by higher ROS
levels within the tissue. Hence enzymatic and ROS measurement experiment could be

performed.

If the study were repeated, the sample size could be increased to provide even more
confidence with less error in these results. Vitamin C could be used alone as a third arm and
compared to GTC plus vitamin C; vitamin C was reported to influence collagen synthesis
in vitro. If repeated, it might also be interesting to look at biopsy tissue taken at different time

points for RNA and protein expression work.
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